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Abstract

III-V semiconductor compounds InAs and GaSb are almost lattice matched and when in

contact, the heterostructure appears to have a broken gap alignment at their interface[1].

In a core/shell nanowire (NW) geometry, these particularities make this combination inter-

esting for low power electronic devices (Tunneling Field E�ect Transistors) as well as the

study of fundamental physical properties such as quantum e�ects arising due to electron

interference. This thesis reports on the MBE growth as well as the structural and electrical

characterization of InAs/GaSb NW arrays.

For the growth, a Si(111) substrate is covered with a thin thermal SiO2 �lm in which

two-dimensional, periodic arrays of nano-sized holes are patterned. The InAs NW growth is

optimized regarding the yield and morphology of the wires. Substrate preparation thereby

is crucial for achieving a high NW yield. The subsequent growth of the GaSb shell has

been investigated and optimum growth conditions have been achieved. The e�ect of dop-

ing of the GaSb shell and substrate temperature, during shell deposition, is also studied.

NW morphology and structural characteristics have been investigated. The small lattice

mismatch between InAs and GaSb combined with the one-dimensional geometry result in a

mis�t dislocation free core�shell NW hetero-interface.

Post-growth, the GaSb shell is etched from part of the NW to have access to the InAs

core in order to study the transport at the hetero-junction. Dry and wet etching techniques

provide di�erent results, both of which can be used for fabricating NW devices. Metallic

contacts have been fabricated on di�erent parts of these partially etched core/shell NWs as

well as on non-etched wires. This process is optimized for the dimensions of these core/shell

NWs with respect to reproducibility.

Electrical characterization includes gate dependent measurements, which have been car-

ried out at room temperature as well as at low temperatures down to 1.5K using a cryo-

genic setup. Magneto-transport measurements are used to probe electron transport in these

nanoscopic systems. Characterization therefore includes the observation of quantum me-

chanical electron interference e�ects probed at di�erent temperatures and di�erent angles

of the magnetic �eld with respect to the NW axis. Analysis on this data includes approxi-

mations of typical �gures of merit like the phase coherence length or the elastic mean free

path but also includes a proper analysis of the size and possible locations of the electron

interference loops.
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Introduction

Introduction

Optimization, for better or worse, has become an inherent part of our lifestyle. Everyone

is contributing in their own way towards optimization of something. Science, however, is

one of the �elds which o�ers us a chance to look beyond optimization and work on some-

thing solely to quench one's curiosity. A good analogy to this line of thought is the study

of InAs/GaSb nanowires (NWs).

Exploiting the quantum mechanical e�ects that govern the behavior of a material at the

microscopic dimensions forms the basis of solid-state physics. The same quantum mechani-

cal e�ects that are the reason for the wave functions of conduction electrons to incorporate

the periodicity of a lattice and result in distinct charge transport phenomenon, are also

responsible for the stagnation caused in lowering device dimensions to a dimension where

phase coherence e�ects and electron interference e�ects become detrimental to charge trans-

port.

III-V semiconductors o�er a large variety of materials that are suitable for electronic and

opto-electronic applications and combining this with the possibility to fabricate structures

at a scale less than a micrometer allows for better control over their intrinsic properties such

as the carrier mobility. They also allow for the possibility form hetero-structures with the

�exibility to combine various materials. Integration of these materials onto Si is essential,

however, very few materials show a small lattice mismatch with Si. Dislocations due to a

high lattice mismatch can be avoided by modifying layer epitaxial growth to a vertical NW,

e�ectively reducing the dislocations by suppressing lateral growth. Integration of multiple

materials in the NW geometry is easier than in a layer system due to higher critical dimen-

sions required for a strain relaxed growth. NWs are also highly interesting since they can

be e�ectively used as a conductive channel in a device at the nanometer scale.

For a transistor like device where a switching mechanism is desired, the electron spin or

phase can be incorporated to govern the switching. The material system with InAs/GaSb

exhibits a lattice mismatch of 0.6% and is theoretically predicted to have a type III broken

gap alignment which may result in a semi-metallic behavior. InAs/GaSb core/shell NWs

have recently been reported to exhibit negative di�erential resistance (NDR), the character-

istic of a tunneling diode. Controlling the NDR with a gate voltage e�ectively results in its

application as a tunneling �eld e�ect transistor (TFET)[2, 3, 4, 5, 6]. Moreover, theoretical

simulations have predicted the existence of a negative band gap and even a mini gap that

results from the hybridization of electrons and holes in InAs and GaSb respectively[7, 8].

This is promising in the search for topological insulator behavior since these hybridization

gaps have a direct dependence on the dimensions of the structure which can be tailored

accordingly, especially in the NW geometry.
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In this regard, this work is dedicated to optimizing the self-catalyzed selective area epitaxy

(SAE) of InAs/GaSb core/shell NWs on Si(111) using molecular beam epitaxy as well as

characterizing them electrically. The �rst chapter of the thesis gives a brief overview of

the theoretical and technical background used throughout the work. The second chapter

demonstrates the selective area epitaxy of InAs NW and hence InAs/GaSb core/shell NW

arrays. The e�ect and optimization of substrate preparation for SAE and growth parameters

such as doping the GaSb shell and substrate temperature are discussed. The processing of

NW device fabrication using NWs with a partially etched GaSb shell is presented in the third

chapter. Here, the selective etching of the NW shell is established �rst and then the process

of metal deposition on the NW for device fabrication is carried out next. In the fourth

chapter, DC characterization conducted on NWs with a partially etched shell and non-

etched shell is analyzed. For more clarity with regard to the charge transport contribution

from both materials, temperature and angle dependent magneto-transport measurements

are conducted on InAs/GaSb core/shell NWs. Finally, the results are summarized and

an outlook for future device processing and possible further investigations that could be

conducted is presented in the last chapter.

2



Theory



�If you only read the books that everyone else is reading, you

can only think what everyone else is thinking.�

- Haruki Murakami







1.2 Molecular Beam Epitaxy for SAE of InAs NWs

MBE used in this work is a Varian GenII MBE equipped with an As- and an Sb- cracker

cell, along with In and Ga e�usion cells and Si and C doping cells. Ga and In deposition

rates correspond to planar growth rates, whereas the As and Sb �uxes correspond to beam

equivalent pressures (BEP) measured with an ion gauge at the position of the substrate.

Table 1.1 summarizes the temperature the cells are heated up to prior to the growth

process. The As bulk reservoir temperature was in the range of 450C° - 480 °C. This is

done to have an improved and stable �ux rate with decreasing amount of material. After-

ward, the chamber was opened up to re�ll As and the bulk temperature was once again

maintained at 450 °C. For a catalyst-free growth, two types of growth regimes are possible:

Vapor-Liquid-Solid (VLS) where the group III element is the catalyst and a Vapor-Solid

growth which does not require a catalyst[17, 18].

Element Cell temperature (°C)

Ga Tip 1015
Ga 850

In Tip 970
In 820

As cracker 600
As bulk 450 - 480

Sb cracker 850
Sb bulk 635
Sb heater 800

Table 1.1: Cell temperatures used for InAs and InAs/GaSb growth at the MBE in the Nanocluster.

Following the growth conditions that were found to be favorable in [20] for a VS growth

of InAs NWs on a Si(111) substrate based on the impact of growth parameters such as

In rate and As �ux, substrate temperature and growth time, the NWs in this work were

grown similarly. The main point of di�erence is that in [20], the NWs were grown randomly

whereas here, selective area epitaxy of NW arrays was carried out and optimized for InAs as

well as InAs/GaSb core/shell NWs for more control over the position, size and directionality.

The growth mechanism of InAs NWs on Si(111) can be explained in a very brief and

simpli�ed manner in the following way. The NW growth is controlled by two mechanisms,

namely, di�usion of the adatoms and direct incorporation of the impinging species. Direct

impingement is not found to a�ect the growth much[20]. The substrate temperature controls

the di�usion of the adatoms; increasing substrate temperature increases the di�usion of the

adatoms, in turn reducing the sticking coe�cient and vice versa. An optimum tempera-

ture window for optimum growth was determined as 480 °C-510 °C in [17] and a substrate

temperature of 480 °C was used in this work. The NW growth starts with the impinging

of atoms from the In and As sources into the growth chamber. In-rich areas on Si surface

lead to nucleation of InAs in the holes obtained by di�usion. From this seed the NW starts

to grow. This is one of the possible explanations for the NW growth and is schematically

7











1.5 Low dimensional transport

gm = dI/dVg (1.3)

The threshold voltage Vth is the gate voltage at which the transistor switches from non-

conductive to conductive and is estimated by extrapolating the linear region of the IV curve

and determining the x-intercept. This value of Vth can be understood as the voltage at

which the conductance is negligible due to depletion of the charge carriers. In an ideal

case, the charge carrier density at Vth is the intrinsic charge carrier density but reversed in

polarity.

