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Abstract

Semiconducting nanowire-based clean energy technologies are promising in terms of effi-
ciency and material consumption. The vapor-solid-liquid (VLS) mechanism using gold (Au)
as the catalyst allows for the growth of various compounds. Although dopant impurity
control and interface sharpness define the operating principles of these new clean energy
technologies, growing and characterizing them is challenging. This complexity increases if
one takes into account sequencing and/or binary and ternary compound growth, for instance
p- to n-type growth and vice-versa. Measurement of the electrostatic potential gradients due
to dopant activation of the various interfaces is of primary importance, since this leads to
the understanding of VLS growth parameters that yield working devices.

We have confirmed the presence of narrow, degenerately-doped axial silicon nanowire
(SiNW) p-n junctions via off-axis electron holography. SiNWs were grown via the VLS - Au
catalyst, using silane (SiH4), diborane (B2H6) and phosphine (PH3) as the precursors, and
hydrochloric acid (HCl) to styabilize the growth. Two types of growth were carried out and
in each case we explored growth with both n/p and p/n sequences. In the first type, we
abruptly switched the dopant precursors at the desired junction location, and in the second
type we slowed the growth rate at the junction to allow the dopants to readily leave the
Au catalyst. We demonstrate degenerately-doped p/n and n/p NW segments with abrupt
potential profiles of 1.0 ± 0.1 and 0.9 ± 0.1 V, and depletion region widths as narrow
as 13 ± 1 nm via EH. The results presented here show that the direct VLS growth of
degenerately-doped axial SiNW p-n junctions is feasible, an essential step in the fabrication
of more complex SiNW-based devices for electronics and solar energy.

Electron Holographic Tomography was used to obtain 3-dimensional reconstructions of
the morphology and electrostatic potential gradient of axial GaInP/InP nanowire tunnel
diodes. Crystal growth was carried out in two opposite growth sequences: GaInP:Zn/InP:S
and InP:Sn/GaInP:Zn, using Zn as the p-type dopant in the GaInP, but with changes to the
n-type dopant (S or Sn) in the InP. Secondary electron and electron beam induced current
images obtained using scanning electron microscopy indicated the presence of p-n junctions
in both cases and current-voltage characteristics measured via lithographic contacts showed
the negative differential resistance, characteristic of band-to-band tunneling, for both diodes.
EHT measurements confirmed a short depletion width in both cases (21 ± 3 nm), but
different built-in potentials, Vbi, of 1.0 V for the p-type (Zn) to n-type (S) transition, and
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0.4 V for both were lower than the expected 1.5 V for these junctions, if degenerately-
doped. Charging induced by the electron beam was evident in phase images which showed
non-linearity in the surrounding vacuum, most severe in the case of the nanowire grounded
at the p-type Au contact. We attribute their lower Vbi to asymmetric secondary electron
emission, beam-induced current biasing and poor grounding contacts.
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Chapter 1

Introduction

The effects of climate change are becoming increasingly apparent with each passing decade.
The recession of the arctic ice caps due to the increasing global surface temperature have
exceeded any records from the last ~115000 years [3]. Moreover, it is likely that we are
underestimating the rate at which the Earth is warming up, and with it the consequent
ramifications. For example, the risk of runaway positive feedback caused by methane released
from permafrost is just starting to be understood now and incorporated into climate change
models [4]. The atmospheric accumulation of CO2 due to the burning of fossil hydrocarbons
is largely responsible for the observed acceleration of climate change. Fossil hydrocarbons
generally offer a high energy output to input ratio, which has made them the blood of
our current civilization [5]. These inexpensive energy sources have affected a vast range
of human development allowing us to live longer and more affluently. However, the fossil
hydrocarbons that we have been enjoying are becoming more energy intensive to exploit
(e.g. deep-water oil, heavy oil and tar sands), and more expensive to produce [5]. These
negative aspect of fossil hydrocarbons have made renewable energy sources a more attractive
alternative. Technological advancements and the continuous price reduction of photovoltaics
(PV) and other renewable energy sources, make this a key moment for the implementation
and improvement of technologies to transition to a low-carbon energy future. It is worth
mentioning that technological advancements will not solve the problem if they are not
accompanied by government policy as in research funding and subsidies, as well as change
in consumption habits [6].

Silicon (Si) continues to hold a prevalent position at the heart of solar energy conversion
and the microelectronics industry. Its abundance, non toxicity and excellent photoelectric
behavior have not only made Si ubiquitous in these fields, but have also encouraged the
development of technologies for its extraction and processing making it very competitive in
terms of clean energy production [7, 8, 9]. Silicon nanowires (SiNWs) are especially attractive
for a variety of applications that benefit from the large surface-area-to-volume ratio of this
pseudo 1-dimensional geometry, including sensors [10, 11, 12], electrodes [13, 14], and energy
harvesters [15, 16].
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The intermittent nature of renewable energy sources also makes energy storage key in
the development of clean energy technologies. For decades, hydrogen (H2) has been seen
as a clean alternative to store and distribute energy. Unfortunately, most of the industrial
production of H2 relies heavily on the use of fossil fuels like coal and natural gas, and
as a result remains a major source of CO2 emissions [17]. Solar-powered water-splitting
offers a possible solution to reduce these emissions. Semiconductors for photoelectrochemical
(PEC) devices for solar water splitting have similar requirements as those of PV. Photons
are absorbed in or near semiconductor depletion regions and the photogenerated charge
carriers (electron-hole pairs) are then separated and used in hydrogen and oxygen evolution
reactions (HER and OER). The voltage required to split water and to drive the reaction
(2H2O → 2H2 + O2) is about 1.7 to 2.2 V, which establish clear boundaries for the kinds
of materials needed to create these devices. Although water splitting cannot be achieved by
a single Si p-n junction, and the typical open circuit voltages of crystalline silicon cells are
around 50% lower than the energy of the bandgap (1.1 eV), the creation of multi-junction
devices connected in series via tunnel junctions in a monolithic structure would reach the
necessary voltages to split water.

III-V semiconductor NW solar cells are promising candidates for the next generation
PVs, given their ability to generate photocurrents of the same order of magnitude as from
their planar counterparts, using only a fraction of the material. By tuning the NW diame-
ter so that it approximates the incident light wavelength, one can reach theoretical values
of up to 20 times the light absorption of planar structures [18]. Connected subcells with
decreasing band-gaps from top to bottom in the tandem geometry further increases photo-
voltaic efficiency by reducing losses due to the transmission of low energy photons and the
thermalization of hot carriers. One of the fundamental components of a tandem solar cell
is again the tunnel junction that interconnects the subcells in the stack.

NWs also overcome some challenges that planar structures are unable to, especially
in regards to growth limitations due to lattice-mismatch. When materials that possess
different lattice constants are brought together by growing one on top of the other, lattice
mismatch will induce structural defects in the form of surface roughness, coherent and
incoherent islands [19]. Growth of larger thicknesses generate internal dislocations, cracks,
stacking faults and non-equilibrium concentrations of point defects that inevitably affect
the performance of final devices [19]. NWs, on the other hand, relieve mismatch-induced
strain laterally [20], allowing one to pair materials independent of possible lattice mismatch.

NWs are usually grown via bottom up techniques and it can be catalyst-assisted or
catalyst-free. This thesis will deal with NWs grown using gold (Au) as the catalyst via the
vapour-liquid-solid (VLS) method. In this approach, Au (or the chosen catalyst) is used
to catalyze the decomposition of gases containing the required precursors for growth. For
instance, silane (SiH4) is usually used as the gas precursor for the growth of SiNWs. Once
this gas is decomposed, Si and Au form a liquid-phase alloy above the eutectic temperature
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(363 ◦C). When this liquid alloy becomes supersaturated with Si, crystallization occurs at
the solid-liquid interface leading to NW growth.

Tunnel junctions are made by heavily-doping p-n junctions to create narrow depletions
regions, on the order of 10 nm, that allow carriers to tunnel through the potential energy
barrier when sufficient bias is applied [21]. These exhibit a unique negative differential resis-
tance (NDR) behavior and are of great interest for their applications in the aforementioned
technologies as well as low-power tunnel field-effect transistors (TFET) [22, 23, 24, 25] and
resonant tunnel diodes (RTD) [26, 27]. However, sharp doping profiles in nanowires (NWs)
created via VLS are challenging to achieve. The limited solubility of different precursors at
characteristic VLS temperatures may hinder the ability to reach high doping profiles, espe-
cially in the p-type segments [28]. The dopant reservoir effect also influences the sharpness
of the depletion region by prolonging the release of a determined precursor after the sources
are turned off and/or switched.

Understanding and controlling morphology and dopant incorporation during the VLS
method is vital in the optimization of SiNWs for the fabrication of tunnel junctions. Doping
control has been demonstrated [29, 30, 31, 32] and various obstacles have been overcome
in SiNW growth when using silane (SiH4) as the Si source, and phosphine (PH3) and di-
borane (B2H6) as n and p-type dopant precursors, respectively. Previous studies have also
demonstrated that it is possible to suppress the reservoir effect in the n-type (phosphorous
(P)) to intrinsic transitions by choosing growing conditions in which P evaporation greatly
dominates over crystallization at the liquid-solid interface between catalyst and NW [33].
However, growth of degenerately-doped p-type (boron (B)) SiNWs has been challenging:
while higher temperatures aid dopant distribution radially, they also increase the decom-
position rate of the SiH4 precursor creating a non-selective vapor-solid (VS) Si shell on the
NW sidewalls [32]. B also catalyzes the decomposition of this Si precursor intensifying the
p-type growth problems [34]. The difficulty reaching degenerate p-type doping levels im-
peded the creation of tunneling junctions in the NW geometry, and their successful creation
has been limited to n-type growth on highly-doped p-type substrates [28].

Additional challenges related to unwanted radial growth have been solved by adding
hydrochloric acid (HCl), which creates monochlorinated surface species, that results in sur-
face passivation, acting as a barrier to deposition on NW sidewalls [35, 36, 32, 37]. This has
been equally applied to both Si and III-V NW growth process. However, the nature of the
NW growth process increases in complexity when using binary or ternary compounds. To
incorporate binary and ternary compound growth with the required band-gaps, one must
understand not only the doping effects on growth, but also be able to characterize the axial
junction geometry where abruptness defines the principles of operation and performance of
the final devices [38, 39, 40, 41]. Tunnel junctions require narrow depletion regions, mean-
ing that the n-type and p-type semiconductor material on either side of the junction, are
typically degenerately doped, with the highest, activated-dopant concentrations. Tunneling
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has been observed via current-voltage characteristics from multiple NW systems [42, 25, 43]
including InP/GaInP [36]. However, heavy doping will affect NW phase and morphology
[44, 45], and catalyst reactions and CVD reactor memory effects often lead to difficulties
growing effective junction in both growth sequences: n/p or p/n. Growth of p-type InP
and GaInP NWs with the precursor diethyl-Zn (DEZn), favors zinc-blende crystal structure
over wurtzite, while enriching the Ga composition of the latter [46, 47]. In the case of GaAs
NWs, the DEZn dopant precursor is correlated with a reduction in the NW diameter by a
few nanometers [48], attributed to changes in the catalyst surface energy.

In this thesis, we study heavily-doped SiNWs and InP/GaInP NW p-n juctions via
electron holography (EH) and electron holographic tomography (EHT). We focus on the
application of these techniques to NWs that are grown in two growth sequences n/p and
p/n and their correlation to the growth parameters. In Chapter 2, we review a variety of
techniques that are used in the characterization of p-n junctions. Chapter 3 presents details
of electron holography and electron holographic tomography data acquisition and phase
reconstruction. In Chapter 4, we present the results of electron holography applied to the
measurement of the depletion region width and built-in potential of SiNW tunnel junctions.
The effects of the rate precursor switching and growth sequence, n/p or p/n, on the junction
abruptness was investigated. In Chapter 5, we present the results of the characterization
via electron holographic tomography of InP/GaInP NW tunnel junction heterostructures.
We investigate the depletion region width and built-in potential in these NWs focusing also
on the effects of the growth sequence p/n and n/p. Finally, in Chapter 6, we conclude by
discussing similarities and differences among the results found in Chapters 4 and 5, while
also providing some possible pathways and suggestions for future projects.
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Chapter 2

Description and electrical
characterization of NW p-n
junctions

This chapter is divided into two sections. In the first section, we describe the semiclassical
model that we use to model p-n junctions in equilibrium following Ref. [49], as well as the
numerical approach followed to solve the Poisson equation in the degenerate limit. In the
second section, we describe common approaches used to characterize NW p-n junctions
electrically.

2.1 Theoretical description of a p-n junction

2.1.1 Semiclassical model of the p-n junction in equilibrium

In this section, we describe the semiclassical model that we use to model p-n junctions in
equilibrium, drawing on Ref. [49]. In p-n junctions, a semiconducting crystal is doped with
two kinds of impurities: donor impurities (i.e. n-type), which supply additional electrons
to the conduction bands, and acceptor impurities (i.e. p-type), which supply additional
holes to the valence bands. One half of the p-n junction is dominated by donor impurities,
while the other half is dominated by acceptor impurities. This nonuniformity in the impurity
concentrations induces an additional electric potential V (x) on top of the periodic potential
of the previously homogeneous semiconducting crystal.

If the potential V (x) varies sufficiently slow, a semiclassical treatment of the p-n junction
is valid. However, the question of how slowly this variation needs to be is a difficult one.
A minimal requirement is for the variation in the electrostatic energy eV (x) to be small,
(over a distance on the order of a lattice constant) [49] compared to the energy gap Eg. The
electrostatic energy eV (x) varies most appreciably in what is known as the depletion region
of the p-n junction, where the total density of charge carriers is significantly smaller than
in the homogeneously doped regions of the material. For the SiNW p-n junctions that we
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analyze, we find the measured widths of the depletion region (i.e. depletion widths) to be
on the order of 10 nm, and the change in eV (x) to be on the order of 1 eV. Considering that
the lattice constant for Si is a = 0.5431 nm, and that the energy gap for Si is Eg = 1.1 eV, it
is clear that the aforementioned minimal requirement is satisfied in our case of interest. It
is important to keep in mind the possibility that the semiclassical model may breakdown in
the depletion region. Nonetheless, the semiclassical model is expected to yield reasonably
accurate results for quantities like the depletion width and the built-in voltage Vbi across
the depletion region.

In the semiclassical treatment of p-n junctions, the expectation value of the position x
and the crystal momentum k of an electron with band index n are governed by the following
equations of motion [49]:

ẋ = 1
~
∂En(x,k)

∂k , (2.1)

~k̇ = −∇xEn(x,k), (2.2)

where ~ is the reduced Planck constant, En(x,k) is the semiclassical energy associated with
the electron:

En(x,k) = En(k)− eV (x), (2.3)

En(k) is Bloch energy of the nth band corresponding to the periodic potential of the semi-
conductor prior to doping, and a dotted variable ż indicates the time derivative of the same
variable dx/dt. We assume that the doping concentrations vary only along the x direction,
thereby allowing us to treat the system as an effective one-dimensional problem. We further
assume, in accordance with the semiclassical model, that the electric potential V (x) satisfies
Poisson’s equation:

− d2V

dx2 = ρ(x)
ε
, (SI units), (2.4)

where ε = εrε0 is the permitivity of the semiconductor prior to doping, εr and ε0 are the
relative and vacuum permitivities respectively, and ρ(x) is the charge distribution:

ρ(x) = e[ND(x)−NA(x)− nc(x) + pv(x)− nd(x) + pa(x)], (2.5)

where e is the elementary charge, ND and NA are the donor and acceptor impurity con-
centrations respectively, nc and pv are the conduction band electron and valence band hole
densities, respectively, and nd and pa are the electron and hole densities from the donor and
acceptor levels, respectively.

We model the impurity concentrations by hyperbolic tangent functions:
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ND(x) = −N
L
D

2 tanh
(
x

w

)
+ NL

D

2 , (2.6)

NA(x) = −N
R
A

2 tanh
(
x

w

)
+ NR

A

2 , (2.7)

where NL
D is the donor concentration in the homogeneous region to the left of the depletion

region (hence the superscript L), NR
A is the acceptor concentration in the homogeneous

region to the right of the depletion region (hence the superscript R), and w is the charac-
teristic width of the doping profile. In Fig. 2.1, we sketch the shape of the doping profiles
ND(x) and NA(x).

Figure 2.1: Impurity doping profiles NA,D for (a) an abrupt and (b) a graded junction.