1.5 Low dimensional transport

The NWs studied in this work exhibit a diameter of 150 nm and a length up to 4µm. Thus,

the expressions governing the electrical transport derived from the Drude model might be

inappropriate to be used at these length scales or at least require corrections. Also, in

samples of high crystal quality, the electronic transport could be ballistic or even phase

coherent. Thus to assess the transport con�ned to lower dimensions it is necessary to de-

�ne characteristic length scales. The following sections follow from the lecture notes in[24]

and brie�y introduce the concepts required to follow the analysis of the magneto-transport

measurements conducted in section 15.2.

1.5.1 Characteristic length scales

Mean free path

lm, the mean free path, is the average distance an electron travels until it is scattered,

i.e., before its momentum is altered due to scattering at defects, impurities or phonons.

Since phonon scattering is suppressed for low temperatures, it increases until the impurity

or defect scattering start contributing. Depending on whether this scattering is elastic or

inelastic, momentum transfer or randomization of phase occurs respectively.

Phase coherence length

lφ, the phase coherence length is a measure of the length electrons can travel before their

phase is randomized. The phase is modi�ed at every scattering event and the phase is

shifted by the exact same amount if the electron would travel the same path a second time.

This is in contrast to inelastic scattering events for e.g., with a phonon, where the phase

shift acquired is di�erent each time since the scattering mechanism is statistically in space

and time. Electron interference occurs for length scales up to lφ. This is also temperature

dependent since scattering centers freeze out with lower temperatures.

Fermi wavelength

λF = 2π/kF is the Fermi wavelength is the wavelength associated to an electron at the

Fermi edge with Fermi wave vector kF . It can used to de�ne the dimensionality of the

system. A system with length L, width W and thickness t is:

� 3D if L,W, t >> λF

12



1.5 Low dimensional transport

� 2D if L,W >> λF , t << λF and

� 1D if L >> λF ,W, t << λF

1.5.2 Transport regimes

Regarding charge transport, mesoscopic systems are of interest because of the occurrence

of quantum interference phenomena like universal conductance �uctuations (UCFs). The

di�erent transport regimes can be classi�ed by relating the system size L with other relevant

length scales of charge transport described before.

L << lm de�nes a transport regime for which the scattering at the sample boundaries

dominates and scattering inside the system can be neglected. This is known as the basllistic

regime. L >> lm de�nes the di�usive regime where the scattering at defects, impurities etc.

inside the sample dominates.

For L << lφ mesoscopic transport occurs where the electrons are fully able to interfere and

quantum interference phenomena can occur. For L >> lφ, the phase information averages

out and the transport can be treated quasi-classical.

1.5.3 Quantum con�nement and Conductance quantization

Quantum con�nement

If one of the sample dimension is in the range of or smaller than λF this results in the

transport being con�ned in that direction. This is known as quantum con�nement and

can be considered as a 3D electron gas which is con�ned by in�nite potential barriers at

z = ±L/2 where L is the sample length. The corresponding energy eigenvalues are:

ǫn =
~
2k2z,n
2m∗

=
~
2

2m∗

π2

L2
n2 (1.4)

Thus the dispersion relation for a free 3D electron gas changes to:

En = E||+ ǫn =
~
2k2||

2m∗
+

~
2

2m∗

π2

L2
n2 (1.5)

where k|| = k2x + k2y. This is equivalent to the energy band splitting into sub-bands with

energy ǫn for k=0. ǫ1 is then the con�nement energy also known as the ground state energy.

Similarly, for a 1D system where this is con�ned now in two directions, the dispersion

relation is given by:

En1,n2
=

~
2k2x
2m∗

+ ǫn1,n2
=

~
2k2x
2m∗

+
~
2

2m∗

π2

L2
y

n2

1 +
~
2

2m∗

π2

L2
z

n2

2 (1.6)

Only the subbands that fall below the chemical potential are occupied and correspond to

a transport channel for conductance to occur.

13





1.5 Low dimensional transport

for such a 1D ballistic transport with a factor of 2 to account for spin degenracy yields:

G0 =
2e2

h
(1.10)

1.5.4 Universal conductance �uctuations

Universal Conductance Fluctuations (UCFs), explained theoretically by Altshuler et al and

Lee and Stone[26, 27, 28], is the e�ect that leads to variations in conductance G of a sample

in the order of e2/h. UCFs can occurs in samples of dimension L which is around the same

scale as the phase coherent length lφ. They originate from the electron trajectories with

the same start and end point in between which they gather arbitrary phases due to their

di�usive motion. Lee and Stone showed that the interference term does not average out

for sample dimensions smaller than lφ. The �uctuations have a universal amplitude of e2/h

and they are a universal feature of quantum transport independent of the degree of disorder

and sample size as long as L << lφ.

To observe them experimentally, a �uctuating conductance can be observed by a varying

magnetic �eld B penetrating the sample area or by a variation of the Fermi energy Ef . It

was shown that a su�cient change in Ef or B is equivalent to a complete change in impurity

con�guration, i.e., of the scattering centers. A change in the electron energy ∆E = Ec leads

to a new conductance G(E + Ec) which is statistically uncorrelated to G(E). This should

be equivalently observed for a variation caused by B.

For a detailed description of the calculation of the correlation �eld, average oscillation

amplitudes and how these can help determine lφ and other characteristic length scales,

the articles by Beenakker and vHouten[29, 30] as well as the Ph.D. thesis of Christian

Blömers[31] were used for reference. In the section 15.2, only the necessary de�nitions are

described brie�y to understand the nature of the analysis.
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Selective Area Epitaxy of InAs/GaSb

core/shell Nanowires



�The true delight is in the �nding out rather than in the

knowing.�

- Isaac Asimov



2 Introduction

Self-assisted growth of InAs NWs on Si substrates has been obtained with thin oxide layers

and found to be reproducible[18]. In the Ph.D. thesis of Torsten Rieger[20], InAs as well

as InAs/GaSb core/shell NWs were grown studying in detail the impact of growth param-

eters on the NW morphology, yield and crystal composition. In the Ph.D. thesis of Simon

Hertenberger [32], position controlled growth of InAs NWs was studied extensively and the

growth kinetics of the NW with respect to Selective Area Epitaxy (SAE) were discussed.

Following these, the same is implemented towards position controlled growth of InAs/GaSb

core/shell NWs. The catalyst-free SAE of InAs/GaSb core/shell NWs has been studied and

optimized in the master thesis of Dinesh Arumugam[19]. While most of the parameters for

the growth of these NWs remain the same for the scope of this work, certain changes were

made to the process of substrate preparation such as the Electron Beam Lithography (EBL)

design that de�nes the area for SAE and the Reactive Ion Etching (RIE) process parame-

ters. The �rst part of this chapter brie�y describes the already established process for SAE

of the core/shell NWs and also discusses the changes incorporated for better results. The

second part of the chapter describes the e�ect of the di�erent RIE systems on the yield and

dimensions of the NW. The change in the NW morphology due to substrate preparation,

di�erent growth conditions and doping concentrations are presented and analysed with the

help of Scanning Electron Microscope (SEM) images. The e�ect of substrate temperature

on the deposition of the GaSb shell on the InAs NWs is presented next. The last part of

the chapter describes the elemental structure with EDX analysis of these NWs.

18



3 Substrate Preparation for SAE

The substrate preparation is a crucial step in SAE to have a good control over the vertical

growth of the NWs. A high yield of vertical NWs, crystallite free growth as well as selectivity

is desired for device based applications as well as to study quantum e�ects in these material

systems. The e�ect of the In and As �ux, growth time, dependence of the NW yield on

the hole diameter and inter-wire distance (called pitch henceforth) following from [32] was

found reproducible in[19] and the work of this thesis. Fig. 3.1 shows a schematic for the

substrate preparation for SAE of the NWs[19].

� A 100mm n-doped Si(111) wafer is �rst cleaned with the standard RCA cleaning as

a service provided by the Helmholtz Nano Facility (HNF) cleanroom sta�. This is to

remove organic contaminants and oxide from the surface.

� The wafer is then oxidised using the Massoud model[33] for thermal oxidation at 990 °C

for 30min. These parameters are established for a SiO2 thickness of 20 nm, which is

later con�rmed with ellipsometry.

� The wafer is then protective coated with AZ5214E resist at 4000 rpm for 30 s using

the spin coater. This is done to protect the wafer surface from contamination caused

during dicing of the sample. It is then diced into 2.5 × 2.5 cm2 sized square samples.

� The samples are then cleaned to remove the AZ 5214 E resist in an ultrasonic bath

with acetone and isopropyl alcohol (IPA) for 5 and 3min respectively.

� The next step is to spin coat these samples with PMMA AR-P 679.04 950K resist at

6000 rpm for 30 s and then soft bake it at 180 °C for 10minutes. A 250 nm thick resist

is obtained, which is con�rmed with ellipsometry.