The conduction band electron density nc(x) can be calculated by

nc(x) =
∑
i

∫ ∞
Ec,i

dE gc,i(E)fFD(E − eV (x)), (2.8)

where fFD(E) is the Fermi-Dirac distribution:

fFD(E) = 1
e{E−µ}/{kBT} + 1

, (2.9)

kB is the Boltzmann constant, T is the temperature, µ is the Fermi level (i.e. the chemical
potential), and Ec,i is the energy minimum of the ith conduction band of the semiconductor
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prior to doping, and gc,i(E) is the density of energy states in the ith conduction band of
the semiconductor prior to doping. Following Ref. [49], if we define a position dependent
electrochemical potential:

µe(x) = µ+ eV (x), (2.10)

we may rewrite Eq. (2.8) as

nc(x) =
∑
i

∫ ∞
Ec,i

dE gc,i(E) 1
e{E−µe(x)}/{kBT} + 1

. (2.11)

Similarly, the quantities pv, nd, and pa can be calculated by [49]

pv(x) =
∑
j

∫ Ev,j

−∞
dE gv,j(E) 1

e{µe(x)−E}/{kBT} + 1
, (2.12)

nd(x) = ND(x)
1
2e
{Ed−µe(x)}/{kBT} + 1

, (2.13)

pa(x) = NA(x)
1
2e
{µe(x)−Ea}/{kBT} + 1

, (2.14)

where Ev,j is the energy maximum of the jth valence band of the semiconductor prior to
doping, gv,j(E) is the density of energy states in the jth valence band of the semiconductor
prior to doping, and Ed and Ea are the donor and acceptor energy levels, respectively. For
the doping concentrations that we consider in this thesis:

1019 cm−3 > NL
D, N

R
A > 1020 cm−3, (2.15)

the electrochemical potential µe(x) ranges approximately between Ev,j and Ec,i:

Ev,j > µe(x) > Ec,i, (2.16)

where the Ev,j for the various valence bands are roughly equal to one another, and similarly
for the conduction band as well. Because of Eq. (2.16), and the exponential factors in
Eqs. (2.11) and (2.12), only energies within a few kBT from the band edges contribute
appreciably to nc(x) and pv(x). For energies in this range, we can apply the quadratic
approximation to gc,i(E) and gv,j(E) [49]:

gc,i(E) =
√

2(E − Ec,i)
m

3/2
c,i

~3π2 , (2.17)

gv,j(E) =
√

2(Ev,j − E)
m

3/2
v,j

~3π2 , (2.18)
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where ~ is the reduced Planck constant, m3
c,i is the product of the principal values of the

ith conduction band effective mass tensor, and m3
v,j is similarly defined.

From Eqs. (2.4) and (2.10), it is clear that

− d2µe
dx2 = eρ(x)

ε
, (SI units). (2.19)

Far away from the depletion region, where the doping profiles are homogeneous, the electric
potential V (x) should be constant:

lim
x→±∞

dnV

dxn
→ 0, (2.20)

which implies that

lim
x→±∞

dnµe
dxn

→ 0, (2.21)

where n is a positive integer. An important quantity that can be measured using electron
holography is the built-in voltage, which we define as

Vbi = V (−∞)− V (∞). (2.22)

Using Eq. (2.10), the built-in voltage can be calculated from the change in the electrochem-
ical potential:

Vbi = −1
e
{µe(∞)− µe(−∞)} ≡ −1

e
∆µe. (2.23)

From Eqs. (2.5)-(2.7), (2.13), (2.14), and (2.21) we have

0 = NL
D − nc(−∞) + pv(−∞)− nd(−∞), (2.24)

0 = −NR
A − nc(∞) + pv(∞) + pa(∞). (2.25)

Equations (2.24) and (2.25) can be used to calculate µe(−∞) and µe(∞), given the tem-
perature T and the doping levels NL

D and NR
A .

2.1.2 Solving Poisson’s equation

A widely used approached to solving Poisson’s equation (Eq. (2.4) or Eq. (2.19)) is to assume
that

Ec,i − µe(x)� kBT, (2.26)

µe(x)− Ev,j � kBT, (2.27)
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Ed − µe(x)� kBT, (2.28)

µe(x)− Ea � kBT, (2.29)

for all x, and that the impurity profiles are abrupt (i.e. w → 0, see Eqs. (2.6) and (2.7)).
Doing so permits one to perform a series of subsequent approximations that ultimately lead
to a fairly simply analytical solution of the Poisson’s equation and the depletion width, d. In
the case of a simple planar abrupt junction, using the previous assumptions, the depletion
width, d, can be estimated by the following equilibrium equation [50]:

d =
[

2εrε0
q

(
NA +ND

NAND

)
Vbi

]
1/2, (2.30)

where εr and ε0 are the relative and free space permitivities, respectively, and q is the
elementary charge of the electron. However, Eqs. (2.26)-(2.29) only hold for sufficiently low
impurity concentrations since, generally speaking, µe(−∞) increases and µe(∞) decreases
as NL

D and NR
A increase. In the limit of zero doping, µe(x) should lie at the center of the

energy gap. The upper limit to the impurity concentrations for which Eqs. (2.26)-(2.29) hold
is generally considered to be roughly 1018 cm−3 [49]. For impurity concentrations below this
limit, the p-n junction is said to be nondegenerately doped, otherwise the p-n junction is
degenerately doped.

The p-n junctions we analyze in our experiments have nominal doping levels between
1019 to 1020 cm−3, hence we cannot apply the nondegenerate approximation discussed above.
Moreover, the impurity doping profiles via VLS are not atomically abrupt. Therefore, we
cannot safely assume step-like doping profiles as is done in the nondegenerate approxima-
tion. One can also arrive at an analytical solution by assuming strongly degenerate doping
[51], however once again one must assume abrupt doping profiles. As a result, we must solve
Poisson’s equation numerically. Following Ref. [52], we outline the numerical solution below.

First, we must discretize the Poisson’s equation Eq. (2.19). For simplicity, we assume a
uniform grid:

xk ≡ −
L

2 + k(∆x), k = 0, 1, 2, . . . nsteps, (2.31)

where L is the length of the p-n junction, nsteps is the total number of steps in x, and ∆x
is the stepsize:

∆x = L

nsteps
. (2.32)

The second order derivative in Eq. (2.19) is approximated using the central difference for-
mula:
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d2µe
dx2

∣∣∣∣∣
x=xk

≈ µe,k−1 − 2µe,k + µe,k+1

(∆x)2 , (2.33)

where

µe,k ≡ µe(xk). (2.34)

By substituting Eq. (2.33) in Eq. (2.19), we get the following system of equations

µe,k−1 − 2µe,k + µe,k+1

(∆x)2 + eρ(xk, µe,k)
ε

= 0, k = 1, 2, . . . , nsteps − 1. (2.35)

The argument notation for the charge density ρ in Eq. (2.35) was used as such to emphasize
the fact that the charge density still has an explicity x dependence through the impurity
concentrations.

Equation (2.35) can be solved numerically using the Newton-Raphson technique. This
technique is used to solve systems of equations of the form

fi(z) = 0, i = 1, 2, . . . , n, (2.36)

where the fi(z) are functions of an n-dimensional vector z with components z1, z2, . . . , zn,
all of which are unknowns. The first step in the Newton-Raphson technique is to make an
initial guess z(0) to the solution of Eq. (2.36). Subsequent estimates z(l=1,2,...) to the solution
are then generated by

z(l+1) = z(l) + ∆z(l), l = 1, 2, . . . , (2.37)

where ∆z(l) is a correction vector satisfying the following system of linear equations:

fi
(
z(l)
)

+
n∑
j=1

∂fi
∂zj

∣∣∣∣∣
z=z(l)

∆z(l) = 0, i = 1, 2, . . . , n. (2.38)

One can calculate ∆z(l) by solving Eq. (2.38) using any standard linear algebra package.
Once ∆z(l) is calculated, it can be used to update the solution (via Eq. (2.37)). These steps
are repeated until the error in the approximation is below some predetermined tolerance
[52]:

error(l) =

√√√√ 1
n

n∑
j=1

(
∆z(l)

j

)2
≤ tolerance. (2.39)

In the case of the Poisson’s equation, the correction vector ∆µ
(l)
e satisfies
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−∆µ(l)
e,k−1 + 2∆µ(l)

e,k −∆µ(l)
e,k+1

(∆x)2 − e

ε

∂ρ(xk, µe,k)
∂µe,k

∣∣∣∣∣
µe,k=µ(l)

e,k

∆µ(l)
e,k

=
µ

(l)
e,k−1 − 2µ(l)

e,k + µ
(l)
e,k+1

(∆x)2 + e

ε
ρ
(
xk, µ

(l)
e,k

)
, k = 1, 2, . . . , nsteps − 1. (2.40)

The alert reader will note that we have nsteps + 1 unknowns (i.e. the µe,k for k =
0, 2, . . . , nsteps) but only nsteps − 1 independent equations. The remedy to this problem is
to solve numerically Eqs. (2.24) and (2.25) to determine µe,k=0 and µe,k=nsteps(this can also
be done using the Newton-Raphson approach, which in this case has the same number of
unknowns as independent equations). Upon doing so, we reduce the number of unknowns
in Eq. (2.35) by two, hence we can now solve Eq. (2.40).

If we define the following:

U
(l)
k = 2

(∆x)2 −
e

ε

∂ρ(xk, µe,k)
∂µe,k

∣∣∣∣∣
µe,k=µ(l)

e,k

, (2.41)

W (l) = − 1
(∆x)2 , (2.42)

b
(l)
k =

µ
(l)
e,k−1 − 2µ(l)

e,k + µ
(l)
e,k+1

(∆x)2 + e

ε
ρ
(
xk, µ

(l)
e,k

)
, (2.43)

then we can rewrite Eq. (2.40) as a matrix equation:

A(l)∆µ(l)
e = b(l), (2.44)

where

A(l) =



U
(l)
1 W (l) 0 0

W (l) U
(l)
2 W (l) 0

0 W (l) U
(l)
3 W (l) . . .
. . . . . . . . . . . .

. . . . . . . . .
W (l) U

(l)
nsteps−3 W (l) 0

0 W (l) U
(l)
nsteps−2 W (l)

0 0 W (l) U
(l)
nsteps−1



. (2.45)
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Because A(l) is a banded matrix, with one non-zero lower and upper diagonal, it can be
solved efficiently using any standard linear algebra package.

The most computationally expensive step in the algorithm is the calculation of nc and pv
(Eqs. (2.11) and (2.12)), along with the derivatives ∂nc/∂µe and ∂pv/∂µe, which all contain
energy integrals. In practice, the infinite integral limits can be replaced by finite values.
For example, the integrand in the expression for nc (Eq. (2.11)) becomes exponentially
small for E − µe(x) > 10kBT . Therefore, one can replace the upper limit of infinity with
Λc = µe(x) + 10kBT and evaluate the integral using numerical quadrature (e.g. composite
trapezoidal or Simpson’s rule). Similar cutoffs can be applied for pv, ∂nc/∂µe and ∂pv/∂µe.

2.2 Electrical characterization of NW p-n junctions

Semiconducting NWs and other nanostructures exhibit unique physical, optical and elec-
trical characteristics because of their small dimensions in which surface and confinement
effects are more pronounced [53]. The miniaturization of the electrical contacts as well as
the use of electron microscopes become essential tools for characterization at this scale.
And band theory serves as a convenient approach to describe physical properties of the
semiconductor according to the allowed quantum mechanical wave functions for carriers in
a periodic lattice.

In an ordinary p-n junction, the current increases exponentially in forward bias due
to carrier diffusion. In a tunnel junction, as the name suggests, the main difference is the
transport mechanism of carrier tunneling across the potential barrier. Figure 2.2 shows a
sketch of an ideal tunnel junction I-V characteristic. The insets show sketches of the p-
n band diagram at critical points along the curve. Inset (a) in Figure 2.2 illustrates the
equilibrium condition, when no voltage is applied and there is no current flow. Due to the
high doping, the chemical potential lies below the valence band edge on the p-type segment,
and above the band edge on the n-type segment. The chemical potential is constant across
the p-n junction. Note that we will perform electron holographic measurements at this
condition, when no external voltages are applied. When a small bias is applied (inset (b)),
electrons in the conduction band of the n-type semiconductor will tunnel to the valence
band in p-type semiconductor. Correspondingly, the current increases rapidly in the I-V
curve at small biases. With increasing bias, one reaches an equilibrium point where the
current stops increasing. At this voltage, one has reached maximum tunneling rate. With
increasing voltage the tunneling probability decreases and so does the carrier injection,
which can be seen in the I-V curve as a negative slope, also known as negative differential
resistance (NDR) (white region in the I-V curve). As the voltage keeps on increasing (inset
(c)), the energy barrier decreases so that carriers can pass the potential barrier via diffusion
as in a normal p-n junction. At reverse biases (inset (d)), filled states in the p side align
with empty states in the n side and electrons tunnel in reverse direction.
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Figure 2.2: Tunnel junction I-V characteristic. The insets show details of the chemical
potential µ position at relevant voltages: (a) V=0 (red), (b) V>0 (blue), (c) V ∼ Vbi (pink),
and (d) V<0 (green). Note that we have depicted only electrons for simplicity.

2.2.1 Two-point probe measurements

Two-point probe electrical measurements can be carried out by dispersing NWs on prepat-
terned electrodes and/or then looking for individual NWs that are in contact with the two
electrodes to perform electrical measurements. Nanocontacts with low contact resistance
and Ohmic behavior are required. Directly contacting individual free-standing NWs inside
a SEM is another way to carry out this measurement, that also avoids a lithographic pro-
cess. In our case, the SEM is equipped with a second focused Ga ion beam which allows
removal of oxides on the W probe. The second electrode is usually made by contacting
the substrate to an SEM stub and I-V measurements are performed through an external
current source and voltage meter. Electrical conductivity is extracted from the slope of the
I-V curve normalized to the area of the NW. Nonetheless, these two probe methods cannot
discriminate poor electrical contacts from highly resistive NW transport.

2.3 Four-point probe measurements

To distinguish the effects of contact resistance from semiconductor conductivity, four-probe
probe measurements are applied. In this approach, one arranges four terminals with constant
and known spacing. The two outer probes carry the applied current and the two inner probes
measure the voltage drop. In the ideal case, effects of contact resistance at the applied
current contacts do not influence the measured voltage difference where negligible current
flows. As in the previous case, one can use either prepatterned electrodes or probes inside
the SEM.
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2.4 Wet chemical etching

To quickly determine the position and depth of a p-n junction one can use wet chemical
etching, followed by SEM or atomic force microscopy (AFM) observation [54]. Depending on
the semiconductor, one chooses an appropriate etching agent. In Si, this is typically carried
out via aqueous potassium hydroxide solution (KOH) or buffered hydrofluoric acid (BHF).
The etching rate decreases or increases with doping level and crystal orientation exposing
junctions with surface roughness of approximately 5 nm [55].

2.5 Electron microscopy-based techniques

2.5.1 Secondary electron contrast

The intensity of secondary electrons collected to form images inside a SEM is sensitive
to dopant concentrations in semiconductors. p-type regions in semiconductor emit more
secondary electrons which leads to a brighter contrast in comparison to n-type regions.
These effects were first observed by Chang and Nixon in the late 1960s [56]. The origin of the
contrast mechanism has been attributed to various phenomena including surface-induced
band bending differences between p and n-doped semiconductors [57, 58], differences in
ionization energies measured by the SE detector inside the SEM [59], and patch fields
outside the specimen [60].

2.5.2 EBIC measurements

Electron beam induced current is carried out inside a SEM to detect the presence of junction
depletion regions, and is a technique whereby current is measured from a contacted diode
as a function of electron beam position. The electron beam interacts with the specimen
generating electron-hole pairs within the beam interaction volume. Electron-hole pairs will
recombine unless they are close to the depletion region. In this case the carriers are then
separated by the electric potential existing at the depletion region. Figure 2.3 contains a
sketch of the EBIC experimental setup. When the circuit is completed i.e. the p and n
junctions are connected to an external meter with a current amplifier one measures a net
current or EBIC current on the order of µA or nA.
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Figure 2.3: EBIC experimental setup.