� The sample is then handed over for EBL writing to de�ne the mask on the PMMA

resist for SAE. After the writing process, the samples are developed in AR-600 55

developer for 70 s and the development is stopped by transferring the sample in an

(IPA) bath for 3minutes.

� An O2 plasma cleaning for 15 s with 300W and 200 sccm of O2 �ow is conducted after

development to remove resist residues in the holes and thus obtain a cylindrical pro�le.

� Now, since the SiO2 substrate is exposed in the areas that the resist was removed, the

hole array pattern can be transferred onto it by a combination of dry and wet etching.

The etching is not conducted solely with RIE to avoid damage to the Si surface (due

19





3.1 Optimization of RIE and EBL

3.1 Optimization of RIE and EBL

Several AFM tests were conducted on these substrates to check the accuracy and repro-

ducibility of these process parameters. Growth runs to grow InAs NWs were conducted on

these samples and the results proved the need to re-consider certain parameters of substrate

processing. This means that the NW yield was too low and incomparable to the results

obtained in the work of[19]. Fig 3.2 displays samples with very low yield of NWs and sam-

ples with more crystallites than NWs. The highlighted parts of the Fig. 3.2 (e) show empty

holes, implying incomplete etching of the SiO2 and growth of a crystallite implying damage

to the Si(111) surface. Fig. 3.2 (d) shows an overall gradient in the growth of the NWs in-

dicating uneven etching of the SiO2. This implied that the problem was due to incomplete

and uneven etching of the SiO2.

Thus, changes to this process had to be made to account for the process parameters that

were found to be irreproducible. These were the RIE parameters and the EBL mask. The

etch rates from RIE were determined again using test samples with SiO2. Ellipsometry

measurements were conducted on such samples before and after RIE to determine the oxide

thickness and thus to obtain an average etch rate. A possible explanation for this discrep-

ancy in the etch rates can be attributed to the multiple times that maintenance work was

conducted on the RIE chamber dedicated to III-V materials (RIE-5) and also replacements

of various parts. Due to frequent unavailability of this machine, the process was temporarily

shifted to another RIE (RIE-4) which di�ered in chamber geometry. A comparative study

of the etch rates obtained in both the systems in showed in Fig. 3.3.

The mask used to de�ne the arrays for SAE had multiple �elds with a range of varying

hole diameter, pitch (distance between consecutive holes) and EBL doses. However, this

was only used for the �rst few NW growth tests. A new mask (see Fig. 3.5) was used for the

growth during this work which was written on the samples with optimized EBL parameters

(from[19]), and only consisting of 60 nm and 80 nm holes with a 4µm pitch. The choice for

these parameters was due to the fact that in [32, 19] it was deduced that the highest yield

was obtained for a diameter greater than 40 nm and a pitch greater than 2µm. The reason

for this is attributed to growth regime dominated by di�usion limited rather than material

competitive[32, 19]. Furthermore, Atomic Force Microscopy (AFM) was conducted on these

samples to check the depth pro�le of the holes. These results are displayed in Fig. 3.4. These

results also proved that the depth pro�le of the holes is more homogenous for a diameter of

60 nm and 80 nm.

The second modi�cation made to the EBL design was with respect to the shape of the

holes. The EBL writing of the array design on individual samples is a 14 h long process

and to reduce this time, the mask was further modi�ed to have a hexagonal hole pattern

instead of a circular one (see Fig. 3.5). The writing time for the new design was reduced to

under 2 hours and no change was observed in the growth of the NWs. This can be brie�y

explained in the following way. A circular hole was being de�ned by directing the electron
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3.1 Optimization of RIE and EBL

Figure 3.3: A comparison of etch rates for di�erent RIE machines used, inset shows the determined
etch rate

beam in a spiral which translates to de�nition of new co-ordinates for every 'point', however,

a hexagonal shape was being de�ned by directing the electron beam in rows of 'points' and

would result in fewer co-ordinates required and thus less time. InAs NWs were grown on a

substrate with hexagonal holes and SEM pictures of this sample is compared with a sample

with InAs NWs on a circular hole in Fig. 3.6. As can be seen, no change is observed in

the NW morphology indicating that the hexagonal hole provides the same environment for

facilitating the growth of the NWs as the perfectly circular one.

After incorporating the changes in the RIE and the EBL mask in the pre-established

process, the results from the InAs NWs growth runs are displayed in Fig. 3.7. A top view of

the image shows that most of the NWs are vertical along with a few tilted NWs and a few

crystallites. The inset shows a close-up of the same sample with InAs NWs that are 4µm

apart. Thus, SAE of InAs NWs was successfully presented in this section. The paramaters

used after optimisation are displayed in table 10.1

23







4 MBE growth of InAs and InAs/GaSb

core/shell NWs

With the optimization of the parameters for the substrate for SAE, the samples were �rst

used for testing the growth of InAs NWs. After verifying the e�ectiveness and reproducibil-

ity of the growth process with respect to substrate preparation, the InAs/GaSb core/shell

NWs were grown. The yield and morphology of the NWs depends on several factors such

as the III/V ratio, substrate temperature, growth time, etc[20]. The following sections de-

scribe the e�ect of the In and As �ux on the NW diameter, GaSb shell deposition, e�ect

of C-doping of the GaSb shell on the NW morphology, and �nally the e�ect of varying

substrate temperatures during GaSb deposition.

4.1 E�ect of In and As �ux

Following the growth model of InAs NWs from section 1.2, the e�ects of the In rate and the

As �ux were studied in[19]. The starting values for these �uxes used were: an In rate of

0.08µm/h and an As �ux of 4 × 10−5mbar. The substrate temperature for the growth of

InAs NWs was 480 °C. These values were optimized in[19] with respect to high NW yield,

low crystallite density and to obtain an average diameter of 150 nm. Fig. 4.1 (a) shows the

sample with NWs that were grown with these conditions for a standard growth time of 2 h.

The inset shows a NW with a diameter of 138 nm. NWs with a diameter less than 100 nm

are desired for facilitating successful deposition of metallic contacts on the NWs for device

fabrication. Also, the �eld applied with a gate voltage over the NW is inversely proportional

to the square of the distance between the dielectric and the carriers that one wants to control

within the NW. For probing quantum mechanical e�ects as well, a reduced diameter would

facilitate lowering of classical contributions to the transport. Thus, in order to obtain this,

a technique where the In rate and As �ux is high at the beginning to facilitate nucleation,

and are later reduced to only obtain axial growth[19] was tested.

Fig. 4.1 (b) shows a sample with NWs that were grown on similarly processed substrates

for 2 h but with a reduced In rate of 0.08µm/h and As �ux of 2.5 × 10−5mbar. The inset

shows a NW with a diameter of 84 nm. It can also be seen that this technique still results in

a high NW yield and a low crystallite density. The NWs were found to be, on average, of a

homogenous length and diameter too. The average length obtained for a growth time of 2 h

was found to be at least 4µm. Thus, henceforth, this technique was implemented for growth

of InAs NWs to have a diameter smaller than 100 nm. Fig. 4.2 shows another sample with
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4.4 Substrate temperature during GaSb shell deposition

4.4 Substrate temperature during GaSb shell deposition

Substrate temperature plays an important role during GaSb shell deposition since it con-

trols the adatom mobility and its sticking coe�cient. From[20], it was known that higher

substrate temperatures lead to non-uniform shell deposition. With higher temperatures, an

increasing inverse tapering in the morphology was observed. This non-uniformity however,

would be advantageous to process devices which would allow access to the InAs core and the

GaSb shell of the NW without requiring selective etching process for the GaSb shell. Thus,

this was probed simultaneously with attempts to selectively etch part of the NW (described

in section 8) to achieve the same.

Fig. 4.6 displays SEM images of NWs grown at temperatures higher than 330 °C (the opti-

mized temperature for uniform GaSb shell deposition). As can be observed, with increasing

temperatures an inverse tapering was observed. However, additional to this, a parasitic

formation of a pedestal like structure was observed at the base of the NW. At the top of

the NW a very uniform and much thicker (≈ 100 nm thick) GaSb shell was also observed.

A temperature gradient along the length of the NW, di�erent facets at the top and bottom

of the NW could be the possible explanation why the adatoms di�use along the NW and

settle at the top and bottom, leaving a ≈100 nm long section of the NW (more towards the

base) without any material. The reason for uniform growth around the top and a highly

non-uniform and yet crystalline growth at the bottom is unclear. This was also not observed

in[20], however, the NWs there were not grown selectively.