Neglecting surface trapping and recombination, the theoretical EBIC current I, as a
function of distance x from a junction is given by [61]:

I = I0e
−x/L, (2.46)

where I0 is the maximum current and L is the minority carrier diffusion length, assuming
low carrier injection conditions. These measurements are usually carried out to determine
minority carrier lifetimes, diffusion lengths and transport characteristics.
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Chapter 3

Electron holography and electron
holographic tomography

Electron transport measurements provide important information about a junction depletion
region and potential barrier, however, as devices become increasingly complex, it becomes
also increasing difficult to distinguish the contribution from junctions or/and interfaces.
Hence, the desire for methods that provide the built-in potential (Vbi) and depletion region
width (d) values directly. Other electron microscopy setups can be used depending on the
possibility of using either TEM or scanning transmission electron microscopy (STEM),
in fact up to twenty have been listed [62]. We focus on the off- axis TEM based setup, for
other examples one can consult Volk et al ([62]). Pychography also captures the phase of the
electron wave-function, however, it requires a very fast camera with a large computational
capability to handle large sets of data, and although its great advantage over EH is that does
not require vacuum nearby the area of interest, it does pose limitations on the maximum
sample thickness that can be handle without adding artifacts due to inelastic scattering
[63][64].

This chapter contains the principles of image, hologram, and tomogram formation in
the electron microscope; experimental details of EH and electron holographic tomography
(EHT) data acquisition, and reconstruction of the electron wave-function that are used in
chapters 4 and 5.

3.1 Transmission electron imaging theory

Following J. M. Cowley and J. C. H. Spence [62] to describe imaging processes in the electron
microscope, we start by assuming that the illumination is coherent, so that the imaging can
be described as the modification of wave-functions and the image intensity can be found via
the modulus square of the image wave-function. At the backside of the specimen or object
the wave-function can be written as:
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o(~r) = a(~r)eiφ(~r), (3.1)

where ~r is the two-dimensional vector which gives rise to the wave function in the image
plane O(~r) = A(~r)exp[iφ(~r)] with intensity distribution I(~r) = |A(~r)|2. Note that the lower
and upper case symbols specify that the wave function at the backside of the specimen is
not the same as the one on the image plane.

In the Abbe description of the imaging process, for a very thin lens, the Fraunhofer
diffraction pattern of the object wave appears in the back-focal plane of the objective lens
with a distribution H(~q) proportional to :

H(~q) := F{o(~r)} =
∫
o(~r).e2πi~q~rd~r, (3.2)

where F{o(~q)} is the Fourier transform of o(~q), and ~q is the two-dimensional vector in
reciprocal space with coordinates u, v. For high voltage electrons, these coordinates can be
approximated by u = x/fλ and v = y/fλ, where f is the focal length of the lens, and λ the
incident beam wavelength. The complex image wave-function is related to the Fraunhofer
diffraction pattern by an inverse Fourier transform such that:

O(~r) ∼ o(−~r/M), (3.3)

where M is the magnification factor. However, in practice the magnification factor and
image reflection is neglected such that the image wave-function O(~r) can be conveniently
written as o(~r) i.e. the object wave-function. Since real lenses have a finite aperture, which
can be expressed mathematically by multiplying the amplitude in the back-focal plane by
an aperture function B(~q) such that :

B(~q) =

1 for q ≤ q0

0 for q > q0
, (3.4)

where q0 is the lens radius. Lens aberrations modify the phase of the wave in the back-focal
plane, which can be expressed mathematically multiplying a phase function by exp[iX(~q)].
The amplitude and phase modifications of the wave in the back focal plane can be then
represented by the transfer function:

T (~q) = B(~q).exp[iX(~q)], (3.5)

where X(~q) = π∆zλq2 + π
2Csλ

3q4, which contains a defocus ∆z, the spherical aberration
coefficient Cs, a defocus term and a third-order spherical aberration term proportional to
|~q|2 and |~q|4, respectively. The image distribution in the image plane is given by the inverse
Fourier transform of the back-focal plane wave-function:
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O(~r) = F−1{F{o(~r)}.T (~q)}, (3.6)

= o(~r)⊗ t(~r). (3.7)

where the inverse of T (~q) is the point spread function t(~r) and⊗ is the convolution operation.
We can rewrite the image intensity distribution in the image plane as:

Object

Optical axis

Object exit wave o(~r)

Diffraction pattern

FT

H(~q)
.

T (~q)

o(~r) ⊗ t(~r)

FT−1

Image wave

Back focal plane

Lens

Image

Figure 3.1: Abbe imaging scheme in which the Fraunhofer diffraction pattern is formed in
the back-focal plane of the lens.

I(~r) = |o(~r)⊗ t(~r)|2, (3.8)

as the spread (t(~r)) and object wave-functions (Eq. 3.1) are complex functions, as a result
the intensity distribution is not necessarily directly related to the object structure. Figure 3.1
shows a schematic of the previous equations inside the microscope.

3.2 Off-axis electron holography

The creation of the first electron interferometer was a particularly brilliant proof of the de
Broglie relation λ = h/(mν), further showing the wave-like nature of electrons. In the 50’s
Düker and Möllenstedt [62] came up with the idea of using a charged wire as a biprism
to intercept an electron, beam analogous to the way Fresnel did it with light, creating
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an interference pattern in the image plane as seen in Fig. 3.2 [65]. The ray diagram for
monochromatic light passing through a narrow slit S is divided into two components by the
biprism. They are then refracted appearing to come from two virtual sources S′ and S”.
These two beams interfere in the illuminated region forming fringes that can be observed on
the screen. Biprisms used in EH are usually rods of 300-600 nm made out of a glass or quartz
and covered with a conducting layer, usually gold and placed in the selected area aperture
holder. By applying a positive potential to the biprism, an interface pattern is formed, then
one can see that high contrast in that this pattern requires that the wavefronts originating
at S′ and S” be in phase, over this region. As one increases the potential applied to the
biprism, the interference regionW also increases, since the virtual sources are pushed further
apart.

One and two biprism setups depicted using ray diagrams are shown in Fig. 3.3. They
follow the same principle of light interference described earlier. The two biprism setup
increases the interference region area by reducing Fresnel fringes and the vignetting effect
[66, 67]. However, the development of EH had to wait until the invention of field emission
guns (FEG), with sufficient spatial coherence to permit the creation of an interference
pattern [62].

S S’S”

A

biprism

D

Iluminated region

Screen

Figure 3.2: Fresnel light interference ray diagram. S, S′ and S′′ correspond to the original
and virtual light sources, respectively. A and D are the distance between the virtual light
sources and the light source and the screen, respectively.
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Figure 3.3: EH setup using ray optics for (a) one and (b) two biprisms.

The refractive index of electrons traveling through the solid with a potential V (~r, z) is
larger than unity, which means that electrons are accelerated by this potential and is given
by (1 + V (~r, z)/UA) 1

2 where UA is the accelerating voltage at which electrons have been
exposed. Since UA is much larger than V (~r, z) we can use the approximation:

n(~r, z)− 1 = V (~r, z)
2UA

, (3.9)

therefore, the phase change of high energy electrons going through a thin specimen in the
z direction can be found by integrating 2π(n− 1)/λ along z. As a result, an incident plane
wave of magnitude unity leaves the back face of the specimen with a wave function given
by:

o(~r) = e−iσVp(~r), (3.10)
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where σ is an interaction constant whose value depends on the voltage used to accelerate
electrons (π/λUA), 200 and 300 kV in this thesis. We call Vp(~r) the projected potential of
the potential distribution, which corresponds to the two-dimensional representation of the
specimen potential or mean inner potential (MIP). Eq. (3.10) is the so-called “phase-object
approximation” (POA). Relating the intensity of bright-field TEM imaging and the POA
we can approximate Eq. (3.10) to:

o(~r) = 1− iσVp(~r), (3.11)

which is known as the “weak phase-object approximation”. Using this value in Eq. (3.8) and
writing t(~r) in its complex form, i.e. t(~r) = c(~r) + is(~r), that from Eq. (3.5) is the Fourier
transforms of B(~q).cosX(~q) and B(~q).sinX(~q), we obtain:

I(~r) = |[1− iσφ(~r)]⊗ [c(~r) + is(~r)]|2 (3.12)

≈ 1 + 2σφ(~r)⊗ s(~r) (3.13)

in which the relation between intensity and potential distribution of the specimen spread
out by the function s(~r) is more evident.

Although there are various configurations that allow one to obtain electron holograms,
by far the most used is off-axis electron holography [68], usually shortened as electron
holography (EH). To obtain an electron hologram one requires vacuum nearby the specimen,
so the hologram wave-function is obtained by adding a plane wave with a tilt corresponding
to ~q = ~qc to the object wave in the image plane, in such way that the intensity becomes

Ih(~r) = |o(~r)⊗ t(~r) + e2πi~qc~r|2 (3.14)

= 1 + e−2πi~qc~r.[o(~r)⊗ t(~r)] + e2πi~qc~r.[o∗(~r)⊗ t∗(~r)] + |o(~r)⊗ t(~r)|2

or

Ih(~r) = 1 + |o(~r)⊗ t(~r)|2 + 2|o(~r)⊗ t(~r)|.cos(2πi~qc~r + φ(~r)), (3.15)

in which the intensities of the two images plus modulated cosinusoidal fringes appear with
phase shifts φ and an amplitude corresponding to the image amplitude.

3.2.1 Recording a hologram

Details of hologram acquisition can be found elsewhere [69]. However, we mention some
important details that one has to take into account when acquiring electron holograms.
First, one has to guarantee that the electron beam is well centered in the lens system by
properly aligning the microscope. The objective or Lorentz lens (if available) can be used
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to acquire holograms depending on the field of view that the specimen in question requires.
Usually a Lorentz lens is located below the objective lens providing a larger field of view
(FOV) (from 100 to 400 nm).

The total coherent current is an optical invariant, therefore it cannot be improved
through optical methods. Nonetheless, it can be spread on the object plane according to
specific requirements. EH requires the best coherence in the direction perpendicular to the
interference fringes, so one creates an elliptical illumination via the condenser lens stigmator
correctors that provides a larger coherence in this direction [70], with maximized electron
flux [65]. When using the Lorentz lens, the electron dose of the elliptical illumination is very
high when focused, and it can damage the gold coating of the biprism. One must then take
precautions at the time when correcting the beam astigmatism [65].

An object hologram contains a specimen centered in the FOV, and its defocus corre-
sponds to minimum contrast for medium resolution EH, which is the one used in this thesis.
To confirm that astigmatism has been corrected, and that the focus position is right, one
usually checks the live Fourier transform of the image. This occurs while the electron beam
is on a part of the specimen where possible damage due to the electron beam is not critical.

The reference hologram is an empty hologram, in which the sample is moved away from
the field via the goniometer, keeping exactly the same electron optical parameters. The latter
is indispensable for the correction of distortion-induced phase modulations. Long exposure
times are needed since the precision of holographic recording is a statistical process in which
individual electron wave-packets interfere and the intensity of the fringe pattern will increase
as one accumulate these events. However, this is limited by the vibrations of the microscope,
sample and laboratory. The exposure time used at Simon Fraser University was 1.4 s; this
time allowed a hologram to be acquired before the sample started drifting. Exposure times
used at the Technical University of Berlin were 4 s since the laboratory was built on pillars
that are deep into the ground providing low-vibration conditions. Turning on the Lorentz
lens a couple of hours before using it also avoids drift likely induced by lens hysteresis due
to the cooling system.

3.2.1.1 Best position for a reference hologram

The CCD camera and the projective system introduce modulations to the reconstructed
phase that can be partially corrected by subtracting an empty reference hologram from the
object hologram. Nonetheless, the phase of an electron wave is affected by electromagnetic,
scalar and vector potentials. This means that these could also affect the reference wave
making it unknown, which defeats the whole purpose of acquiring it in the first place [1, 2].
One may think that the further away from the specimen the reference hologram is taken,
the less perturbation one may get. However, the spatial coherence of the electron wave is
only several micrometers, so the reference wave is bound to contain stray or fringing fields
that may spread out of the specimen as depicted in Fig. 3.4.
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Figure 3.4: Unperturbed and perturbed electron wave due to stray fields. The black solid
and dashed lines depict the unperturbed and perturbed electron waves, respectively. The
blue dashed lines depict the specimen electric field that expands into the nearby vacuum
modifying its wave function. Adapted from Kou et. al [1]

To remove possible perturbation effects, one has to take the reference hologram exactly
at the position where the reference for the object hologram was (vacuum nearby specimen).
When looking for an adequate specimen to take holograms from, one should pay attention
to the space available nearby the specimen, so a proper reference hologram can be obtained.
This can be performed on either side of the biprism double image. In practice, one measures
the distance between the double images (object at each side of the biprism) to determine
the best position for the reference hologram as shown in Fig. 3.5.

Biprism

Reference
wave Object

d p

Object Reference
wave

Reference wave
for empty
hologram Reference

wave Object

p-d p+d

(a) (b) (c)

Figure 3.5: Determination of the optimum position for the reference hologram: vacuum
reference is at a distance (a) d from the object position p and (b) p− d to the right of the
object. (c) The empty reference hologram should be taken at a position p+d. Adapted from
Wolf et. al [2].
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3.2.2 Reconstruction of the object wave-function

3.2.2.1 Pre-reconstruction considerations
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Figure 3.6: Pre-reconstruction steps when recovering the electron wave-function.

When a positive or negative voltage is applied to the biprism, electrons get deflected on
the two sides forming an interference pattern that has a spacing proportional to the deflec-
tion angle between the directions of propagation. To determine which holograms are worth
reconstructing one has to consider whether the interference fringe contrast is sufficiently
high, because this determines the phase resolution limit. This contrast is usually checked
in an empty part of the hologram since inelastic scattering can reduce the fringe contrast
significantly [62]. The classical definition of fringe contrast in EH is

µ = maxρ−minρ
maxρ+minρ

, (3.16)

where maxρ and minρ are two adjacent maximum and minimum intensities in the inter-
ference pattern, respectively. In this thesis the fringe contrast varied from 22 to 30.
After one has recognized whether the fringe contrast is sufficient, we then move to the
optional step of removing dead pixels by identifying them (if any) and replacing them with
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an average of pixels in adjacent areas. The next step in the reconstruction process is to find
the distribution in the back-focal plane, given by the Fourier transform of Eq. 3.14

F{I(~r)} = δ(~q) + [H(~q).T (~q)⊗H∗(~q).T ∗(~q)]+ (3.17)

δ(~q + ~qc)⊗H(~q).T (~q) + δ(~q − ~qc)⊗H∗(~q).T ∗(~q) (3.18)

whereH(~q) is the Fourier transform of o(~r) (see Eq. 3.2). This yields a spectrum in which the
autocorrelation of the wave-function is centered at the spectrum origin, also called central
band, which is the diffraction pattern of the intensity distribution of a normal TEM image.
And the Fourier transforms of the wave-function and the conjugate shifted by the carrier
frequency, centered at the delta function ~q = ±~qc known as sidebands. Both sidebands are
identical except for the sign of the phase.

The thicker fringes observed more prominently at the edge of the interference region
(white) in Fig 3.6 appear as a result of the diffraction of the coherent electron beam at the
edges of the biprism and are known as Fresnel fringes. If the contrast of the Fresnel fringes
inside the specimen approximates that of the interference fringes, the information of the
reconstructed wave can be falsified. Masking their contribution as shown in Fig. 3.6 (Black
rectangle in FFT) can be carried out in this step to mask their contribution to the phase
reducing noise [62].
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3.2.2.2 Reconstruction of the object wave-function
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Figure 3.7: Amplitude, phase and phase unwrapping.

For medium resolution, one uses a soft aperture such as a Butterworth filter to isolate the
sideband of interest. To remove the distortion-induced phase modulations due to the lenses
and projective system one applies the same procedure to the reference hologram and the
resulting phase is subtracted from the object phase leading to a distortion-corrected object
wave-function. Now one has obtained the amplitude and phase as seen in Fig. 3.7.

A phase calculated through the isolation of a sideband is given in values between −π to
π. This means that one inevitably gets phase discontinuities or ’jumps’. These need to be
removed or unwrapped to unveil the complete phase map over the measured plane. There
are various algorithms that perform this step, and their efficacy relies on how well they
can remove these jumps. We used an algorithm based on Schofield and Zhu’s work [71], as
implemented by Tore Niermann. Then one defines zero the phase in the vacuum adjacent
to the sample (i.e. zeroing vacuum), and flattens the phase. In this step, one is able to
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recognize whether the sample was accumulating charge or not by taking a profile in the
vacuum nearby the sample; if the profile contains phase non-linearities, they will be still
intact after the flattening step.

Finally, one colorizes the phase, so that the phase steps in the sample are easily visu-
alized. A black and white image can be converted into a pseudo-color image by converting
the original gray levels into specific components of the chosen color scheme [72]. All the
previous steps can be carried out via Digital Micrograph software scripting or via your own
code in whatever image manipulation software is available to the user. In this thesis we used
a combination of the two approaches, for the latter we used various python libraries.

3.2.3 Study of electric and magnetic fields via EH

The interaction of high energy electrons in the electron beam with the specimen in the
electron microscope is described by th Schrӧdinger equation:( 1

2m(−ih∇+ e ~A)2 − eV
)

Ψ = EΨ, (3.19)

where m, e, h, Ψ, ~A,V and E are the electron mass, the elementary charge, the Planck
constant, the wave-function, the vector potential, the scalar potential and the electron
energy, respectively. Assuming only elastic scattering to solve Eq. 3.19, one obtains:

φ(x, y) = π

λE

∫
L
V (~r, z)dz − 2πe

h

∫
L
Az(~r, z)dz. (3.20)

where the integration is carried out along a path L parallel to the z-axis, which is the
direction in which the electron beam hits the specimen. In this thesis, we have only worked
with non-magnetic materials, therefore under kinematical scattering conditions (away from
strong diffraction conditions) φ in a non-magnetic specimen is given by:

φ(x, y) = π

λE

∫
L
V (~r, z)dz, (3.21)

assuming V is constant within the specimen and integrating over the thickness t, we get:

φ(x, y) = π

λE
V t, (3.22)

= 2π
λUA

2m0c
2 + eUA

m0c2 + eUA
V t, (3.23)

= CEV t, (3.24)

where UA is the accelerating voltage, λ, e, m0 is the wavelength, charge and the rest mass
of an electron. Since E = UA

2
m0c2+eUA
m0c2+eUA

, CE is an electron-energy-dependent interaction
constant of value 7.29×106 and 6.53×106 rads V−1 m−1 at 200 and 300 keV, respectively. V
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is a combination of the MIP, the built-in junction potential (in the case of p-n junctions), Vbi,
and other possible potentials, which may arise from charging induced by the electron beam
[73]. So, one can see that when the vector potential Az(~r, z) is zero, electrons get deflected
by the perpendicular component of the electric field to the beam path. It is noteworthy that
conventionally one uses to zero to be the phase in the vacuum level and then it increases as
one enters the specimen.

The MIP is the average value of the electrostatic potential, taken over the volume of
a crystal. It is produced by the atomic nuclei and the electron cloud, therein its positive
value. The MIP is formulated as:

V0 = 1
Ω

∫
Ω
V (~r), (3.25)

where Ω is the unit cell volume (for a crystal) and V (~r) is the electrostatic potential as a
function of position. Determination of the mean inner potential can thus provide insight
into bonding, processes that dominate material properties, such valence electron densities,
directionality of covalent bonding and ionic charge transfer [74]. It is frequently calculated
via density functional theory (DFT) [75, 76] or measured via EH [77, 78, 79].

Semiconductor NWs are, in many ways, ideally suited for experimental measurements
as their orientations and cross-sections can be determined accurately and minimal specimen
preparation is required. Fig. 3 shows part of a representative electron hologram of a GaAs
nanowire that has a diameter of 160 nm, acquired at 300 kV using an FEI Titan 80-300 TEM
operated in Lorentz mode. The figure also shows experimental phase profiles acquired from
a wire oriented at the [110] zone axis and rotated about its long axis to several orientations.
The phase profiles illustrate four of the difficulties of measuring V0 experimentally, even
from nanowires: the sensitivity of the line profiles to crystallographic orientation as a result
of both changes in projected thickness and dynamical contributions to the phase shift, the
difficulty of removing phase wraps at the edges of the wire where the sample thickness
changes rapidly, the possibility of charging of the wire as a result of secondary electron
emission during electron irradiation, resulting in a ramp in vacuum outside the wire for the
19.1° phase profile, and the unknown state of the nanowire surface.

Electrically active dopants in a semiconductor have to be incorporated into the lat-
tice. And although the semiconductor remains electrically neutral, the type and number
of mobile carriers increases. However, at moderate doping levels (1016 cm−3), the relative
concentration is still very small (10−6). This is still the case for high doping concentrations
(1019 cm−3), where the relative concentration is just 0.1%, which translates to mV in a
potential profile. Since medium resolution EH has a potential resolution of ∼0.1 V, these
small changes cannot be picked up by this technique and do not significantly affect the MIP
measurement of the material [80].

Another one of the advantages of EH is that the measurement of junction potentials
(p-n junctions for instance) include only the electrically activated dopants, in contrast to
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techniques like secondary ion spectrometry (SIMS) and atom probe tomography (APT) that
are not able to discern between activated and unactivated dopant impurities. The potential
distribution in a semiconductor produces a phase shift that is easy to measure via EH,
granted that the specimen thickness is known.

3.3 Electron holographic tomography

EHmeasurements have determined projected junction potential maps at metal-NW contacts
[81], and p-n junctions, both axial and radial in many systems including GaAs [48] and Si
[82, 83]. NWs are the perfect candidates for EH, since they are easily transferred into
the microscope without preparation damage and they can have a uniform shape. Electron
tomography (ET) enables assessment of the three dimensional morphology, such as detailed
cross-sectional information of GaP-GaAs NW heterostructures [84]. The ability to slice
the tomography data allowed the morphological analysis of individual twin domains and
the formation and evolution of NW faceting as a function of growth temperature and III-
V precursors ratio. When NWs exhibit radial variations, a thickness extraction to apply
Eq. 3.24 can become challenging due to faceting and nonuniform radial growth. A way
to circumvent these issues is to use electron holographic tomography (EHT), which can
reveal 3D information about the potential gradients in all or almost all directions depending
on the rotational capabilities of the TEM holder and the reconstruction methods used
[85, 2]. EHT has been applied to study GaAs and GaAs-AlGaAs core-shell NWs [86, 87],
Ge needles containing a p-n junction [88] and InP NWs giving more accurate values for
metal-semiconductor barriers [89] while revealing 3D morphology with a spatial resolution
of 5-10 nm and potential resolution of 0.1 V [90]. Beyond the NW scope, prepared TEM
specimens from bulk samples can have their surfaces amorphized or unintentionally doped
during focused ion beam (FIB) thinning, for instance. These electrically inactive or ’dead-
layers’ only contribute to the MIP. Therefore, the projected potential may not be an accurate
representation of the bulk potential. EHT also circumvent these issues, since one can choose
a region in the 3-dimensional volume that one is interested in, determining differences
between core and surface layers [80].

3.3.1 The geometry of tomographic projections

Although the reconstruction we dealt with is 3-dimensional (chapter 5), we will be using
the 2-dimensional version for simplicity. In the following sections we follow Dhawan [91],
and Tsui and Frey [92].

3.3.1.1 The Radon transform

A radon transform defines the projection of an object as a collection of line integrals. Let
f(x, y) be a function that defines a two-dimensional object in the Cartesian coordinate
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system as in Fig. 3.8 and Rf(x, y) its Radon transform. In polar coordinates, the Radon
transform is defined by the projection, P (p, φ),as:

P (p, φ) = Rf(x, y) =
∫
L
f(x, y)dl, (3.26)

where the integration is performed over L so that:

xcosφ+ ysinφ = p. (3.27)

Figure 3.8 shows a line integral calculated along the projection axis q and defined by
parallel lines (rays) that go through the specimen (blue) and form an angle φ with the x-
axis. Different angles φi form a set of line integrals. The polar coordinates can be converted
into rectangular by using a rotated coordinate system (p, q) depicted in Fig. 3.8 such that

xcosθ + ysinθ = p (3.28)

− xsinφ+ ycosφ = q. (3.29)

Rewriting eq. 3.26 we obtain:

Rf(x, y) =
∫ ∞
−∞

f(pcosφ− qsinφ, psinφ+ qcosφ)dq, (3.30)

and its 2-dimensional pictorial representation is called a sinogram. A sinogram contains
all the information necessary to reconstruct f(x, y), which is the reconstruction problem:
given the Radon transform (P (p, φ)) for all the angles ∑i φi and

∑
j pj , what is the original

function f(x, y)?
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Figure 3.8: Two dimensional Radon transform.

Fig. 3.9 shows some examples of sinograms for three random objects. Note that these images
are composed of individual projection slices arranged from left to right as the original image
is rotated from θ = 0◦ to θ = 180◦, furthermore the rotation from θ = 180◦ to θ = 360◦ is
an iteration of the first range (θ = 0◦ to θ = 180◦).
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(a)

(b)

(c)

Figure 3.9: (Right) Sinogram examples for (left) three random objects: a) rectangle with
longer side on the x-axis, (b) rectangle with shorter side on the x-axis and (c) irregular
shape object.

3.3.1.2 The Fourier Slice theorem

The Fourier slice theorem is the most important relationship in analytical image reconstruc-
tion. It relates the 1-dimensional Fourier transform of a projection with the 2-dimensional
Fourier transform of the original image as depicted in Fig. 3.10.
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Figure 3.10: Sketch of the Fourier slice theorem.

The Fourier Slice theorem states that the 1-dimensional FT of a projection function at
an angle φ , the radon transform, is equal to the two-dimensional FT of the original function
f(x, y). This can be written as

F{Rf(x, y)} = F{P (p, φ)} =
∫ ∞
−∞

∫ ∞
−∞

f(pcosφ− qsinφ, psinφ+ ycosφ)e−i2πωpdqdp, (3.31)

where ω represents the frequency component in the Fourier domain.
The FT, %φ(ω), of the projection Pφ(p) (P (p, φ)) can also be written as

%φ(ω) =
∫ ∞
−∞

Pφ(p)e−i2πωpdp, (3.32)

using Eq. 3.31 and solving x and y from Eq. 3.28 and 3.29 and placing these expressions
into Eq. 3.32, one gets

%φ(ω) =
∫ ∞
−∞

∫ ∞
−∞

f(x, y)e−i2πω(xcosφ+ysinφ)dxdy = F (ω, φ), (3.33)

where Eq 3.33 is the 2-dimensional FT of the object function f(x, y) that can be represented,
in the frequency components u, v, as F (u, v).

3.4 Electron holographic tomography recording

Although the first experiments of EHT were performed by G. Lai in 1994 [93], the technique
was not able to expand because of various issues regarding computing capacity, dedicated
holders and computer-controlled goniometers. During the following years much of the effort
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has been focused on automation and enhancement of the experimental conditions to acquire
tomograms [2]. It is noteworthy that the phase in Eq. 3.24 is ideal for tomographic recon-
struction, since it fulfills the projection requirement, i.e. the detected signal and projected
property are bijective, implying that in the reconstruction problem a monotonic mapping
is sufficient [2]. In simpler terms, the relation between phase and projected potential is lin-
ear, only differing by a constant π

λE (Eq. 3.21) and therefore the inversion is trivial. As a
result, one can use EHT to reconstruct 3-dimensional potentials. In Fig. 3.11(b) and (d) we
have sketched the relations described in 3.3.1.1 and 3.3.1.2. The sinogram of the phase tilt
series (Fig. 3.11(b)) is the 2-dimensional Radon transform of a 2D slice in the 3D potential
(Fig. 3.11(c)).

EHT Sample preparation is the first task to be completed. One can prepare the sample
using either mechanical abrasion or SEM nanomanipulation. In the former, one carefully
hovers the TEM support grid on the growth substrate to mechanically transfer NWs. In
the latter, one removes NWs directly from the growth substrate to position them in an
dedicated tomographic TEM support by means of probes and platinum deposition inside
the SEM. Both methods pose advantages and/or drawbacks in terms of time consumption
and amount of specimens available to perform studies on. In our studies, all TEM sample
preparation, including EH and bright-field TEM, was carried out by mechanical abrasion.
The suitable NW has to be the aligned with the tilt axis to minimize displacements during
rotation and have enough empty space around so that it is possible to acquire an empty
hologram. Finally, it also needs to be far from the edges of the grid, so that there is no
shadowing, produced by the grid or other NWs, on the selected specimen while rotating.

EHT data was obtained using a FEI Titan 80-300 Berlin Holography Special electron
microscope in image-corrected Lorentz mode (conventional objective lens turned off) oper-
ated at 300 kV with a double biprism setup (Fig. 3.3(b)). Electron holograms of the region
of interest were first collected followed by an empty hologram, in a tilt series of 69 to 71◦

at increments of 2 to 3◦(Fig. 3.11(a)). Despite NW alignment with the tilt axis, small shifts
proportional to the distance between the NW and the tilt axis of the goniometer are in-
troduced, therefore the suitable NW may have to be centered in the holographic field of
view. During the tilt series acquisition, imaging conditions such as focus and aberration
drift have to be checked and corrected if needed. To control these parameters we used the
Tomographic and Holographic Microscope Acquisition Software (THOMAS) developed by
Wolf et al. [2]. Although special holders can rotate from −90 to 90◦ have been developed,
we worked with a restricted angle tomographic holder which leads to a so-called missing
wedge of information (Fig. 3.11 (b), red arrow).

Every pair of object and reference hologram in the series was reconstructed to obtain the
phase of the electron wave (Fig. 3.11 (b)). The series was then aligned, i.e., for each phase
image (projection) displacements were corrected with respect to a common axis. Phase
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Figure 3.11: Experimental details of electron holographic tomography recording: (a) holo-
graphic collection in which the NW is rotated from −69 to 71◦ every 2 or 3 degrees, (b)
processing of reconstructed phases to obtain the 3D potential and (c) 3D potential recon-
struction. In (b) the red arrow shows the missing wedge of information. In (c) the pink and
green enclosed regions show the segment of the NW from which the potential cross-section
was extracted. In (a), (b) and (c) four slices were chosen to make the sketch of the process,
in reality, the total tilt series consist of 47 to 70 images.

jumps were also removed and then the series was zeroed in vacuum as described in section
3.2.2.2.

3.5 Object reconstruction

3.5.1 Dynamical diffraction considerations

Holographic reconstruction of the electron wave-function requires one to differentiate be-
tween elastic or inelastic interaction of the electron beam with the specimen. The WPOA
in Eq. 3.11 assumes that one obtains a linear representation of the MIP of the crystal. How-
ever, this does not apply to crystalline and large atomic number materials when looking
down through low index axes. Electrons hitting the specimen will often channel through the
spaces in between the rows of atoms resulting in a non-linear representation of the MIP.

During EH recording one can avoid this by tilting the object away from highly-diffracting
orientations [94]. In contrast, during EHT recording, one inevitably reaches low index zone
axes in which dynamical scattering effects become too strong, and thus Eq. 3.24 no longer
holds. Collected data from these tilts had to be discarded reducing the final resolution of
the 3D reconstruction.
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3.5.2 Approaches to the reconstruction problem

There exist a variety of methods to reconstruct the object function (specimen) from 2-
dimensional projections. One could use the inverse Fourier transform of F (u, v) (3.3.1.2),
however, over-sampling at low frequencies and under-sampling at high frequencies make this
task challenging, since fine details (low frequencies) appear blurry and additional interpola-
tion steps are needed. Instead, back projection and variants like weighted-back projections
[95] and iterative algorithms [96] are approaches used. Although all these methods tend to
minimize the error in the reconstruction, projection weights and iteration number in the
latter approaches have to be optimized to minimize artifacts. To improve convergence and
recovery of the data near the missing wedge, we used the weighted simultaneous iterative
technique (W-SIRT) as implemented in C++ by Wolf et al. [97] to compute the electron
tomograms.
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Chapter 4

Abrupt degenerately-doped Silicon
nanowire p-n junctions

Silicon epitaxial growth via chemical vapour deposition (CVD) techniques has long been
studied in planar structures, including phosphorus [98] and boron [99] dopant impurity
incorporation. At present, various growth configurations can be achieved by CVD, includ-
ing n-type over p-type Si and vice-versa, lightly-doped over heavily-doped layers of either
type, and conducting Si over insulating layers among others [100], even at low tempera-
tures (500◦C) [101]. The advantages offered by the nanowire (NW) geometry make silicon
nanowires (SiNWs) a very attractive approach for various clean energy technologies in terms
of efficiency and material consumption. It is then essential to understand and control the
parameters that affect the SiNW growth and doping processes. Moreover, the understand-
ing and control of growth sequencing, e.g. p/n or n/p allow for a larger flexibility in design
and fabrication of known and new devices.

In this chapter we show the study of silicon nanowire (SiNW) axial p-n junctions electron
microscopy, including electron holography. These have been grown in two growth sequences:
p/n and n/p. Two different growth schemes were devised in order to create sharp transitions.
A total of four kinds of specimens were studied.