For the highest two temperatures in the range, most of the NWs were observed to be

horizontal rather than vertical. The morphological peculiarities observed with the SEM

pictures, however, suggest that they might have fallen down after growth. This could be

attributed to the parasitic growth at the bottom favoring to grow on the Si(111) substrate

and forcing the NW to fall down. A gradually increasing surface roughness is also observed

on the overall substrate with increasing temperature.
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5 Elemental analysis on InAs/GaSb

core/shell NWs

5.1 Energy Dispersive X-ray (EDX)

Energy Dispersive X-Ray measurements were conducted on the core/shell NWs from Fig. 4.6

(c) to check the elemental composition of the NWs. The substrate temperature during the

shell deposition was 460 °C and as discussed in section 4.4, a parasitic growth at the bottom

of the NW was observed. The shell thickness as observed from the SEM pictures is uneven

throughout the NW and shows an inverse tapering. Several scans on di�erent parts of the

NW are showed in Fig. 5.1, Fig. 5.2, Fig. 5.3. The x-axis displays the segment scanned

of the NW and the y-axis displays the relative magnitude of the corresponding elemental

composition.

Fig. 5.1 (a) shows the top of the NW that was scanned. The corresponding scan shows

high levels of Ga and Sb throughtout the scan with a slight decrease in the middle, where

the core is present. As expected In and As show an increase in the middle of the area

scanned that is the InAs core. In Fig. 5.1 (b), the scan is conducted at the thinnest part

of the NW. Since the diameter of the core is not expected to change after shell deposition,

and on comparison with the diameter determined for this part of the NW from the SEM

image, it is concluded that the shell does not exist there or if it does, then only of a very

small thickness. The scan shows high levels of In and As corresponding to the core and a

comparable amount of Ga and Sb with a decrease near the core. This means a slight GaSb

shell is indeed present there.

Fig. 5.2 (a) shows a scan conducted at the pedestal like parasitic formation at the bot-

tom of the NW. The width of this structure is around 300 nm. The levels of Ga and Sb

are much higher compared to the top of the NW from Fig. 5.1 (a). The In and As show

a similar trend near the center of the NW again indicating the core being surrounded by

GaSb. The Fig. 5.2 (b) shows the very bottom of the NW which was possible still inside

the hole in the SiO2 and thus probably wasn't exposed to the Ga and Sb impinging adatoms.

Fig. 5.3 shows a scan along the entire length of the NW and summarizes the information

obtained from the previous scans separately conducted at the di�erent part of the NW.

EDX results are not very conclusive about the actual composition of the NW in these re-

gions except that the individual elements are present in low or high amounts with respect

to each other. In order to �nd out more about this in�uence of the substrate temperature
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Device Fabrication



There are things known and there are things unknown, and

in between are the doors of perception.

- Aldus Huxley



6 Introduction

For the proper electrical characterization of the InAs/GaSb core-shell NWs, as well as the

fabrication a lateral NW TFET, the device processing is crucial. This chapter describes all

the steps involved in the successful device processing for measurements. Various tests were

conducted to establish an optimized and reproducible process. All steps of the fabrication,

just as for the substrate preparation for selective area growth of the NWs, were performed in

the cleanroom (Helmholtz Nanoelectronic Facility, HNF) at the Forschungszentrum Jülich.
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7 T-Gate 12 substrate

After growth, the NWs are mechanically transferred onto the substrate for device processing

and measurements, a so-called T-Gate 12 sample. Details of the underlying computer-aided

design (AutoCAD) layout are shown in Fig. 7.1. It is a 12mm×12mm (see Fig. 7.1 (a)) pre-

patterned n-doped Si(100)substrate covered with 150 nm of SiO2, which later served as the

dielectric for back-gate dependent measurements. The fabrication of the T-Gate 12 sample

is an already established process and is in use for most of the NW characterization in the

institute. New T-Gate 12 wafers were processed during this work with the help of Patrick

Liebisch and the corresponding process parameters can be found in his master thesis[35].

Each T-Gate sample consists of 24 �elds fenced by Ti/Au bond pads (see Fig. 7.1 (b) and

(c)) and hosts a Ti/Au marker 'graveyard' pattern in the center (see Fig. 7.1 (e) and (f)).

This is to enable locating transferred NWs as well as for establishing contacts between the

NWs and the bond pads during metallization in one of the following process steps. At the

corner of every �eld there are six alignment markers as shown in Fig. 7.1 (d). Using these,

multiple EBL steps can be aligned to each other on one and the same sample. The top-left

image in Fig. 7.1 (a) shows a 'pump-�eld' which is used for alignment purposes during EBL.

The distance from the central marker on this �eld to the individual markers surrounding

each of the 24 �elds is pre-de�ned in the system to perform EBL with nanometers precision.

7.1 Transfer of the NWs onto the T-Gate substrate

NWs are transferred onto the T-Gate in the cleanroom with the help of a tissue. A small

piece of the tissue is cut to have a sharp tip. It is �rst gently rubbed onto the sample from

which the vertical NWs are to be transferred. The NWs stick to the tip of the tissue due

to the van der Waals forces acting between a very small surface area of the tip and the

NW itself. This tip is then gently rubbed onto the T-Gate sample (always in the middle

of the �elds since it is desired to have the NWs positioned within the 'graveyard' marker

�eld). The sample is then checked under the optical microscope to con�rm if the NWs are

deposited in the marker �eld. If too many NWs are transferred, it might not be possible

to process individual NWs. In this case a clean tissue tip is rubbed over the 'graveyard'

marker �eld in order to remove some of the NWs. The sample can be placed in acetone and

ultrasonic sound can be applied to completely remove all NWs and start anew.

After the transfer of the NWs onto the T-Gate host substrate, high resolution SEM images

of the graveyard �eld are taken to locate the transferred NWs. These images are used to

align a further EBL process with the existing layout of the T-Gate for any kind of EBL

processes on the NWs. In the following sections these are processes such as de�ning windows
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7.1 Transfer of the NWs onto the T-Gate substrate

for selective etching, designing contacts, etc are described. Due to the ease of �nding each

NW that is wished to be processed upon with the markers on this substrate, all further

tests for device substrate preparation were conducted on such T-Gate samples.
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8 Selective etching of the GaSb shell

To have access to the InAs core of the NW, it is necessary to selectively etch the GaSb shell.

In order to selectively etch the GaSb shell from parts of the NWs, the following approach

is carried out. The NWs are transferred onto a T-Gate host substrate as explained in the

previous section. After high resolution SEM images have been taken, an EBL design was

created using the AutoCAD program. The NW SEM images thereby were overlaid and

aligned with respect to the layout of the markers (see Fig. 8.1 (b) and (d)). Small windows

on parts of the NWs have been de�ned as shown in Fig. 8.1 (b) and (c), in which the NW

shell is to be etched selectively. After de�nition of the EBL layout the sample is then cov-

ered with resist to prepare for EBL. For EBL processing of the etching windows an AR-P

679.04 (950K PMMA) resist has been chosen. To ensure a better sticking of the resist onto

the substrate and the NWs, HMDS (hexamethyldisilazane), which is a known primer for

PMMA, is used. The detailed fabrication parameters involved in this process are displayed

in table 10.1.

After development, the areas in the resist previously de�ned are now exposed and the sam-

ple is ready for etching. Fig. 8.2 shows SEM images of individual NWs after development

with the de�ned windows in the PMMA resist. Three methods were tested to selectively

etch the GaSb shell from parts of the NWs. An example of an etched NW is shown in

Fig. 8.1 (e). The following section describes the three etching methods mentioned, two of

them are wet etching techniques and the third one is a dry etching process.

A detailed study of the type of etchants that can be used for wet chemical etching was

performed in[36]. Three etchants, namely, HF:H2O2 (in various dilution concentrations), a

photo-resist, alkaline-based (TMAH - tetramethylammoniumhydroxid) developer called AZ

326 MIF, and NH4OH were tested for their selectivity and e�ectiveness. It was concluded

that the developer, with its 2,38% TMAH base worked best. Thus, this was tested again

with respect to obtaining the etch rate and quality of etching.

8.1 Wet chemical etching with AZ 326 MIF developer

The etching of the GaSb shell in the AZ 326 MIF developer is isotropic. Fig. 8.3 shows

the NWs on the host substrate after being dipped in the developer for 5, 10, 15 and 20min

(Fig. 8.3 (a), (b), (c) and (d) respectively). The sample is constantly stirred and then

dipped in a DI water bath for 5min to stop the etching process. As can be deduced from

the shown images, the quality of etching is quite poor and the etch rate cannot be accurately
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8.2 Wet chemical etching with NaOH

determined, since not much di�erence is observed in the morphology of these samples. The

surface of the NW looks really rough, which might lead to poor quality of electrical contacts

later. This etchant was eliminated from the possible etchants due to the quality of etching.

8.2 Wet chemical etching with NaOH

For this test, samples with pre-de�ned windows were used. Following the etching process

from[13], NaOH was tested out as the next etchant. In this reference article, a really good

selectivity of the GaSb shell was observed for similar NW dimensions. NaOH solutions have

been prepared using Na-pellets dissolved in de-ionized water. Preliminary tests starting

with 1.0M NaOH showed the etch rate to be quite high and therefore subsequent etching

tests were conducted using more diluted solutions. The main reason therefore is that an

etch time of less than 15 s is prone to errors and cannot be reliably reproduced. Ellipsometry

measurements were conducted on some of the test samples to check the e�ect of the etchant

on the PMMA resist used. It was con�rmed that exposure of the resist to the etchant for

a few minutes does not change the resist thickness more than 5 to 10 nm. SEM images

shown in Fig. 8.4 display the NWs etched in a 0.5M NaOH solution for 15, 30, 45 and 60 s,

respectively. As before, the etching is stopped by transferring the sample into a DI water

bath for 10min. As can be observed, 45 s (see Fig. 8.4 (c)) was optimal to remove the shell

from the NW without leaving any visible remnants. The comparison of the diameter of the

NW before and after etching con�rms that the shell is completely removed for the desired

part of the NW. While for etching times below 45 s the GaSb shell is not yet completely

etched (see Fig. 8.4 (a) and (b)), for etching times exceeding 45 s the GaSb shell is com-

pletely removed on the whole NW (see Fig. 8.4 (d)). It was later observed that most of the

NWs showed a slight gradient in the diameter which con�rms that the etchant does seep

through under the resist and continues to etch the shell a little longer. However, since the

NWs are at least 4µm long, the under-etching of a few nanometers did not a�ect the process.

The �rst attempt at removing the resist with regular solvents such as acetone surprisingly

failed, especially with resist being observed to stay near the NWs. This was attributed to the

fact that while taking SEM images of the sample after development, the constant exposure

of the PMMA to an incoming beam of electrons changed its chemical structure with respect

to polymer bond lengths and hardens it. This fact later makes it di�cult to remove the

hardened PMMA resist. Only a 200 sccm O2 plasma etch with a power of 200W for 2min

was successful in removing the resist. Thus, for all the samples after the �rst attempt, SEM

analysis was deliberately avoided to later not have problems with the resist removal.

Furthermore, an energy dispersive X-ray (EDX) analysis was carried out to investigate

the composition of the etched NWs. The EDX results are displayed in Fig. 8.5.

A comparison of the relative concentrations of In, As, Ga and Sb over the non-etched
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9 Removal of native oxide

In order to achieve low resistance ohmic contacts on the NWs, it is essential to remove the

native oxide from the surface of the NWs prior to metal deposition. It is known that GaSb is

highly reactive and thus prone to oxidation[37]. For �lms, upon exposure to air, the surface

forms a Ga-oxide (Ga2O3) and an Sb-oxide (Sb2O3) according to the reaction scheme in[37]:

2GaSb + 3O2 Ga2O3 + Sb2O3

2GaSb + Sb2O3 Ga2O3 + 4Sb

InAs/GaSb core shell NWs are expected to have a native oxide layer not more than

2 nm[34]. Pre-established methods[38] for removal of native oxide were tested out to check

their e�ect on the NW morphology because this could, in e�ect, change the surface states

and thus the electrical characteristics of the NW. In this section the e�ect of HCl with

di�ering concentrations for and Ar-sputtering as direct removal of the native oxides are

discussed.

9.1 With HCl

From[39], the �rst attempt to remove the native oxides was carried out with HCl:H2O 1:3

for 30 s. First the sample is cleaned with acetone and IPA to remove contaminants gathered

during other steps of the process. Afterward the sample is dipped in the HCl solution for 30 s

and then rinsed with IPA and �nally blown dry with nitrogen. However, on comparing the

diameter of the NW before and after dipping in the solution, using SEM, it was observed

that there was a signi�cant decrease in the diameter of the NW implying that the shell

was almost or in some cases even completely etched. Subsequently, further attempts were

made with more diluted solutions starting with HCl:H2O 1:5 until 1:30 but even the most

diluted solution etched the shell completely and thus was deemed unusable. These results

are displayed in Fig. 9.1. Thus, due to the highly reacting nature of GaSb, this option was

eliminated.

9.2 With in-situ Ar sputtering

Since the NW surface is prone to re-oxidation from air, in-situ cleaning processes such as Ar-

sputtering, just before metal deposition, are considered[38]. In[40], di�erent plasma-assisted

techniques prior to metallization, to remove the native oxide from epitaxially grown p-GaSb,

have been reported. A comparison is even made with conventional chemical methods by
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10 Fabrication of metallic contacts on the

NWs

After selective etching of the NWs, the best etched NWs are selected for the next step, i.e.,

deposition of metallic contacts. The AutoCAD design is now modi�ed to make contacts

from the bond pads of the T-Gate to the NWs for each of the 24 �elds. The number of

total contacts per �eld is limited to 20 because of the design of the sample, which on an

average allows 4-5 NWs to be contacted per �eld. There are 20 contact pads in the T-Gate

design, since the chip-carrier used for low-temperature measurements has a total of 20 DC

connections.

The processing of normal metal electrodes on the InAs/GaSb core-shell NWs consists of

several steps, schematically shown in Fig. 8.1 (e) and (f). First, the sample is spin coated

with a three layer stack of PMMA. Then the sample is submitted for EB writing for de�ning

the contact design in the resist. The sample is then developed and metalized. After met-

allization, the excess metal is removed from the sample by removing the resist which 'lifts'

the metal on top of it. This step is called lift-o�. Fig. 10.1 shows a schematic describing

these steps and shows an exaggerated version of what the sample is aimed to look like.

Parameters from the work of Patrick Liebisch[35] and Fabian Haas[41] were used as a

starting point. However, it was found that these pre-existing optimized parameters could

not be reproduced, due to the very di�erent dimensions of the NWs and availability of dif-

ferent evaporators at the time of their work. Thus, the process was modi�ed for the NWs

used in this work with several tests conducted with respect to the resist stack, EBL doses,

thickness of the metal layers. Finally, a comparison in the quality of lift-o� with two di�er-

ent evaporators to deposit these metals was done. Investigations and results are discussed

in the following sections. The optimized process parameters can be found in table 10.1.

10.1 Resist stack

Th parameters from the work in[35] did not produce good metal contacts since his process

was optimized for InAs NWs and the metal layers used were also di�erent. The resist stack

which �nally produced good results was a modi�ed version of the work in[41]. The �rst two

of the three layer PMMA stack were AR-P 649.04 200K and the third layer was AR-P 679.04

950K. The �rst two layers were spin coated with a rotational speed of 4000 rpm, resulting

in 120 nm resist thickness for each 200K layer, and the third one at 6000 rpm, resulting in a
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10.3 Tests with metallization

10.2 Tests with EB dose

Following the work of[35], the starting point for the EB dose was chosen as 2350µC/cm2.

Higher doses were used compared to previous works so that the development could be con-

ducted in one step[42]. For relatively lower doses, the development was optimized with the

use of AR 600-55 for 70 s which is then stopped by immediately transferring the sample into

an IPA bath and then blow-drying it. However, for relatively higher doses, the samples were

developed in only IPA for 120 s and then blow-drying them.

For all the test samples (including the ones where the resist stack was being tested), a dose

test was conducted above and below the value of 2350µC/cm2. This was with a starting

value of 1962µC/cm2 in increasing steps of 3% for each of the 24 �elds until 2826µC/cm2.

A microscope image of one such sample with varying doses is shown in Fig. 10.3.

When the sample was checked under the optical microscope after development, di�erent

parts of the sample did not show a major di�erence, however, when the samples were checked

it the SEM, the �eld with 2232µC/cm2 was found to be consistently the best. Thus, this

was chosen to be the EB dose for the �ne as well as coarse structures for samples with NWs.

10.3 Tests with metallization

A Ti/Au (CMOS) and Ni/Au (Esaki) bilayer system is known to integrate well with

InAs/GaSb core-shell NWs. Since only Ti/Au was available in the deposition systems

during this work, only this combination was used henceforth.

Ti is used to allow a good sticking of the Au on the substrate in general and the NW,

as the Au does not form a closed layer on its own. Thus, for this to work a �rst test

was conducted to check the minimum thickness of Ti required to cover the NW uniformly.

Fig. 10.4 show top view and tilted images of the NWs covered solely with a 5 and 10 nm

Ti layer. The thickness of the metal deposited always includes a slight error with each run,

and the smaller the desired thickness the larger is the relative error. It was concluded that

the samples with relatively thinner Ti layers, there were problems with Au not sticking to

the NW and the metal being completely lifted; and with relatively thicker Ti layers, the

metal was not lifted. Thus, 30 nm of Ti proved to be a reasonable value to try on the NW

samples to ensure proper coverage of the NW for better sticking of Au and also not cause

problems during lift-o�. The Au layer was chosen to be 150 nm thick which makes the

overall thickness of the metal contact 180 nm. It is essential that the metal bilayer thickness

is more than the diameter of the NW which is in the range of 140 nm-150 nm.
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10.6 Final parameters

possibility to compare the e�ects of di�erent doping concentrations.