TEM sample preparation was carried out by mechanical abrasion of NWs directly onto
lacey carbon support grids, to avoid artifacts or NW modification created by solvents. EH
data was collected using electrons generated by a field-emission gun, operated at an acceler-
ation voltage of 200 kV in a scanning transmission electron microscope (STEM) with point
to point resolution of 0.23 nm (FEI Tecnai G2) using the objective lens for TEM imaging
and a Lorentz lens for EH, which gives a wider field of view. The exposure time was 1.5 s
and the biprism voltage 140 V (one biprism setup, see Fig. 3.3). The reference hologram
was obtained 800 nm from the NW axis for a magnification of 33 kX, following the opti-
mum position for an empty hologram procedure [2, 1]. Higher magnification images were
acquired on a Hitachi HF-3300 TEM, HF-3300V scanning transmission electron hologra-
phy microscope (STEHM) cold-field-emmision electron source, operated at an acceleration
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voltage of 300 kV which can achieve both a STEM electron probe size and TEM spatial
resolution approaching 45 pm. STEM and energy dispersive x-ray spectroscopy maps were
obtained using a STEM (FEI Osiris) operated at 200 keV with a STEM resolution of 0.16
nm. Finally, the helium ion microscopy image was acquired by group member Christoph
Hermann using the Orion NanoFab Helium Ion Microscope (HIM), which has an imaging
resolution of ∼0.5 nm, Sub-10 nm fabrication capability, and beam energy range of 10-35
kV, with beam current of 0.1-100 pA.

4.1 Introduction

One type of electronic junction that is a challenge to fabricate, especially for NWs created
via vapor-liquid-solid (VLS) growth mechanisms, is the tunnel (Esaki) diode. In the simplest
case, these are homo-junctions consisting of abrupt transitions between degenerately-doped
p and n-type segments of the same semiconductor. Narrow depletion regions, less than 10
nm are optimal, allowing carriers to tunnel through the potential energy barrier at low
applied biases [21].

Many factors impede the formation of the perfect structure. A catalyst reservoir effect
may broaden the width of the depletion region by prolonging the release of a precursor
after the sources are turned off and/or switched [35, 102, 103]. The limited solubility of
different precursors at characteristic VLS growth temperatures can hinder the ability to
reach degenerate-doping profiles [28]. Other challenges are related to catalyst segregation,
unwanted stacking faults, kinking and radial growth, forming undesired radial junctions in
addition to the axial junction. Reaching degenerate p-type doping levels in Si is difficult
and this fact has impeded the creation of tunneling junctions in the NW geometry. Their
successful creation has been limited to n-type growth on highly-doped p-type substrates
[28].

4.2 Nanowire synthesis

SiNWs were synthesized in a home-built CVD system by our collaborators at the University
of North Carolina Chapel Hill [103, 32, 30, 104]. Au catalysts of ∼200 nm in diameter were
immobilized on SiO2 wafers. This thermally-grown SiO2 (300 nm) in the wafer made the
nucleation and growth happen preferably in the <112> growth direction. Silane (SiH4) was
the Si source, diborane (B2H6, 1000 ppm in H2) and phosphine (PH3, 1000 ppmm in H2)
served as n and p-type dopant precursors, respectively. Hydrochloric acid (HCl ) was used
for chlorination and H2 as the carrier gas. Growth was carried out at 510◦C, total pressure
of 20 Torr and a HCl:SiH4 ratio of 2:1 for both types of growth.
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4.2.1 Growth 1

For the p/n sequence, we first grew 10 - 15 µm highly-doped p-type at a growth rate of 320
nm/min and abruptly switched the dopant precursor to n-type with a growth rate of 260
nm/min, until the end of the NW growth (1.4 µm). For the n/p sequence we first grew 5
µm p-type followed by 12 µm of highly n-doped segment at a growth rate of 280 nm/min
until abruptly switching to p-type with grow rate of 280 nm/min for five minutes (1.6 µm)
until the end of the growth.

4.2.2 Growth 2

For the p/n sequence, we first grew 10 -15 µm of highly p-doped segment at a growth rate of
320 nm/min, then, we dropped the growth rate to 32 nm/min for two minutes until abruptly
stopping the flow of the diborane precursor. At the same time the phosphane precursor was
turned on with a growth rate of 28 nm/min. Finally, after 2 mins (∼ 56 nm) the growth
rate was increased back to 280 nm/min. For the opposite sequence (n/p), nucleation started
with 3 µm of undoped Si, followed by 12 µm of n-doped Si at a growth rate of 280 nm/min.
Then the growth rate was decreased to 28 nm/min for two minutes until abruptly stopped.
The p-type precursor was started immediately after at a growth rate of 32 nm/min for two
minutes. Finally, the growth rate was increased back to 320 nm/min. The Si precursor to
dopant precursor ratios (SiH4:PH3, SiH4:B2H6) remained constant in both cases.

4.3 p-n junction growth scheme and preliminary electron mi-
croscopy characterization

Figure 4.1 shows gas flow schemes for the two growth processes that were compared for
each sequence: n/p and p/n. In the standard process (Growth 1), the flow rate of the Si
gas flow (SiH4) was unchanged while the dopant-precursors flows were abruptly changed at
the junction location. In the modified growth process (Growth 2), the SiH4 flow rate was
reduced from the standard rate by an order of magnitude to reduce the growth rate, before
the junction region, and then increased back to the original flow rates after the junction.
The flow rate of the dopant precursors was also reduced to maintain the same Si:dopant
ratio. Growth 2 was designed to test if slowing the NW growth rate and allowing more time
for dopant atoms to evaporate from the catalyst would facilitate a more abrupt p-n junction
[103, 32, 30, 104].

Figure 4.2 shows a secondary electron (SE) image via focused helium ion microscopy
(HIM) and bright-field TEM image of representative NWs resulting from Growth 1. Images
of SiNWs from other growths did not vary from these results, except for the presence of kinks
nearby the junction, more commonly observed for NWs of Growth 2. In both Fig. 4.2(a)
and (b) the Au catalyst particle is visible at the right end. The TEM holey carbon support
grid is visible in Fig. 4.2(a). The length of the SiNWs typically varied from 12 to 18 µm with
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Figure 4.1: Gas flow switching schemes for each growth (not to scale). Red, blue and yellow
represent the B2H6, PH3 and SiH4, respectively. Note that the gold catalyst is always on
the right throughout the chapter.

the p-n junction expected at 1.4 to 1.7 µm from the Au catalyst end. The HIM SE image
shows strong contrast at the lateral edges of each NW typical for this technique. There is a
reduction in intensity near holes in the support grid related to transmission of the He ion
beam through the sample. Although experimental parameters such as magnification, ion
beam energy and working distance were chosen to maximize SE contrast, there was no sign
of a p-n junction. The native oxide developed by these SiNWs is shown in the TEM image
detail in Fig. 4.2(c). Similar to SEM imaging of p-n junctions, the likely presence of mid-
gap interface states at the oxide interface probably leveled any difference in the SE emission
rates between the n and p-type segments, masking the dopant transition. In Fig. 4.2(b) the
bright-field TEM contrast is primarily due to variations in the intensity of diffraction. The
thin black line in the upper part of the NW corresponds to another much smaller SiNW
that adhered during TEM sample preparation. Fig. 4.3 shows the result of another TEM
study that confirmed the development of a twin boundary bisecting the NW [105].

Figure 4.2: (a) Secondary electron image via focused helium ion microscopy and (b) bright-
field TEM images of a SiNW in the p/n growth sequence; (c) high magnification image of
the region enclosed by the area in (b). Scale bars are (a) 2 µm, (b) 200 nm and (c) 10 nm.
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Figure 4.3: SiNW from Growth 2 in the n/p growth sequence. (a) Bright-field TEM image,
(b) diffraction pattern and (c) diffraction pattern indexation. We have used yellow and red
to emphasize the twin crystal orientation.

4.4 I -V measurements

Single NW electrical devices were fabricated and measured for all growth configurations.
Figure 4.4 shows I-V sweeps at various temperatures. At room temperature (RT) SiNWs
from Growth 1 behave as low-resistance diodes across the p-n junction. SiNWs from Growth
2 in the p/n growth sequence exhibit similar behavior to those from Growth 1 at RT.
However, NWs from Growth 2 in the n/p direction behave as resistors due to being shorted
by gold at the junction. Low temperature measurements were also acquired to minimize the
recombination current. Although NDRs were generally not observed, there is an interesting
and asymmetric curvature in the forward direction for some SiNWs at 77 K. A change in
slope at ∼0.1 V resembles I-V curves of planar Au-doped tunnel junctions [? ], where the
tunneling current is hidden by a large trap-assisted current. Since we have little control over
the gold defect density in the NWs during our VLS growth process, the resistance of the
NWs can vary noticeably between NWs from the same synthesis.

The characteristic NDR observed in tunnel junction I-V measurements was hidden
likely due to excess currents originating from recombination at deep impurity states in the
bandgap. Although these did not greatly affect the results of medium resolution EH, we did
observe darker contrast in Fig. 3(c) and (d) that resemble Au particles and stacking faults,
respectively. Unlike traps created by electron irradiation, known to have short lifetimes [?
], defects and impurity metals like Au can create excess currents that conceal the expected
NDR.

4.5 Electron holography results

Figure 4.5 shows representative EH results for SiNWs resulting from Growth 1, in both
the p/n and n/p growth sequences. The contrast seen in the bright-field TEM image in
Fig. 4.5(c) is rather uniform and due entirely to differences in the degree of diffraction from
small angle bending and thickness variations, except for small dark spots that accumulated
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Figure 4.4: I-V sweep of two SiNWs from Growth 1 in the (a) p/n and (b) n/p growth
sequence at various temperatures. The insets are the growth sequence schematics (not to
scale).

at the junction area indicative of a higher atomic number element (e.g. Au). In Fig. 4.5(d),
we see strong contrast from defects nearby the junction area. Also, note the smaller SiNW
in Fig. 4.5(b), that seems to have nucleated on a particle located close by the junction.
Figure 4.5(e) and (f) show a reconstructed phase map with respect to the vacuum reference
in radians for the p/n and n/p sequences, respectively. There is a clear decrease in phase
from the n to the p-type regions in both cases. Details of the transition are shown in the
average profile (Fig. 4.5(g) and (h)) obtained from the rectangular region enclosed by the
blue rectangle in Fig. 4.5(c) and (h), respectively. The depletion region lengths are 19 ±
2 and 12 ± 1 nm for the p/n and n/p growth sequences, respectively. These values were
extracted from fittings to the potential using a linear step function and linear background
(see Section 4.5.1). We have assumed that the NWs have a cylindrical geometry and that
any width variation is isotropic. Therefore, a measurement of the width of the images was
sufficient for calculating the potential difference in the direction of the beam following
Eq. 3.21. Radial profiles were taken from high-magnification bright-field TEM images at 10,
20, 50 and 100 nm from the junction. The Vbi at the junction was calculated to be 1.17 ±
0.02 and 0.86 ± 0.01 V for the p/n and n/p growth sequences, respectively.
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Figure 4.5: EH results for SiNWs from Growth 1. (a) p/n and (b) n/p growth sequence
schematics (not to scale), (c) and (d) bright-field TEM images of the region nearby the
p-n junction, (e) and (f) pseudo-colored phase images and (g) and (h) corresponding 1-
dimensional phase and calculated potential profiles taken along the center axis of the NWs
as shown by the boxes regions in panels (e) and (f). The blue and green error bands in (g)
and (h) correspond to the error added by the native oxide on the electron beam direction.
The white arrows in (e) and (f) indicate the NW growth direction, while the fuchsia and
cyan arrows indicate the presence of the TEM carbon grid that supported the NWs, and
a phase unwrapping artifact, respectively. Note that in (e) and (f) the length of the blue
boxes correspond to the length of the profile that is plotted in (g) and (h), and their width
is used for averaging. Scale bars in (c)-(h) are 200 nm.

Figure 4.6 shows representative EH results for Growth 2. The contrast of the bright-
field TEM image for the p/n growth sequence (Fig. 4.6(c)) is also due to differences in
the degree of diffraction from small angle bending and thickness variations, while in the
n/p growth sequence (Fig. 4.6(d)), we see strong contrast from defects nearby the junction
area. SE images and dopant delineation by etching showed that the junction was located at
∼1.3 and 1.6 µm from the Au catalyst for the p/n and n/p growth sequences, respectively.
Figures 4.6(e) and (f) show phase images in which there is a clear decrease in phase from
the n to the p-type regions in both cases. The p/n (n/p) transition can be seen in detail
by averaging a line profile, shown in Fig. 4.6(g) and (h), which was obtained from the
rectangular region enclosed by the blue rectangle in Fig. 4.6(e) and (f), respectively. These
profiles show depletion region widths of 10 ± 1 and 77 ± 20 nm for the p/n and n/p growth
sequences, respectively. The p/n growth sequence shows a Vbi of 1.02 ± 0.02 V, while the
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n/p shows a Vbi of 0.8 ± 0.3 V. As for Growth 1, we have also assumed that the NWs have
cylindrical geometry and have used the projected width to infer the specimen thickness in
the beam direction for the calculation of the potential.

Figure 4.6: EH results for SiNWs from Growth 2. (a) p/n and (b) n/p growth sequence
schematics (not to scale). The colored regions in the middle indicate the drop in partial
pressure that differentiates Growth 2 from Growth 1. (c) and (d) bright-field TEM images
of the region nearby the p-n junction, (e) and (f) pseudo-colored phase images and (g)
and (h) corresponding 1-dimensional phase and calculated potential profiles taken along
the center axis of the NWs as shown by the boxed regions in panels (e) and (f). The blue
and green error bands in (g) and (h) correspond to the error added by the native oxide on
the electron beam path. The white arrows in (e) and (f) indicate the NW growth direction,
while the fuchsia arrows indicate the presence of the TEM carbon grid that supports the
NWs. Note that the length of the blue boxes in (e) and (f) correspond to the length of the
profile that is plotted in (g) and (h), and their width is used for averaging. Scale bars in
(c)-(h) are 200 nm.

4.5.1 Depletion region width and built-in potential determination

To accurately determine the depletion region width and built-in potential from the electron
holography data, we applied a linear step-like and a linear background model using a non-
linear least-squares minimization and curve fitting (LMFIT) for python. The latter is used
to compensate for any slope in the data. The parameters for the step model are amplitude
(A), center (µ) and sigma (σ). The functional form is defined as:
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f(x;A, µ, σ) = Amin[1,max(0, α)],

where α = (x− µ)/σ and it is illustrated in Fig. 4.7(b).
The linear model has the parameters slope (m) and intercept (b) and it is defined as:

f(x;m, b) = mx+ b,

and it is illustrated in Fig. 4.7(a).

Figure 4.7: (a) Linear background; (b) linear step function; and (c) their combination applied
to computer-generated data.

An example of the fitting can be found in Fig. 4.8, and it corresponds to the phase
profile in Fig. 4.5(f). The results of this fitting is 0.86 ± 0.01 V for the built-in potential,
and 12 ± 1 nm for the width of the depletion region.

Figure 4.8: Example of phase and potential profile of Fig. 4.5(h) in the main manuscript
showing the linear step-like and a linear background model. The enclosed region is magnified
on the right to show the fitting at the depletion region in detail.
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4.6 Au accumulation studies

All measured depletion regions were less than 20 nm with the exception of the n/p sequence
of Growth 2, which showed a long depletion region (77 ± 20 nm) and highly defective
junction. In our experiments (Growth 2), we slowed down the growth rate nearby the
junction to avoid the reservoir effect by allowing P or B to evaporate from the liquid
catalyst. A high-angle annular dark-field (HAADF) STEM image as well as EDS maps and
profiles of the defective n/p junction of Growth 2 are shown in Figure 4.9. Au accumulation
is confirmed by the high-contrast regions in the HAADF image and by the EDS map of
Au in Figure 4.9(b). Figure 4.9(c) and (d) show line profiles comparing the Si and Au EDS
signals along the green and fuchsia boxes in Fig. 4.9(b). A simple median filter was applied
to the EDS data as a method of noise reduction [106].

Figure 4.9: HAADF STEM analysis of a SiNW from Growth 2 in the n/p sequence. (a)
image of the region nearby the p-n junction, (b) EDS map of the same region as image
(a), the Au and P signals are depicted in yellow and blue, respectively. (c) Au and Si EDS
counts as a function of radial profile position taken along the green box in (b). (d) Si, Au
and P EDS counts as a function of axial profile position taken along the fuchsia box in (b).
The white arrow in (a) indicates the NW growth direction. Scale bars in (a) and (b) are
100 nm.