A detailed analysis of all the parameters involved in selective etching of the NWs and

processing metal contacts to them was presented. It was demonstrated that only a careful

study of individual parameters can lead to a reproducible process and that these are also

device dependent. Table 10.1 summarizes the �nal optimized parameters used for the device

processing.

EBL step selective area growth windows for etching NW contacts

pre-treatment Ace/IPA clean Ace/IPA clean Ace/IPA clean
5min, 110 °C 5min, 110 °C 5min, 110 °C

HMDS - 130 °C 130 °C
resist used AR-P 679.04 AR-P 679.04 AR-P 649.04

AR-P 649.04
AR-P 679.04

spin-speed (min−1) 6000 rpm (30 s) 4000 rpm (45 s) 4000 rpm (60 s)
4000 rpm (60 s)
6000 rpm (60 s)

softbake 10min, 180 °C 10min, 180 °C 1min, 90 °C
and 10min, 180 °C

EBL dose 350µC/cm2 400µC/cm2 2232µC/cm2

(�ne and coarse)
beam-current 1 nA 1nA 1nA (�ne)

150 nA (coarse)
EBL step-size 2.5 nm 2.5 nm 2.5 nm (�ne)

50 nm (coarse)

development time (s) 70 s 70 s 120 s
resist removal Ace/IPA clean Ace/IPA clean DMSO/IPA

Table 10.1: Fabrication parameters after optimization, for substrate preparation for selective area
epitaxy of NWs and for fabrication of metallic contacts onto the NW
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11 Dicing and bonding of the sample

Some preliminary measurements were carried out at the room temperature four probe set-

up at the PGI-9 IT. After these preliminary studies the measurements in this work were

conducted in a cryogenic setup at Prof. Thomas Schäpers' laboratory (Magnet-lab). This

setup did require for the sample to be cut and glued onto a chip carrier for measurements.

The sample dimensions to be able to use this setup for any kind of measurements are

restricted to the size of the sample holder. Thus, the sample needed to be diced into

2mm×2mm pieces. Prior to dicing, to protect the structures on the sample from external

contaminants or scrap material from the dicing saw, the samples were spin coated with a

thick layer of AZ 3214A resist and soft-baked at 100 °C for 5min. After dicing, the cleaning

of the cut pieces was done in a standard acetone and IPA solutions followed by blow drying

them with a nitrogen gun. Then the individual cut pieces were glued with a conductive

silver paste onto a ceramic chip carrier. These chip carriers provide 20 terminals, which can

individually be contacted for measurements. While gluing the individual pieces, the piece

was rotated in such a way that the NW could be aligned parallel to the known direction of the

magnetic �eld inside the cryostat. After gluing the samples into the chip carrier, aluminum

bond wires were used in order to ensure an electrical contact from each individual terminal

of the chip carrier to the contact pads on the sample itself.
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Measurements and Results



Many people �nd bald, unvarnished truths so disturbing,

they prefer to ram their heads in the sand and start

dreaming at the �rst sign of scienti�c reality.

- Charlie Brooker



12 Introduction

After the successful fabrication of the metal contacts on the NWs, several measurements

were conducted on these samples. In this chapter, the electrical characterization of partially

etched and non-etched InAs/GaSb NWs is discussed. DC characterization and magneto-

transport measurements are useful in determining the transport mechanism of this complex

material system. Measurements were conducted at room temperature and at low temper-

ature using a cryogenic setup. The �rst part of this chapter describes the measurement

setup, such as the cryostat working principle, the electrical setup and how the various types

of measurements were conducted by use of this electrical setup. The next part of the chapter

describes the various measurements performed and their analysis. In the last part of the

chapter ideas are put forth for future measurements that could be conducted to obtain more

information about these NWs and how these can be realized.

68



13 Measurement setup

13.1 Cryostat

Measurements at low temperatures were performed in an OXFORD variable temperature

insert (VTI) fridge. This traditional wet system is schematically shown in the Fig 13.1. A

detailed description of this setup can be found in Christian Weyrich's Ph.D. thesis[43]. In

this section, only the most important aspects of operation will be discussed. The cryostat's

sample chamber is positioned inside a dewar, which contains a superconducting coil for

application of a magnetic �eld (B) and which is used to store liquid Helium (4He). To

reduce thermal exchange between the surroundings and the 4He bath in the dewar, which

contains up to 60 l of 4He, an outer vacuum chamber (OVC) is used for isolation. Another,

inner, vacuum chamber (IVC) is employed to isolate the sample chamber from the 4He

dewar. Due to the isolation of the sample chamber from the 4He bath, temperatures below

4.2K are also achievable. This is done by transfer of the 4He from the bath to the sample

chamber through a needle valve and constantly evacuating the He vapour out of the sample

chamber. By controlling both the amount of 4He being transferred inside the chamber and

the rate at which the 4He evaporates, it is possible to obtain temperatures down to 1.5K. For

temperature dependent measurements above 1.5K and for temperatures lower than 50K, a

heater connected to the dipstick is used. Also by adjusting the needle valve during cooldown,

temperature dependent measurements can be conducted above 50K. Room temperature

measurements can be performed by placing the dipstick inside a plastic tube setup next

to the cryostat. As mentioned before, the 4He dewar contains a superconducting solenoid

which can produce magnetic �elds up to 14T. Since the geometry of the setup is such that

the solenoid coil is wrapped around the sample chamber, the magnetic �eld produced is

at the center of the sample chamber and along its axis. According to[43] its inductance of

100H limits the ramp rate of the magnet to 0.5T/min. An OXFORD IPS 120A power

supply is used to control the current applied to the magnet.

13.2 Dipstick and sample holder

For this work, a rotatable dipstick was used. It is equipped with a stepping motor, enabling

rotation of the sample holder in an angular range of -10° to 100°. This permits with respect

to the magnetic �eld axis, an in-plane magnetic �eld at 0° and a perpendicular out of plane

magnetic �eld at 90° and additional 10° freedom of rotation in both directions. The dipstick

is also equipped with a temperature sensor that is read-out by a temperature controller which

controls the heater. To connect the temperature sensors as well as the 20 DC connections

on the sample holder to the head of the dipstick, a 12-pair Constantan Loom cable is used.
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13.3 Electrical setup

Figure 13.1: Schematic cross-section of the cryostat from[43]

For noise reduction, RC �lters shortly before the sample holder are facilitated. These RC

�lter elements are based on surface mounted device (SMD) capacitors and resistors. The

resistors are designed for ultra-low temperatures using a passivated nichrome layer, which

has a temperature coe�cient of resistance (TCR) of just 5 ppm/°C. The capacitors are also

chosen regarding their low change capacitance over temperature value of just 30 ppm/°C.

More details about the individual components of the VTI cryostat and how the setup was

designed to obtain optimum readout values can be found in[43].

13.3 Electrical setup

For all measurements, the following describes a list of devices that were used for electrical

characterization: Keysights 3440 A Multimeters, Stanford Research SRS830 Lock-in Am-

pli�er, HP 3245 A Universal Source, Keithley 2400 Source Meter Unit (SMU), and devices

built in-house namely, a PGI-box, a MATRIX box and a STAMPFER box. The PGI-

box is a multi-functional setup with several plug-in modules, containing e.g. a DC current

source, di�erential ampli�ers and a current meter. In this work the PGI-box was used as

DC current/voltage source and di�erential ampli�ers have been utilized to pre-amplify the

signal obtained from the investigated samples, before entering in the lock-in ampli�er or the

Keysight meter. The current/voltage source has the possibility for a DC and AC voltage

input with attenuation factors of DC:AC of 1:10 or 1:100, respectively. As a current source,

it applies a current proportional to both the DC and AC voltage applied to its inputs as

per the chosen settings of 10 nA/V (minimum) or 1mA/V (maximum) or values in between.

Using only the DC input, utilizing a di�erential ampli�er as well as the keysight meter, IV

characteristics have been recorded. For measuring the di�erential resistance directly, a small

AC signal is created using the oscillator of the SR830 lock-in ampli�er. This additional AC
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13.4 Schematic of the electric circuit

signal can be added to the DC input and the addition of the two signals will be applied

to the sample. By locking the AC signal from the devices to the AC output of the SR830

lock-in the di�erential resistance is determined by comparing the amplitude of the two AC

signals. The output of the source function chosen on the PGI-box is connected to the sample

via a MATRIX-box (see Fig. 13.2). It consists of 20 sockets, each of which is connected to

one of the 20 DC lines from the 12-pair loom cable. The same setup is used to process the

output signals from the sample. The current/voltage readings pass one of the di�erential

ampli�ers within the PGI-box and go forth to the external measurement equipment.