Au was deposited on the SiNW sidewall at the junction location (Growth 2, n/p se-
quence) according to Fig. 4.9 (b) and (c); however, SiNW growth was not hampered, as
NWs reached their intended lengths (∼20 µm). Higher phase shifts (darker red coloration
in Fig. 4.6(f)) in the phase image as well as the profile peak (Fig. 4.6(f) and (h)) are also a
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signature of Au accumulation at the junction. The Au solubility level in intrinsic Si is 3.4 ×
1015 cm−3 [107], however, a dramatic enhancement of the Au solubility has been observed
when P concentration levels exceed 3 × 1019cm−3 [108], which is our case. Nonetheless,
these studies have been carried out at higher temperatures (> 1000 ◦C) .

We used the Au and Si mean inner potential (MIP) (30.26 and 11.5 ±0.5 V, respectively)
[75, 109] to account for the amount of Au accumulated at the interface the NW belonging
to Growth 2 in the n/p sequence (Fig. 4.10).

Figure 4.10: SiNW resulting from Growth 2 in the n/p sequence. (a) Bright-field TEM image
the NW tilted emphasizing its cross-sectional area in the region nearby the p-n junction.
(b) Sketch (not to scale) of the cross-sectional area showing the Au accumulation at the
p-n interface, and (c) potential profile from Fig. 4.6, showing the peak resulting from the
Au contribution. The black arrow in (b) indicates the direction of the electron beam when
collecting electron holograms. Scale bar in (a) is 100 nm.

Let

V ′(x, y) = ∆φ(x, y)
CEt(x, y) ,

where ∆φ is the change in phase, CE is an electron-energy-dependent interaction constant
(7.29 × 106 rads V−1m−1 at 200 keV), V is the electrostatic potential which includes the
periodic potential of the crystal, known as the mean inner potential (MIP), the built-in
junction potential of the space charge region and other possible potentials arising from
charge accumulation induced by the electron beam, and t is the total thickness. We know
that
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V ′(x, y) = V Si
MIP

(
tSi(x, y)
t(x, y)

)
+ V Au

MIP

(
tAu(x, y)
t(x, y)

)
+ Vbi(x, y),

where V Si
MIP and V Au

MIP are the mean-inner potentials of Si and Au respectively, and tSi

and tAu are the thicknesses of the Si and Au compounds respectively. Using the following
constraint:

t(x, y) = tSi(x, y) + tAu(x, y),

we can write

V ′(x, y) = V Si
MIP

(
tSi(x, y)
t(x, y)

)
+ V Au

MIP

(
tAu(x, y)
t(x, y)

)
+ Vbi(x, y)

= V Si
MIP

(
t(x, y)− tAu(x, y)

t(x, y)

)
+ V Au

MIP

(
tAu(x, y)
t(x, y)

)
+ Vbi(x, y)

=
(
V Au

MIP − V Si
MIP

t(x, y)

)
tAu(x, y) +

(
V Si

MIP + Vbi(x, y)
)
,

and solving for tAu(x, y) yields

tAu(x, y) = t(x, y)
[
V ′(x, y)− V Si

MIP − Vbi(x, y)
V Au

MIP − V Si
MIP

]
.

The profile of Au accumulated at the NW p-n interface of Growth 2 in the n/p sequence
is shown in Fig. 4.11. This calculation yielded a maximum thickness of 9 nm. It is noteworthy
too this profile only includes the Au accumulated on the direction of the beam path and
the plot length is the same region used for phase averaging is Fig. 4.6(f) and (h).

Figure 4.11: Au accumulated in the cross-sectional area enclosed by the potential profile
taken in Fig. 4.6(f).
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Au is known to act as a surface passivator in the epitaxial growth of SiNWs [34, 104,
110, 111], and whenever this passivation is inhibited, SiNWs kink towards the more ther-
modynamically stable <112> direction. Au decoration is also known to happen randomly
in highly-doped NW segments, dependent on partial pressure, growth rate, changes in the
Au catalyst liquid volume and surface chemistry. Pressure and growth values exceeding 100
mTorr and 150 nm/min, respectively, are necessary to minimize this effect [104, 111].

Au accumulation at the junction interface is correlated with changes in the partial pres-
sure of the precursors as described in Fig. 4.1. If the change in SiH4 partial pressure was
the cause, one would expect Au deposits in the opposite growth sequence (p/n) as well.
However, that was not the case, as SiNWs resulting from Growth 2 in the p/n sequence
showed no signs of Au accumulation at the p-n junction interface. The most likely expla-
nation is that the order in which one switches the gas precursors (PH3/B2H6) influences
the Au segregation. The EDS map and profile in Fig. 4.9(b) and (d), respectively, show
a moderately abrupt transition of the P (n-type) dopant at the p-n interface. This is not
atomically abrupt though, since VLS growth does not lead to such profiles. However. this
abruptness level was expected since we followed growth conditions established in previous
studies that lead to sharp P transitions [103]. Note that The B dopant profile was not
detected via EDS or electron energy loss spectroscopy due to a peak overlap produced by
the Au and B signals. Figure 4.9(d) also shows a linear increase in the Si signal up to the
junction region, where the Au has accumulated, while it remains constant in the n-type
segment of the NW. This increase is likely due to changes in the Au contact angle during
growth.

4.7 Theoretical calculation of the depletion region

In Section 2.1, we described the depletion region theoretically. To do so, we employed the
semiclassical treatment of p-n junctions where the electric potential V (x) satisfies the Pois-
son’s (Eq. 2.4). For sufficiently low doping, Eq. (2.4) can be solved assuming Boltzmann
statistics, within the so-called nondegenerate approximation, where one obtains an analyt-
ical solution for the width of the depletion region [50]. However, estimations for acceptor
(NA) and donor (ND) impurity concentrations from uniformly doped p and n-type SiNWs
grown under similar conditions, are ∼4.5×1019 and ∼1×1020cm−3, respectively, which are
degenerate doping levels. And, our measured Vbi, 1.0 eV, compares with the Si bandgap
(1.1 eV). Therefore, we also solved Eq. 2.4 numerically using Fermi-Dirac statistics. For the
aforementioned NA and ND doping concentrations, and assuming an abrupt doping profile,
we obtained a built-in potential of 1.173 V and a depletion region width of 4.7 nm.

Our measured depletion regions were larger than the prediction for abrupt junctions.
And although we were not able to map the B concentration profile, we know that the
P concentration profile is not atomically abrupt as seen in Fig. 4.12, in fact using the
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same fitting procedure as used for the p-n junction depletion region determination, we
obtained 41 ± 5 nm. This profile could actually be longer, since it goes from detectable to
undetectable P levels, which does not mean that P is not present. Also, EDS is not able
to distinguish between activated and unactivated dopant impurities. Thus, it is interesting
to model our junctions with a graded doping profile. Figure 4.13 compares the doping
concentration profiles and depletion region widths calculated using both Boltzmann and
Fermi-Dirac statistics, and hyperbolic tangents for the graded doping transition (Eq. 2.6 and
2.7). Rather than setting NA,D in our numerical calculations to their respective measured
values, which provide only rough estimates of the quantities, we set NA = ND = 7.25×1019

cm−3, which is the average of the measured values. We do this for simplicity for the doping
profiles are more symmetric. We have confirmed numerically that the depletion region width
is insensitive to small changes in NA,D, therefore the above simplification should pose no
problems. Fits for these profiles we carried out using the same approach that was applied
to the experimental data for meaningful comparison. Fig. 4.13(a) and (b) plot the doping
profiles NA,D and the electric potential V (x), respectively, for an abrupt doping transition
width w; (c) and (d) for w = 15 nm; (e) and (f) for w = 25 nm; and (g) and (h) for w = 50
nm. The corresponding depletions widths are (b) 4.7 nm; (d) 10.8 nm; (f) 12.9 nm; and (h)
17.4 nm. The calculated depletion region width versus the doping transition width is plotted
in Fig. 4.14. A graded transition increases the width of the depletion region, as expected,
and the values obtained are comparable to the measurements via EH.

Figure 4.12: P EDS counts as a function of axial profile position taken along the fuchsia
box in Fig. 4.9(b). The red line is a step-like fitting, also applied to the phase data.
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Figure 4.13: Doping concentration and associated junction potential as a function of position
at T = 300 K for NA = ND = 7.25 × 1019 cm−3 using Fermi-Dirac statistics: (a), (b) an
abrupt doping profile yielding a depletion region width of 4.7 nm; graded doping profiles
modeled by a hyperbolic tangent curves yielding depletion region widths of (c), (d) 9.5;
(e), (f) 11.9 and (g), (h) 18.6 nm. The pink shaded areas show the depletion region width
measured using the same procedure as was applied to the experimental data. Note that
we include the Boltzmann statistics result for an abrupt doping profile yielding a depletion
width of 6.4 nm in (b).
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Figure 4.14: Depletion region width versus doping transition width calculated using Fermi-
Dirac statistics and graded doping profiles modeled via hyperbolic tangents at T = 300 K.
The data points with error bars correspond to the the measured depletion region widths
measured via EH, except for Growth 2 in the n/p growth sequence, which is out of range.

4.8 Final remarks

Reported MIP values for Si are 12.57, 13.91, 12.52 ± 0.71 and 9.26 ± 0.08 V, calculated via
density functional theory (DFT), Hartree Fock calculations and experimentally determined
through EH, respectively [79]. We did not observed charging induced by the electron beam
in these NWs, therefore we can assume that the MIP values extracted from the calculated
voltage profiles should occur at the midpoint of the voltage difference. For Growth 1 these
values are 12.23 ± 0.06 and 11.98 ± 0.06 V in the p/n and n/p growth sequences, respec-
tively. For Growth 2 these values are 11.99 ± 0.08 and 12.16 ± 0.14 V in the p/n and n/p
growth sequences, respectively.

It has been observed that measured Vbi values via EH can be up to 55% lower than ex-
pected [? ]. These differences are also known to increase for materials with larger bandgaps
[112] and lower doping levels [113]. Interaction of the electron beam with the semiconduct-
ing NW generates currents due to SE emission and electron-hole pair generation, which
can forward bias NWs decreasing the expected Vbi[114]. We obtained Vbi values that are
comparable to the Si bandgap at RT in the p/n growth sequence for both types of growth.
We attribute this apparent beam insensitivity to degenerate doping levels, long NW lengths
(∼20 µm) and perhaps to conductivity consistent with degenerately-doped Si. High doping
levels decrease the NW carrier mobility and diffusion lengths, decreasing any beam induced
charge accumulation, and the long lengths created multiple contact points to the carbon
support grid, aiding the neutralization of any shunt resistance developed while recording
the data. However, we consistently obtained ∼0.2 - 0.3 V lower Vbi values for SiNWs in the
n/p growth sequence. This could be attributed to residual PH3 in the reactor that causes
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compensation doping in the p-type segment. These values should be low enough to be out
the EDS detection limit and therefore were possibly at the noise level in Figure 4.9.
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Chapter 5

GaInP/InP NW tunnel diodes

III-V semiconductor compounds are very attractive in the development of optoelectronic
devices since the majority have a direct bandgap which implies stronger photon emis-
sion and absorption efficiency, as well as high electron mobilities. In contrast to thin film
growth, where materials like GaInP and InP are not possible because of the large lat-
tice mismatch (∼3.7%), nanowire (NW) growth accommodates materials independent of
possible lattice mismatch [20]. In this chapter we show the study of InP/GaInP nanowire
axial p-n junctions via electron holography (EH) and electron holographic tomography
(EHT). These have also been grown in two growth sequences: p/n and n/p. Our col-
laborators at Lund University grew four kinds of specimens using Zn as p-type dopant
and varying the n-type dopant: InP:Sn/GaInP:Zn,GaInP:Zn/InP:S, InP:S/GaInP:Zn,
GaInP:Zn/InP:Sn. However, electrical transport measurements studies showed that only
the two former configurations showed tunneling behaviour. This specimen pre-filtering re-
duced the amount of type of growth to study via EH and EHT to two growth sequences:
InP:Sn/GaInP:Zn, GaInP:Zn/InP:S. The results of these studies have already been
published [114].

Bright-field images and EH measurements were carried out using the FEI Tecnai G2
described in Chapter 4, while EHT measurements were carried out using the FEI Titan
80-300 Berlin Holography Special electron microscope in image-corrected Lorentz mode
operated at 300 kV with a double biprism setup (see Fig. 3.3).

5.1 Introduction

One of the fundamental components of a tandem solar cell is the tunnel junction that in-
terconnects the subcells in the stack. To incorporate binary and ternary compound growth
with the required band-gaps, one must understand not only the doping effects on growth,
but also be able to characterize the axial junction geometry where abruptness defines the
principles of operation and performance of the final devices [38, 39, 40, 41]. Tunnel junc-
tions require narrow depletion regions, meaning that the n-type and p-type semiconductor
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material on either side of the junction, are typically degenerately doped, with the highest,
activated-dopant concentrations. Tunneling has been observed via current-voltage charac-
teristics from multiple NW systems [42, 25, 43] including InP/GaInP [36]. However, heavy
doping will affect NW phase and morphology [44, 45], and catalyst reactions and CVD re-
actor memory effects often lead to difficulties growing an effective junction in both growth
sequences: n/p or p/n. Growth of p-type InP and GaInP NWs with the precursor diethyl-Zn
(DEZn), favors zinc-blende crystal structure over wurtzite, while enriching the Ga composi-
tion of the latter [47, 46]. In the case of GaAs NWs, the DEZn dopant precursor is correlated
with a reduction in the NW diameter by a few nanometers [48], attributed to changes in
the catalyst surface energy.

Electrical measurements can confirm the presence of one or more junctions between NW
contacts, but conclusions about the effects of contact resistance and junction properties are
model dependent. With secondary electron microscopy (SEM) a junction location can of-
ten be detected by variations in the secondary electron emission observed from p-type and
n-type semiconductor surfaces [115]. And electron beam induced current (EBIC) measure-
ments in an SEM detect the location of space-charge regions associated with semiconductor
junctions [116]. However, the deconvolution of the width of the depletion region and the
effect of the beam excitation volume is not straightforward.

EH measurements have determined average junction potential maps at metal-NW con-
tacts [81], and p-n junctions, both axial and radial in many systems including GaAs [48] and
Si [82, 83]. NWs are the ideal candidates for TEM and EH, since they are easily transferred
into the microscope without preparation damage and they can have an uniform shape.
Electron tomography (ET) enables assessment of three dimensional morphology, such as
detailed cross-sectional information of GaP-GaAs NW heterostructures [84]. The ability to
create thin slices with the tomography data allowed the morphological analysis of individ-
ual twin domains and the formation and evolution of NW faceting as a function of growth
temperature and III-V precursors ratio. When NWs do present radial variations, electron
holographic tomography (EHT) can reveal 3D information about the potential gradients
in all or almost all directions depending on the rotational capabilities of the TEM holder
and the reconstruction methods used [85, 2]. EHT has been applied to study GaAs and
GaAs-AlGaAs core-shell NWs [86, 87], Ge needles containing a p-n junction [88] and InP
NWs giving more accurate values for metal-semiconductor barriers [89] while revealing 3D
morphology with a spatial resolution of 5-10 nm and potential resolution of 0.1 V [90].

5.2 Growth details

Axial GaInP/InP and InP/GaInP NW tunnel diodes were grown using metal-organic vapour
phase epitaxy (MOVPE) via vapour-liquid-solid (VLS) Au catalysis. The InP segments were
doped n-type using either hydrogen sulfide (H2S) or tetraethyltin (TESn) precursors, while
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diethylzinc (DEZn) was used for p-type doping of the GaInP. All growths were carried out
at 440 ◦C. A brief description of the growth procedures follows, but full details can be found
in Zeng et al. [36].

To form the GaInP:Zn/InP:S tunnel junction, DEZn was ramped up from a partial
pressure of XDEZn=8.3 × 10−5 to 1.17 × 10−4, for the growth of the GaInP:Zn segment.
To form the junction, the Ga and Zn sources were abruptly turned off and H2S was turned
on with a partial pressure of XH2S=1.6 × 10−5 for 15 s and linearly decreased to 2 × 10−6

within 10s and kept at this value until the end of the n-type InP segment. This reduction
in H2S was necessary to avoid NW kinking. The second tunnel junction, InP:Sn/GaInP:Zn,
was formed by keeping the partial pressure of TESn constant (XTESn=5.6 × 10−5) until
the junction when it was also abruptly turned off. Ga and Zn dopant precursors were
immediately turned on, and the latter was ramped down from a partial pressure of XDEZn=
1.17 × 10−4 to 8.3 × 10−5 within 10 s and kept at this value until the end of the NW growth.
HCl was also introduced to control NW radial growth during the entire growth time.

5.3 Electrical transport studies

Our collaborators at Lund University previously studied InP/GaInP and GaInP/InP tunnel
junctions comparing the effects of growth sequence. During growth, InP was always kept
n-type with either S or Sn doping, and GaInP was always kept p-type with Zn doping
[90, 36, 46, 37, 35, 117, 118]. SEM and EBIC measurements showed that both NW growth
sequences had p-n junctions located at the heterostructure [36]. However, viable tunneling
behaviour from current-density-voltage measurements (J-V ), was demonstrated at room
temperature, in only two out of the four possible configurations: InP:Sn/GaInP:Zn and
GaInP:Zn/InP:S (Fig. 5.1). The peak-to-valley current ratio (PVCR) in either of these
two configurations ranged from 1 to 2, while differences were found in the peak current
and voltages. The observed fluctuations of the peak voltage were attributed to a higher
contact resistance to the p-doped GaInP segment of the NWs, while variations among peak
current and PVCR were attributed to variations in the effective tunnel barrier thickness
and/or defect density [36, 37]. The level of p-type degenerate doping in this system has
been difficult to measure.

5.4 Bright-field TEM and Electron holography studies

Examples of bright-field (BF) TEM images of NWs from the two growth configurations are
shown in Fig. 5.2 for (left) GaInP:Zn/InP:S and (right) InP:Sn/GaInP:Zn. The contrast in
these images is primarily due to variations in the intensity of diffraction. Figure 5.2(a) shows
complete NWs imaged with the Au catalyst particle visible at the right end. The lacey carbon
support grid is faintly visible in both cases. The NWs were grounded to the grid, sometimes
at the Au end or at multiple places along the NW. The InP segment is recognizable by
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Figure 5.1: I-V characteristics of the working tunnel diodes (a) InP:Sn/GaInP:Zn (b)
GaInP:Zn/InP:S. Insets show the magnified negative differential resistance region. This
data was obtained by our collaborators at Lund University.

its larger diameter, especially in this case of the GaInP:Zn/InP:S configuration, left image.
There is also a small negative tapering in the diameter of each GaInP segment, a known
effect of DEZn NW doping [47].

Higher magnification images of the region near the junction are shown in Fig. 5.2(b).
Twinning faults are visible in both GaInP:Zn (zinc-blende) segments with an average spacing
of 12 ± 4 nm for GaInP:Zn/InP:S and 17 ± 7 nm for InP:Sn/GaInP:Zn. Such twins are
known to be associated with heavy Zn-doping in InP or GaInP [36]. In comparison, the
InP:S (left image) has no visible planar defects whereas the InP:Sn (right image) has a high
planar defect density with average spacing 3 ± 1 nm, up to the junction region. Intensity
profiles taken along the BF TEM images near the heterojunction are shown in Fig. 5.2(c).
They aid in visualizing the twinning densities near the interface of the heterojunction. The
heterojunction transition in both cases is recognizable by a change in the fault density and
diameter within a 30 nm growth distance.

Also observed in the left GaInP:Zn/InP:S configuration was a noticeable decrease in the
InP diameter from 237 ± 2 to 215 ± 1 nm, at approximately 300 nm from the Au. More-
over, finely spaced stacking faults appear in conjunction with the diameter reduction [119].
Although there was an intended reduction in the partial pressure of the S precursor shortly
after the junction (15 s), the diameter should not have changed again during subsequent
growth of a micron of NW. The observed changes close to the Au catalyst likely occurred
after turning off the growth precursors. Sulfur is known to be a surface passivator for InP,
thus greater surface atomic diffusion might have contributed to the growth resulting in a
longer NW segment than usual, as compared to when Zn is used in the opposite growth
sequence. The InP segment in the InP:Sn/GaInP:Zn configuration did not show similar
changes in diameter, consistent with previous reports [117].

A-posteriori information about the NW 3D geometry obtained via Electron Holographic
Tomography (EHT) allowed us to obtain cross-sectional information of both NWs in differ-
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GaInP:Zn InP:S InP:Sn GaInP:Zn

Figure 5.2: Bright field TEM images of NWs (left) GaInP:Zn/InP:S and (right)
InP:Sn/GaInP:Zn. (a) Complete NW, (b) magnified junction regions and (c) profiles taken
along the red and green boxes in (b). Scale bars are 200 nm.

ent positions along their axial axis. Sketches of these can be seen in Fig. 5.3. This information
allowed us to calculate upper and lower error limits to our potential calculation assuming
that the NW thickness in the beam direction equaled that of the width as a function of axial
position. Figures 5.4 and 5.5 are examples that contain the reconstructed phase images and
corresponding potential profiles of GaInP:Zn/InP:S and InP:Sn/GaInP:Zn. The NW width
was measured every 15 to 20 nm nearby the junction and 50 nm further away. By doing
this, one inherently overestimates or underestimates the calculated potential since there are
obvious diameter variations.

Figure 5.4 shows a phase image and corresponding phase and voltage profiles of a
GaInP:Zn/InP:S tunnel diode. Assuming cylindrical geometry, the potential barrier height
is 1.9 ± 0.7 V. The lower and upper limits of the blue band were calculated measuring
the maximum and minimum NW thickness obtained via EHT. Note that these diameters
differ in the n and p-type section of the NW and therefore the error band is larger in the
n segment. The upper limit of this potential barrier is higher than expected value (1.5 V),
but these differences can be attributed to an underestimation of the thickness of the NW.
The difference between the p-type segment lowest and highest possible diameter value with
respect to the assumed cylindrical geometry is approximately 20%, these differences are
approximately 18% in the upper limit and 15.5% in the lower limit of the n-type segment.

Figure 5.5 shows a phase image and corresponding phase and voltage profiles of a
InP:Sn/GaInP:Zn tunnel diode. This NW presents a more symmetric geometry, and there-
fore a narrower orange error band with respect to the blue band in Fig. 5.5. The potential
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Figure 5.3: Cross-sections of the (left) GaInP:Zn/InP:S and (right) InP:Sn/GaInP:Zn tunnel
diodes in the n and p segments obtained via EHT. The sketches show the differences between
the assumed and real geometry. The dashed lines indicate the smallest and larger possible
diameter according to their shape. Scale bars are 100 nm.

Figure 5.4: GaInP:Zn/InP:S tunnel diode (a) phase image and (b) phase and potential
profiles. Light blue band upper and lower limits were calculated using the maximum and
minimum diameter obtained from Fig. 5.3 and scaled according to the diameter measured
from 2D bright field images. The yellow arrow indicates growth direction of the NW and
the width of the blue box is the region used for averaging. The length of plot in (b) has the
same dimensions as the phase profile (blue box) in (a). Scale bar is 200 nm.
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Figure 5.5: InP:Sn/GaInP:Zn tunnel diode (a) phase image and (b) phase and potential
profiles. Orange band upper and lower limits were calculated using the maximum and min-
imum diameter obtained from Fig. 5.3 and scaled according to the diameter measured from
2D bright field images. The yellow arrow indicates growth direction of the NW and the
width of the blue box is the region used for averaging. The length of plot in (b) has the
same dimensions as the phase profile (blue box) in (a). Scale bar is 200 nm.

barrier height is 0.9 ± 0.2 V. The upper and lower limit of this potential barrier is again
lower than expected (1.5 V). The difference between the n-type segment lowest and highest
possible diameter value with respect to the assumed cylindrical geometry is approximately
4.5%, these differences are approximately 1% in the upper limit and 5% in the lower limit
of the n-type segment.

5.5 Electron holographic tomography of InP/GaInP NWs

NWs tend to be highly symmetric objects, so that a measurement of their width suffices to
obtain a voltage map of the specimen. However this symmetry is highly dependent on the
orientation of growth substrate, material used, growth conditions and even dopants (in the
case of semiconductors). Other symmetries can also appear as in the case of Darbandi et. al
[48], where GaAs NWs grown in a GaAs (111) substrate had triangular-like cross-sectional
areas which were visualized by embedding the free standing NWs in polymer which were
later cut horizontally and observed inside the scanning electron microscope. Even in this
case, the NWs had high symmetry, therefore few additional geometrical constrains had to
be added in order to find the orientation of the NW with respect to the electron beam at
the time of acquiring the EH data. Binary and ternary NW semiconductor growth such as
InP and GaInP in Fig. 5.2 may present variations in thickness along the axial axis of the
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NWs as a result increasingly complex growth dynamics. Such variations can be exacerbated
by changing growth sequence (n/p and p/n), further increasing radial variations. One way
of circumvent these issues is to use electron holographic tomography (EHT). As the name
suggests, combining electron holography and electron tomography it is possible to reveal
3D information about potential gradients in all or almost all directions depending on the
rotational capabilities of the TEM holder and the reconstruction methods used [85, 2].

Figure 5.6 shows EHT results from typical NWs for each configuration, GaInP:Zn/InP:S
(left) and InP:Sn/GaInP:Zn (right). Sketches are given in Figure 5.6(a) indicating the dop-
ing order and grounding location at the Au catalyst. In both cases, the particular NW
was chosen based on the ability to obtain a clear reference hologram from adjacent vac-
uum regions. Figure 5.6(b) compares their 3D isosurfaces at 8 V, exhibiting a clear effect
of thickness and surface facets from twinning faults in the GaInP:Zn. As expected from
the BF TEM investigations, the GaInP:Zn/InP:S NW shows a more abrupt change in di-
ameter at the transition from the ternary to the binary compound, in comparison to the
InP:Sn/GaInP:Zn NW. Besides being a surface passivator, S is also known to increase the
wettability of In. These characteristics modify the liquid-vapour and liquid-solid surface
energies of the Au catalyst, thus altering the contact angle and changing the NW diameter
[120]. The small negative taper in width of the GaInP:Zn is also visible in both cases.

Figure 5.6(c) shows 2D axial slices of the potential for each NW configuration, extracted
from their 3D tomograms. Other slices shifted away from the center were not significantly
different, except for those that suffered from reduced resolution due to the missing wedge. It
is clear that the potential is almost uniform across the NW to within the EHT resolution of
5 nm, except near the edges. The transition from the p-doped (green-yellow) to the n-doped
(red) indicates the position of the p-n junction. Figure 5.6(d) shows axial potential profiles
obtained from the centre of each NW as indicated by the white boxes in Figure 5.6(c). In
the InP:S case (left data) there is a clear voltage step between the n and the p segments
with a value of 1.0 ± 0.1 V and depletion width of 23 ± 3 nm. The p-n junction location
also overlaps with the position of the heterojunction determined from the thickness change
in the NW. In contrast, the InP:Sn NW (right data) shows a much smaller step in voltage,
as indicated by the dashdotted lines (∼ 0.4 V ). The step width again indicates a narrow
depletion region length of 20 ± 1 nm. However, in this case the p-n junction position is
shifted to the left of the position of the heterojunction by perhaps 40 nm. Notice that the
decrease in stacking fault density also occurred before the main reduction in NW thickness
associated with the heterojunction position in Fig. 5.2 (right data).

5.6 Discussion

Measurements of both types of NWs carried out via 2D EH (200 keV) show Vbi’s larger than
the ones measured through EHT (300 keV), the results are summarized in the table below:
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Figure 5.6: (a) Sketches of the NW orientations, left GaInP:Zn/InP:S and right
InP:Sn/GaInP:Zn; (b) isopotential surface rendering at 8 V and (c) 2-dimensional potential
slice averaged over the volume indicated by the associated red boxes in (b); (d) 1-dimensional
profile taken along the center axis of the NWs in (c). The black arrows in (c) right image
indicate a region where a reconstruction artifact originates, this one from shadowing by
the carbon support grid at high tilt angles. The white arrow in (c) right image, indicates
another reconstruction artifact due to a missing field of view in some projections. The teal
dashed lines in (d) right, indicate the region of the junction potential step. Note that in (c)
the length of the blue boxes correspond to the length of the profile that is plotted in (d)
and its width is the region used for averaging. The yellow arrows in (c) are a reminder of
the NW growth direction. Scale bars in (b) are 200 nm.

Growth Sequence Expected Vbi Vbi via EH Vbi via EHT
(V)

GaInP:Zn/InP:S 1.5 1.9 ± 0.7 1.0 ± 0.1
InP:Sn/GaInP:Zn 1.5 0.9 ± 0.1 0.4 ± 0.1

Table 5.1: Expected , EH, and EHT built-in potential for both NW growth sequences: p/n
and n/p.
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Although, these NWs possess a non-circular cross-section, EHT information (Fig. 5.3) al-
lowed us to estimate the error in the specimen thickness introduced by assuming a cylindrical
geometry (∼4.5% and ∼20% for the InP:Sn/GaInP:Zn and GaInP:Zn/InP:S, respectively).
The Vbi measurements obtained differ by ∼50% between the two techniques, however, the
2D EH measurements supported the conclusion that both diodes had viable junctions of at
least 1 V (Fig. 5.4 and 5.5).

For an electrically neutral NW, the MIP values for InP and GaInP extracted from these
profiles should occur at the midpoint of the voltage difference, as the MIP difference between
both is within the error of the potential reconstruction. In the case of the GaInP:Zn/InP:S
NW, the n and p values are 13.5 and 12.5 V, respectively, yielding a midpoint average of 13.0
V. For GaInP, with 30% Ga, which is nominally the case of these NWs, the expected MIP is
13.82 V. For the InP:Sn/GaInP:Zn NW the midpoint average is similar, 13.1 V. These are
smaller than the previously reported values for InP and GaP, 13.90 and 13.63 V, respectively
[79]. Confirmation of the values for Ga content and the MIP difference between InP and
Ga0.3In0.7P via high angle annular dark-field scanning TEM (HAADF-STEM) tomography
obtained by our collaborators at the IFW-Dresden can be found in the appendix A.

Lower MIP values by 1 V have also been reported for GaAs/AlGaAs heterojunctions (300
keV )[121], and GaAs homojunctions [48]. Reasons include stray electric fields and charging
leading to phase modulations not adequately canceled by the vacuum reference hologram
and strong diffraction effects from the stacking faults. Surface depletion from Fermi level
pinning is an expected phenomena. Surface states on InP and GaAs located approximately
at midgap are known to trap electrons (holes) depleting n-type (p-type) segments. This
depletion region in our case might be approximately 10 nm or half that of the p-n junction
depletion regions. Thus, a total of 20 nm of NW thickness might have an additional positive
(negative) space-charge potential gradient on the n-type (p-type) segments.

EHT results indicating very narrow depletion width for the two types of NWs (23 ± 3
nm and 20 ± 1 nm) are consistent with tunneling previously reported from current den-
sity vs. voltage (J-V) data from similar NWs (Fig. 5.1). And the better performing diodes,
GaInP:Zn/InP:S, had a larger Vbi compared to those from the reverse growth sequence,
InP:Sn/GaInP:Zn. However, both Vbi profiles are smaller than is expected for the model
that assumes heavily-doped junctions. In the extreme case of a simple planar abrupt junc-
tion, ignoring degenerate-doping effects on the carrier statistics, one can use Eq. 2.30 to
compute the width of the depletion region. The formation of a narrow depletion region
associated with a large built-in potential is essential to increase the tunneling probability.
These requirements are achieved by reaching degenerate doping levels on both sides of the
junction. Figure 5.7 shows a plot of NA versus ND, for a measured depletion region width
of 21 nm and Vbi of 1.0 and 0.4 V using Eq. 2.30. From this figure we can estimate the
minimum n or p dopant concentrations to be 1.3 × 1018 and 3.2 × 1018 cm−3 for 0.4 and
1 V, respectively. Reaching high p-type doping levels in InP is challenging [122]. However,
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degeneracy is achieved at a doping concentration of only 5 × 1017 cm−3 for n-type InP,
and at 1019 cm−3 for p-type GaP [123, 124]. If both sides of the tunnel junction were in
fact degenerately doped as it was intended by the growth parameters, we should have seen
a larger Vbi, perhaps as high as the average band gap at the heterojunction, 1.5 eV for
a Ga composition of x = 0.3. Dopant impurity concentrations in the 1019 cm−3 range in
InP NWs by S, Sn or Zn have all been reported, although corresponding activated carrier
concentrations are challenging to confirm.