The STAMPFER box was used for most measurements in this work. As in the case of

the PGI-box, this also consists of an AC and DC voltage input. The relative attenuation

factors here are �xed as 10000 for the AC input and 100 for the DC input. It is equipped

with two ampere-meters to measure a current signal. On the STAMPFER Box's output this

measured current signal will be displayed as a voltage signal which scales linearly with the

current. The ampli�cation factor at this output can be chosen from 0.1 nA/V until 10 uA/V

in steps of 10. The choice of the ampli�cation depends on the magnitude of the current

values and the accuracy desired. More details about the kind of cables used, the grounding

mechanism, internal components of the individual devices can be found in[43].

13.4 Schematic of the electric circuit

13.4.1 Current driven 4 point measurement

In this measurement, an AC current IAC , generated using the internal oscillator of an SR830

lock-in ampli�er connected to the PGI-Box's current source, is applied to the outer contacts

on the NW and the corresponding potential drop across the across the inner contacts is

measured. Similarly, IDC can be generated using the HP Universal source connected to the

current-source of the PGI-Box too. The Fig. 13.2 depicts the schematic of the measurement

setup.The PGI-box when operated as an I-source gives an output-current, which is de�ned

by the source's conversion factor chosen (for e.g., for 100 nA/1V, a current of 100 nA will

be generated at the output for every 1V of input). It can provide a solely DC or AC or a

combination of AC and DC current. The signal from the NW's inner contacts is fed back to

the lock-in ampli�er, which �lters any but the originally applied frequency of the generated

current input from the signal. The measured voltage signal from the NW was fed into the

PGI-Box's di�erential ampli�er. Here the signal is ampli�ed according to the conversion

settings chosen (for e.g., for this measurement, a gain of 1000 was chosen). This ampli�ed

signal is then displayed on the Agilent and read out by the measurement software. The

amplitude of the locked AC voltage is measured and displayed on the Keysight voltmeter.

The lock-in ampli�er has been chosen for these measurement as it can resolve smaller signal

changes than using the DC setup used for the cooldown 4-point measurement to determine

the temperature dependence of the resistance of the NW.
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14 Measurements on InAs/GaSb core/shell

NWs with partially etched shell

14.1 IV characterization

In this section, the electrical characterization of partially etched InAs-GaSb core-shell NWs

will be presented and discussed. For these measurements, a sample consisting of NWs with

a C-doped GaSb shell was used. The intended doping concentration was 6.25×1018 cm−3

calibrated as for GaAs layers. The NW under investigation is approximately 3µm long with

an InAs core diameter of 90-100 nm and a GaSb shell thickness of 25-30 nm, which results

in an overall diameter of approximately 150 nm. As a preliminary analysis, current-voltage

(IV)characteristics were measured �rst at room temperature using the setup described in

the previous section.

Fig. 14.1 (a) displays the NW device that was used for this purpose. The Fig. 14.1 (b)

shows the con�guration of the contacts on the NW. The contacts are as labeled and the

individual IV characteristics of each pair of these contacts is discussed by referring to these

labels. Contacts 1 and 2 lie on the GaSb shell, contacts 4, 5 and 6 lie on the InAs core and

contact 3 lies on the partially etched part of the NW shell. This means there were still some

GaSb remnants on the NW caused by under-etching (refer section 8.2).

2-point, voltage driven measurements were performed on each pair of contacts using the

STAMPFER box. Fig. 14.2 displays the room temperature measurements. The purpose of

this measurement was to check if the contacts provide an ohmic contact to the sample. It

was observed that only the contacts on the GaSb shell (contacts 1 and 2 in Fig. 14.1) showed

perfectly linear current to voltage characteristics. The resistance for this measurement is

determined with a linear �t to the curve and calculating the slope. It showed a resistance of

7.157 kΩ. Since, this is a 2-point measurement, this value is a sum of the resistance of the

NW, the contact resistances as well as the resistance incorporated into the circuit due to

the wiring and the RC �lters used (value of 2.1kΩ per line). The source drain voltage Vsd

was only swept from -17mV to +17mV since even with such low values the corresponding

current values exceeded 2µA.

The current measured for contacts on the InAs core show relatively lower values for volt-

ages as high as 0.5V. Thus these were measured in a range of -0.5V to +0.5V. For the same

measurements between contact 5-4 and 5-6, which lie on the InAs core, a linear regime lim-

ited only to small voltages in the order of 50mV was observed. At higher voltages, this
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14.2 Back-Gate dependency

quickly transforms into a non-linear behavior. A linear �t of the IV curve in the linear

range was performed to estimate the resistance. Fig. 14.2 displays these values in the insets

for the corresponding contacts. As seen, the values for resistance are much higher, i.e., in

the range of several hundred kΩ. Since the value of the resistance induced by the �lters has

a constant value of 4.2 kΩ, the reason for such high values can be explained by either the

contact resistances being too high or the InAs core being highly resistive or due to remnants

of GaSb on the NW. In the �rst case, a bad contact between the NW and the metal layer

means that there are very few points of actual contact between them. Thus, on application

of higher voltages, the heat dissipation can only occur at the actual points of contact. Since

these are few, the heat produced locally will have to be distributed amongst a much smaller

e�ective area of contact. For the second and third case, it should be considered that the

NW shell was etched to have access to the InAs core. The EDX measurements were not

100% conclusive about the removal of the GaSb shell completely from this part of the NW.

The roughness observed with the SEM images of these etched NWs could either indicate a

slight etching of the InAs core, which would de�nitely lead to changes in its surface states,

or it could also indicate the presence of a slight GaSb layer even after etching which could

also change the transport characteristics drastically. Another possibility could be the pres-

ence of native oxide even after Ar-sputtering (refer section 9.2) which could have only been

successful on the GaSb part of the NW and not the InAs. Since the IV characteristics of

these contacts still show a linear regime for small voltages, it is highly unlikely that the

non-linear behavior is a result of the noise induced by the measurement setup.

The Fig. 14.2 (c) displays the IV characteristics between contact 2 (on GaSb shell) and

contact 4 (on InAs core). The IV sweeps in between contacts 2 and 3 and contacts 3 and

4 revealed a resistance to be in the range of GΩ. This means that the contact resistance

at contact 3 is higher than any other contact. The presence of a metal contact (number 3)

in between the contacts that are being probed (number 2 and 4) in�uences the transport

between these contacts. However, in this case, this in�uence is negligible since a resistance

of GΩ implies there is hardly any contact with this part of the NW at all. The IV curve

resembles diode-like behavior. This could be due to the contacts being diode-like or that

the NW functions as a diode with a p-type shell and an n-type core. In order to deduce

more from such measurements, they would need to be performed on many more samples to

eliminate the source of the non-linear IV characteristics for the InAs part of the NW.

14.2 Back-Gate dependency

After the room temperature measurements, the sample was cooled down to 1.5K. At base

temperature the next step was to measure the Back-Gate (BG) dependency of this NW in

the linear regime. The BG voltage was supplied using an additional Keithley 2400 as shown

in Fig. 13.3. An ambipolar transport is to be expected due to the presence of an electron

and hole gas at the hetero-interface. Thus, by measuring the in�uence of an external gate
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14.2 Back-Gate dependency

However, the general increasing trend of the Isd con�rms that the InAs core is indeed

n-type. Unfortunately, due to electrical discharge, this sample could no longer be used to

investigate the in�uence on the BG on the transport between contacts 2 and 4, i.e., the

transport at the hetero-interface.

Thus, due to the good ohmic contacts observed to the GaSb shell on the NW and the con-

�rmation of the n-type and p-type behavior of the InAs core and the GaSb shell respectively,

further measurements were conducted on non-etched InAs/GaSb core/shell NWs.
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15 Measurements on non-etched InAs/GaSb

core/shell NWs

In this section, the electrical characterization of InAs/GaSb core/shell NWs will be presented

and discussed. For these measurements, a sample consisting of NWs with an un-doped GaSb

shell was used. The NW under investigation is approximately 4µm long with an InAs core

diameter of 90-100 nm and a GaSb shell thickness of 25-30 nm, which results in an overall di-

ameter of approximately 150 nm. The Fig 15.1. shows the NW that was under investigation

in this section. The samples consisting of non-etched NWs showed good ohmic contacts with

measurements showing resistances in the range of a few kΩ. This will be described in more

detail in the following section. Thus, this sample was chosen to conduct magneto-transport

measurements on.

15.1 Cooldown and IV sweep

After mounting the sample onto the dipstick, at room temperature, all contacts were checked

to be working. Then, once the sample was placed in the cryostat, the resistance as a function

of temperature was measured. This was done using a 4-point measurement setup described

in section 13.4.1. A constant current is supplied across the outer contacts (as labeled in

blue in the Fig. 15.1 and the potential drop across the inner contacts (as labeled in pink

in the Fig. 15.1) is measured. The setup used for this measurement and for the measure-

ments performed on the NW in this section is schematically represented in Fig. 13.2. An

HP 3245A constant voltage source of 1V output was used as a voltage input to the PGI-

box's current source. In this case, IDC of 100 nA was then supplied to the NW constantly,

while the temperature is varying from 160K until 1.5K. The temperature rate is de�ned

by operating the needle valve connecting the dewar and the sample chamber in the VTI.

The resistance as a function of temperature can be de�ned using the measured potential

drop displayed on the Keysight voltmeter (taking the ampli�cation factor of the di�erential

ampli�er into consideration) and dividing it by the constant current applied on the outer

contacts. Fig. 15.2 displays the resistance measured in the four point setup as a function of

temperature. Due to this setup the values recorded are solely that of the NW and do not have

a contribution from the contact resistances or the resistance from the electrical components.

As observed, the resistance shows an increase with decreasing temperatures. This be-

havior con�rms the semiconducting behavior of the core/shell NWs. The resistance of a

semiconductor depends on the carrier concentration as well as the mobility of the carriers.
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15.1 Cooldown and IV sweep

Figure 15.2: The temperature dependence of the InAs/GaSb core/shell NW resistance in a 4-point
current driven setup is displayed. The general trend of increasing resistance with decreasing
temperature con�rms the semiconductor behavior of the NW.

Figure 15.3: IV characteristics of the InAs/GaSb core/shell NW in a current driven 4-point mea-
surement setup. Two linear �ts are performed as displayed to determine the corresponding resis-
tance values R. The possible explanation for the slight non-linear behavior is described in section
15.1
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15.2 Magneto-transport

15.2.1 Temperature dependence of magneto-conductance

The temperature dependency of magneto-transport measurements can help to estimate the

temperatures until which phase coherent transport can be observed. This is because at

low temperatures due to less thermal energy supplied to the system helps reduce inelastic

phonon scattering. Thus, assuming a di�usive, phase coherent transport, electron interfer-

ence e�ects can be observed and analyzed. In[31] work, these types of measurements were

performed to determine the phase-coherence length of the carriers in InAs, InN NWs as

well as InAs/GaAs core/shell NWs. Although, evidently, these material systems are not

comparable to InAs/GaSb, the mathematical and statistical methods harnessed to analyze

the measurements were used as a reference.

In the case discussed here, the sample is oriented in a way that the magnetic �eld will be

applied parallel to the NW axis. With a particular constant temperature T(K) and constant

current IAC of 10 nA applied, the magnetic �eld was swept from -13T to 13T and the cor-

responding potential drop across the NW was measured in the 4-point measurement setup

described in the section 13.4. The reason for such a small magnitude of IAC is to reduce

thermal energy provided to the NW that may be caused due to high currents, potentially

reducing quantum interference e�ects due to local heating e�ects. This was repeated for

increasing temperatures starting from a base temperature of 1.5K until 50K. The temper-

ature in this range is varied using the heater mechanism described in the section 13.2. The

Fig. 15.5 shows the magneto-conductance in the units of the conductance quantum as a

function of varying magnetic �eld for temperatures from 1.5K until 50K.

An applied parallel magnetic �eld will force electrons to circular motion on 2D planes in

the NW cross-section. The applied current bias will result in these circular orbits to have a

rather helical nature oriented along the NW axis. Scattering of the electrons can however

form any kind of 3D closed loops for electrons to interfere with themselves (Aharonov-Bohm

e�ect or Alts'huler-Ahronov-Spivak e�ect). Depending on whether they interfere construc-

tively or destructively, a corresponding increase or decrease in the quantum mechanical

probability to �nd the particle at the loops origin can be observed. Mesoscopically this will

lead to an observable change in the NW conductance as explained in the theory section 1.5.

Due to the parallel magnetic �eld alignment, electrons traveling along the scattering depen-

dent interference loops will be in�uenced by a vector potential, that alters the phase of the

electrons proportional to the magnetic �ux penetrating the loops. Due to the possibility to

form any kind of given 3D shape of these interference loops not only closed loops on the

cross-sections perpendicular to the applied magnetic �eld needs to be considered but any

2D projection of the 3D loops onto these planes. While a single loop or a 2D projection

will lead to periodic changes in the mesoscopic conductance, a set of loops will result in an

observable spectrum of quantum interference oscillation, which is superimposed with the

sample's mesoscopic behavior.

All the analysis carried out in this section in based on the theory presented in Quantum
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Conclusion and Outlook



This work began with the optimization of substrate preparation for selective area epitaxy

of InAs and InAs/GaSb core/shell NW arrays. The pre-established process was found to be

irreproducible with regards to RIE etch rates and these needed to be re-determined. Cer-

tain changes to the EBL design that de�nes the array pattern had to be made to increase

NW yield and reduce the time required for processing these substrates. A detailed study

with the help of AFM and SEM was carried out to make this process reproducible. With

respect to the size of the NW, a thinner diameter was desired for better device fabrication,

i.e., to have a uniform coverage of the metallic contacts around the NW. Thus the In rate

and the As �ux were modi�ed during the MBE growth to obtain thinner diameter of the NW.

For proper electrical characterization, the doping of the GaSb shell was tested. Although

the e�ects of di�erent doping concentrations can only be meaningfully realized once the DC

characteristics are compared, the e�ect on the morphology of the NW was presented. In

order to simultaneously contact the core and shell of the NW to obtain information about

the transport at the interface of the two materials, it was necessary to etch part of the GaSb

shell. Wet and dry etching techniques were implemented to obtain this and the process with

0.5M NaOH was successful.

Although a lot of time was invested in careful fabrication of these NW devices, some parts

of the processes could be looked into again and optimized further. A better control over

the selective etching of the NWs using NaOH can be tested out with di�erent molarities

of the solution. The dry etching technique using Cl2 in RIE can be combined with a wet

etching step to check for better reproducibility and surface quality. A comparison based on

electrical characterization of several such samples can help conclude which etching leads to

better ohmic contacts. Other processes for removal of the native oxide prior to metallization

could also provide a basis for comparison in such measurements. Conformal deposition of

the metals could also be a major contribution to obtaining better contacts on the NWs

and could drastically change contact resistances. A comparative study with di�erent metal

bilayers can also to be used to conclude which material systems are compatible with both

InAs and GaSb to provide better results with respect to device processing as well as mea-

surements.

Finally, after overcoming the various technological problems, NWs both with etched and

non-etched GaSb shell were successfully deposited with metal contacts. After dicing and

bonding of the samples, both types of NWs were measured at room temperature as well

low temperature using a cryogenic setup. A careful combination of the devices at hand

was implemented to obtain 4-point voltage driven measurements and 2 point current driven

measurements wherever required. DC characterization revealed the contacts on the GaSb

shell to be perfectly ohmic, whereas on the InAs core were found to be non-linear. This

non-linearity was attributed to possible high contact resistances, or changes caused in the

surface states of the InAs core (possibly remnants of GaSb too) due to selective etching of

the GaSb shell, or due to insu�cient Ar sputtering to properly remove the native oxide.



Several more measurements on similarly fabricated samples need to be conducted in order to

investigate the reason for this non-linearity. Thus, it was logical to conduct gate dependent

measurement next to determine the type of carriers for both materials. Gate dependent

measurements conducted at 1.5K were conclusive about the InAs core being n-type and the

C-doped GaSb shell being p-type.

4-point current driven measurements conducted on NWs with a non-doped and non-

etched shell to determine the resistance of the NW showed an asymmetry with respect to

the polarity of the driving current. This was explained using a p-n diode picture of the

NW and was attributed to the asymmetry of the diodes. This asymmetry also suggested

that for a NW with a non-doped shell, the majority of the charge transport occurs in the

InAs core. Thus, it was concluded that to understand the charge transport in this com-

plex material system better, magneto-transport measurements would be helpful. Since the

non-etched core/shell NWs showed perfectly ohmic contacts that were placed on the GaSb

shell, they were chosen to conduct magneto-transport measurements on. The temperature

dependence of the conductance in a magnetic �eld was analyzed in detail. Due to a parallel

alignment of the NW in a magnetic �eld spanning from -13T to 13T, �uctuations in the

conductance were observed. Calculations of average �uctuation amplitudes show that the

transport is phase coherent until 30K and lφ and lT are only limited by the samples dimen-

sions. Above 30K, a strong temperature dependence suggests the lowering of the lφ due

to additional thermal energy in the system. This was attributed to the thermal averaging

of the electron energies near the Thouless energy Vth leading to decoherence in the sys-

tem. Following this, to locate these electron interference loops, angle dependency of the the

magneto-conductance was probed. These measurements reveal a strong angle dependence

of the phase-coherent length and suggest the location of the loops to be inside the InAs core.

To follow up on these results, several more measurements can be conducted on NWs

with di�erently doped GaSb shells. A comparison of these results will de�nitely be more

conclusive about the charge transport in this system. A top-gate can also be fabricated onto

the NW to have better control over the carriers and �nally, gate dependent measurements

in varying magnetic �elds can reveal much more about the charge transport.
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