Electrically inactive layers or dead-layers (section 3.3) have been reported for fibbed
GaAs [125] and Si [126] [112] thin film specimens and seem to be the result of a combination
of damage produced by the Ga+ and inadvertent doping when preparing the specimen.
However, the presence of these layers is unlikely since the NWs were mechanically transfered
to the TEM support grid.

However, there still remain at least two possible explanations for the lower than expected
Vbi’s: (1) parasitic compensation processes that reduced the effective carrier concentrations;
and (2) unintentional electron beam-induced charging or damage that forward biased the
diode while collecting the holograms, decreasing the barrier height across the junction.

The first consideration is the carrier concentration expected for our growth conditions
and likely problems with carrier activation during the growth of the transition. Since the
growth of the GaInP with the Zn precursor was intended to be identical in the two cases,
the major differences should have been simply the order of growth and the n-type dopant.
As mentioned, DEZn takes longer to saturate the reactor and reach the intended maximum
doping level than other precursors due to its relatively higher vapour pressure [36, 127]. In
comparison, Sn has a higher solubility in Au than S so it would take longer to reach its
saturation before beginning to dope InP and longer to remove it during a transition from
InP:Sn to GaInP:Zn. Thus, Sn carry-over is a possible reason for a lower net p-type carrier
concentration in the GaInP leading to the smaller Vbi. In other words, there might have
been rapid incorporation of Zn but a smaller change in the Sn dopant concentration than
expected. The resulting net p-type carrier concentration could have been as low as 1.3×1018

cm−3 according to Fig. 5.7.
We know from previous compositional profiling using energy dispersive x-ray emission

spectrometry (EDX) in a scanning TEM, that it takes approximately 25 nm of growth to
transition from GaInP to InP, removing Ga, compared to approximately 40 nm for adding
Ga in the reverse transition (InP to GaInP) [36]. The Ga, Zn and S precursors were all
switched at the same time. Thus, one can hypothesize that the point at which the diameter
begins to change correlates with a change in the Ga composition. However, this diameter
change may not necessarily correspond to the junction position, since the rates of Zn and
S addition or removal are likely to differ from that of the Ga. Zn is susceptible to a slower
dopant saturation in the Au catalyst and the Sn is known to "carry-over", an effect where it
remains longer in the Au catalyst after the gas precursor flow is turned off [36]. Both effects
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Figure 5.7: Acceptor concentration NA as a function of donor concentration ND for the two
measured built-in potentials: 1.0 and 0.4 V, as calculated using Eq. (2) for the measured
depletion region width of 21 nm. The dashed lines indicate the minimum possible values of
NA, which are the same for ND as well.

might lead to a noticeable shift in the junction position compared to the diameter change
and cause variations in the rates of transition.

Considering electron beam-induced charging, it is a common practice to look for phase
modulations in the vacuum surrounding the specimen [48, 82, 83]. These could indicate that
the sample was charging, which would generate an electrostatic field in the vacuum, visible
with EH via an associated phase gradient. Figure 5.8(a) shows phase images from the same
two samples as in Fig. 5.6(c) with a amplified phase scale highlighting phase gradients in
the vacuum surrounding each NW. Radial and axial profiles are compared in Fig. 5.6(b) and
(c), respectively. In the case of the better working tunnel diode (GaInP:Zn/InP:S) in terms
of peak current, there is no detection of a phase gradient into the nearby vacuum. However,
this is not true for the opposite configuration (InP:Sn/GaInP:Zn). Radial profiles in the n-
type region show decreasing phase into the surrounding vacuum indicating a positive charge
accumulation on the NW surface. The axial profile shows that a gradient in phase change
from a negative to positive value from n-type to p-type NW segments is present, consistent
with an axial potential gradient. Although various authors have mitigated charging effects
by carbon coating the sample, electron irradiation is known to influence the determination of
Vbi’s even after coating [125]. Carbon coating specimens also present drawbacks introducing
strain [128] or exacerbating conductive surface layers as in the case of GaN [129].

Secondary electron emission occurs from all beam-exposed surfaces in electron micro-
scopes. When the sample is inadequately grounded this can result in electrostatic charging.
For both diodes, we know from SEM imaging that generation of secondary electrons on the
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p-type surface was much greater than on the n-type side of each junction. For the diode
grounded through the n-type side (GaInP:Zn/InP:S), where no surface charging was ob-
served by EH, a forward biasing of the junction from net positive charging of the p-type side
can easily explain the observed reduction in the expected built-in voltage (1.0 V instead
of 1.5 V). An equivalent electrical circuit model, suggested by our collaborators (Appendix
B), was set up based on the work of Park et al. and Cooper et al. [129, 125]. This model
successfully simulated our result for this diode with a forward bias of 0.24 V. Values for
the diode saturation current, shunt and contact resistors were estimated from Otnes et al.
[130]. Beam-induced generation of electron-hole pairs within the junction region [131, 73]
was not taken into account in this model, since its effects are expected for dopant densities
smaller than 1017 cm−3 [113].

For the opposite case, given the same preferential secondary electron generation on the
p-type side, a forward biasing compensation current might also be expected to result, but
only if appropriate shunt resistance paths (perhaps along the surface between the two sides
of the junction) existed connecting the n-type side to ground. More likely, the positive
charging was neutralized by the ohmic contact via bulk current and therefore, no forward
biasing would result. Meanwhile, the positive charging of the n-type side detected via EH
was an indication of negative biasing occurring due to secondary electron generation on
that side. Our equivalent circuit model for this diode indicates that small reverse bias was
present consistent with this charging. This would mean that this diode had a lower Vbi
perhaps due to poor activation of dopants within the junction.

Finally, we cannot ignore the possibility that the e-beam modified the p-type or n-type
dopant activation levels through the generation of atomic point defects. These are well
known issues for device testing in SEMs and TEMs [132, 73]. Processes including knock-on,
radiolysis, and ionic diffusion from beam-induced electric fields, were likely occurring to
various degrees during hologram collection. InP is more beam sensitive than other III-V
such as GaAs, and long beam exposures needed for EHT would exacerbate these effects
during data collection.
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Figure 5.8: (a) Phase images and corresponding line profiles from the same NWs in Fig. 5.6
2: (left) GaInP:Zn/InP:S and (right) InP:Sn/GaInP:Zn. Both sketches illustrate the NW
orientation. The yellow dashed lines indicate the position of the junction. (b) Transversal and
(c) longitudinal line profiles taken in the direction indicated by the white arrows in (a). The
blue double pointed arrow in (b) indicate the width of the NWs. Note that GaInP:Zn/InP:S
has a larger diameter in this particular 2D projection. In both cases the width of the white
boxes in (a) is used for averaging. The colorbar is the same for both images. Scale bars in
a) are 200 nm.
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Chapter 6

Conclusions and future work

We have used electron holography (EH) to characterize depletion regions of heavily-doped,
VLS grown SiNWs. We compared the effects of growth conditions and sequence order: n/p
and p/n with the aim of optimizing tunneling junctions. Keeping the partial pressure of the
precursors constant (Growth 1) yielded narrow depletion regions of 19 ± 2 nm and 12 ± 1
nm for p/n and n/p, respectively. The measured built-in potentials (Vbi) were 1.17 ± 0.02
and 0.86 ± 0.01 V, values comparable to the Si bandgap.

Slowing the growth rate at the junction region (Growth 2) increased the junction abrupt-
ness, decreasing the depletion width to 10 ± 1 nm in the case of the p to n switching, with
the expected Vbi (1.02 ± 0.02 V). However, slower switching also created more instabilities
in the Au catalyst leading to more kinking in the majority of the NWs. Slower growth in
the n to p sequence increased the degree of segregation of Au particles from the catalyst
seed.

The results overall, have confirmed the existence of electrical abruptness, degenerately-
doped axial SiNW junctions in both sequences (n/p and p/n). The width of the depletion
regions were 10 ± 1 nm with attention to optimal growth rates. This is the first essential
step in the creation of more complex solar energy devices and possibly other technologies
that require tunnel junctions, such as tunneling field-effect transistors.

In direct bandgap materials the band structure determines the tunneling from the va-
lence to the conduction-band (BTBT). However, in indirect bandgap semiconductors like
Silicon, the conduction-band minimum and valence-band maximum occur at different places
in the Brillouin zone, requiring a phonon interaction. Future experiments should include low
temperature I-V measurements of NWs varying the Au concentrations.

Esaki attributed the excess current in his experiments to BTBT via deep impurity states
in the energy gap [133, 21]. We have detected some Au particles in our specimens and their
amount varies depending on the growth sequence. It would not be rare that even smaller Au
impurities undetected by EH were localized at the junction. Atom probe tomography could
serve as a tool to quantify the amount of Au in different growth sequences to correlate it to
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I-V measurements. This could determine the electronic processes associated with varying
Au concentration levels in these SiNWs.

We observed that P decreases at the junction at a similar rate to the phase measured
via EH, however we cannot rule out either longer P tails below the EDS detectability level
or activation. Therefore, future work should also focus on modeling to predict the dopant
concentration profiles.

We have used electron holographic tomography (EHT) to map the built-in potential of
InP/GaInP tunnel diodes grown in two heterostructural growth sequences, GaInP/InP:S/Au
and InP:Sn/GaInP/Au. The GaInP was intended to be degenerately p-type doped with Zn,
while the InP degenerately n-type doped using S or Sn. We found that both configura-
tions had short depletion widths (21 ± 2 nm) but their built-in voltages, Vbi’s, were both
smaller than the expected 1.5 V for this system, assuming degenerate-level dopant activa-
tion. The Au/GaInP/InP:S configuration had the larger measured Vbi = 1.0 V while that of
the Au/InP:Sn/GaInP:Zn, a smaller value of 0.4 V. We conclude that asymmetric rates of
secondary electron emission from p-type and n-type semiconductors, combined with beam-
induced electron-hole pair generation, and poorer ohmic contacts between p-type GaInP
and the Au catalyst ground plane, resulted in forward biasing that reduced the measured
Vbi’s. These effects were most severe in the case where a p-type GaInP/Au contact was
the path to ground. Since these effects would be less severe at lower beam energy or dose,
future experiments could be focused on comparisons of holograms obtained over a larger
beam parameter space. To obtain lower dose electron holograms though, one should use a
direct detection camera (DE camera) since it eliminates the scintillator and provides larger
sensitivity [134]. Lowering the beam energy is also a possibility, but one needs to take into
account that even a lower accelerating voltages, there is still damage produced to the spec-
imen, reported for carbon nanotubes [135] and layered cathode materials for lithium ion
batteries [136].

We also cannot rule out completely, effects of incomplete dopant impurity transitions
related to carry-over or slow diffusion into or out of the Au catalyst. Further experiments
should also investigate other electron-beam effects on the NW electronic properties, includ-
ing beam-generated point defects and ionic diffusion [73]. Our results illuminate details of
both doping and growth processes of InP/GaInP tunnel diodes that are essential in the
development of NW tandem solar cells.
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Appendix A

STEM Tomography on
GaInP:Zn-InP:S NW

In order to proof the influence of material (MIP) contrast on the electrostatic 3D poten-
tial reconstructed by holographic tomography, we performed high angle annular dark-field
scanning TEM (HAADF-STEM) tomography. The latter reconstructs an effective density
µα of the material[121], that is, the product of the density of the atoms/scatterers and the
elastic cross-section of the electrons to be scattered into angles higher than the inner collec-
tion angle α corresponding to the inner ring of the HAADF-STEM detector. In detail, we
recorded and reconstructed a tilt series of HAADF-STEM images between -60◦ and +70◦

in 2◦ steps. The relevant acquisition parameters for the HAADF-STEM images were the
following: acceleration voltage 300 kV, inner collection angle α =55 mrad (camera length 73
mm), beam convergence angle 14 mrad, pixel size 2.15 nm, and dwell time 2 µs. To convert
the HAADF-STEM intensity to the projected effective density (see Eq. (2) of Wolf et al.
[121]), we used a value for the initial intensity of I0 which we determined by the approach
described in Section I of the Supporting Information of Wolf et al.[121]. A volume rendering
of the reconstructed effective density µα is shown in Figure 1(a). Furthermore, we calcu-
lated from µα the atomic number (Z) contrast tomogram of the NW (Fig. [121](b,c)) by
exploiting equation (see Eq. (27) of Kern et al. [137] for the details)

µαel = 2π
M∑
m=1

nm

∫ π

α

dσel,m
dΩ (θ)dθ =

M∑
m=1

λ4γ2Z
4/3
m nm

π(λ2 + (2πaBZ−1/3
m α)2)

. (A.1)

From the Z-tomogram, we finally compute the Ga content in the GaInP part of the NW
by using Vegard’s law resulting in a Ga content between 0.2 and 0.3 as depicted in the axial
line scan of (Fig, A.1(d)). This confirms the Ga content of 30% assumed in the thesis, and
hence the MIP difference between InP and Ga0.3In0.7P of 0.1 V.
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Figure A.1: (a) HAADF-STEM tomography on a GaInP:Zn-InP:S NW. (a) Volume render-
ing of the reconstructed 3D effective density. (b) Longitudinal section through the NW at
position indicated by the black bounding box in (a) averaged in vertical direction over a
thickness of 65 nm. (c)and (d) Line scans of the Z-tomogram and Ga content xGA taken
along the red arrow in (b) averaged over its width..
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Appendix B

Modeling the influence of electron
radiation by an equivalent
electrical circuit

The two main influences (as discussed in Chapter 5 and in Cooper et al. [138] and Park et
al. [129] are:

• Generation of secondary electrons due to the electron beam

• Electron-hole pair generation

Depending on the electrical properties of the TEM specimen, such as the shunt resistivity
and the resistivity to the ground potential, the potential difference across the p-n junction
measured by EH (and EHT) is changed. In particular, the built-in voltage is subtracted by
a bias voltage (positive sign means forward bias), i.e.,

Vpn = Vbi − Vbias. (B.1)

Since a NW with p-n junction is electrically a diode, we employ the Shockley equation:

ID = Is

(
exp

(
eVbias
nKT

)
− 1

)
, (B.2)

that expresses how the current ID depends on Vbias, the saturation current Is, the temper-
ature T , the Boltzmann constant k, and the elementary charge e.

Based on the experimental observations, two slightly different idealized equivalent cir-
cuits may be developed (Fig. B.1). In both cases, the GaInP:Zn/InP:S (a) and the InP:Sn/GaInP:Zn
(b) NWs are represented as ideal diodes in parallel with a shunt resistor of resistance Rsh,
with beam-induced, secondary electron emission current, ISE . The NW sample (a) was
grounded properly as the phase shift was flat in vacuum (see Fig. 5.8 in chapter 5). How-
ever, at the NW sample (b) the poorer ohmic contact between p-type GaInP and the Au
catalyst ground plane resulted in positive charging of the NW visible as a positive phase
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gradient in vacuum toward the NW surface (see again Fig. 5.8). This is modeled in circuits
(a) and (b) as additional resistors Rc on the right hand side with lower (a) and higher (b)
resistance. Moreover, that the secondary electron emission current at the p-side ISE,p is
higher than ISE,n at the n-side because of band bending at the surfaces. After implemen-
tation of the electrical circuits in a circuit simulator (https://www.falstad.com/circuit/),
we fixed the values for the diode saturation current IS and shunt resistance (see table of
Fig. B.1) estimated from Fig. 3 of Otnes et al. [130], and varied values of ISE over three
orders of magnitude (marked in red dashed box). The results of the simulation, i.e., the
contact and the bias voltage, are given at the bottom of the table. Most remarkably:

1. For GaInP:Zn/InP:S NW (a) the forward bias voltage reaches 355 mV at maximum
at very high secondary emission currents.

2. For the InP:Sn/GaInP:Zn NW (b), the reverse bias voltage reaches -465 mV at nega-
tive maximum at very high secondary emission currents.

3. Considering the bias voltages, we can calculate a built-in potential which increases in
case (a) and decreases in case (b). Therefore, measurements carried out via EHT can
be regarded as lower/upper limits of Vbi for the NWs (a)/(b).

4. ISE on the ground (right) side only changes the voltage to the ground potential Vc and
not Vbias, which is in case (b) in the marked red box is consistent with the charging
potential of ca. 100 mV determined from the phase images.

5. The most reasonable set of parameters is the second column for each case, because it
provides reliable results consistent with our EHT observations.

Consequently, by modeling the influence of the electron irradiation with equivalent circuits
we can explain the reduction of Vbi by a forward biasing of the NW for the GaInP:Zn/InP:S
NW but not for the InP:Sn/GaInP:Zn NW.
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Vbi

Figure B.1: Idealized equivalent electrical circuit of the p-n junctions under electron irradi-
ation.
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