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Abstract 
The doping concentration and resistivity of tin doped Gallium arsenide nanowires (GaAs 

NWs) have been investigated using Hall effect-, 4-probe-, transmission line-, and field effect 

measurements. Single nanowires were contacted using electron beam lithography followed by 

thermal evaporation of Au/Ti (900/100 Å). The Sn precursor (TESn) molar ratios of the 

investigated nanowires were 8.5·10
-7

, 1.7·10
-6

, 3.4·10
-6

 and 6.8·10
-6

 resulting in doping 

concentrations ranging from 4.64·10
13

 to 2.11·10
17

 cm
-3

 and resistivities from ~0.01 to ~1 

Ωcm. The yield of the device fabrication was 2.4-7.1 % and evaluation of additional samples 

should be done in order to establish the validity of the results. The contact material was 

proved to work well with the higher doped samples but non-ohmic, highly resistive behavior 

was seen in the lower doped devices. A resistivity gradient along the length of the nanowires 

was found to be present, most likely the result of a doping gradient. The sample series with 

TESn molar ratio 1.7·10
-6

 showed more tapering than the other series possibly leading to a 

highly doped shell, which was indicated by 4-probe measurements.  
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1 Introduction  
In a world with an ever increasing demand for energy the major challenges are to acquire 

energy at a low cost and low environmental impact and to be able to utilize this energy in the 

most efficient way. In my opinion there is no single solution to this problem; it will rather be a 

vast number of improvements, replacements and alterations to current technology. One such 

improvement is the replacement of conventional lighting with light emitting diodes (LEDs) 

which indeed is the underlying motivation for the work carried out in this thesis. The manner 

in which electricity is converted to light differs in an incandescent light bulb and an LED, 

which allows the LED to be more material- and energy efficient and have a longer life time 

[1], [2]. Research is being done on so called nanowires, a type of one dimensional structure, 

which might be a part of the next lighting technology beyond conventional LEDs. 

Conventional LEDs are not widely used as a light source today and the leap from 

conventional lighting to nanowire LEDs is, of course, gargantuan. The path to reach this goal 

is long and has yet to unfold completely. Conventional solid state lighting has a number of 

issues when it comes to its utilization as a normal light source that may be overcome by the 

use of nanowires, which will be discussed in Section 2. 

This thesis is intended as a part of a mainly EU funded project named NWs4Light. This 

project is a collaboration between Lunds Universitet, Sweden, Danmarks Tekniske 

Universitet, Denmark, GLO AB, Sweden, Stiftung Deutsches Elektronen-Synchrotron, 

Germany, Forschungszentrum Jülich GmbH, Germany and Københavns Universitet, 

Denmark. The consortium’s ultimate goal is “developing new, low cost products that 

dramatically reduce the electrical energy consumed by artificial light sources through high 

performance light emitting nanowire (NW) LEDs”. [3] 

The aim of this project has been to apply the Hall measurement technique (described in 

Section 2.4) to characterize the doping concentration in gallium arsenide nanowires, GaAs 

NWs, which are intended to be the core in the core-shell based nanowire LEDs that is 

NWs4Light’s goal. Obtaining information regarding the doping concentration is crucial in 

order to be able to optimize the nanowires for their intended application. As will become clear 

in this report, this is a large and fairly complex task which is the reason for the employment of 

alternative methods beside the Hall measurement technique. 
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1.1 Basic definitions 

Semiconductor  A material in which the Fermi level of the electrons lies in a 

forbidden energy gap, where there are no electronic states. The 

energy gap of a semiconductor is typically a few electron volts 

whereas the gap of an insulator is higher. The electrical 

conductivity of a semiconductor varies with external 

conditions such as temperature or applied electric field. 

Band gap The band gap is the energy difference between the lowest 

conduction band state and the highest valence band state.  

Valence and conduction 

band 

The highest occupied and the lowest unoccupied energy band 

by electrons, respectively. 

Charge carriers Are either electrons, holes or both in a semiconductor. The 

charge carriers occupy delocalized states and are thus free to 

move within the material. A hole carrier is an unoccupied 

delocalized electron state. 

Charge carrier concentration The concentration of free charges in a material, usually given 

in units of [1/cm
3
] and often referred to as just carrier 

concentration. 
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2 Background and Theory 

2.1 Nanowire LEDs: Challenges and Advantages 

The term nanowire refers to a nanostructure having a diameter on the nanometer scale and 

typically a length of several micrometers. One important feature when shrinking objects down 

to the nano scale is the increase in surface to volume ratio. The higher surface to volume ratio 

allows the surface to accommodate high strain from the lattice mismatch at the interface 

between two materials in the form of elastic deformation [4]. Due to this, the nanowire allow 

relaxation of the atoms without introducing lattice defects, thus it is possible to have a large 

lattice mismatch between the grown material and the substrate [5], and a lattice mismatch as 

high as 14.6% without introducing misfit dislocations was reported in 2009 [6]. This allows 

creating high crystal quality growth of GaAs nanowires on cheap silicon wafers. Another 

advantage that this leads to is the possibility to optimize the band gap for LEDs without being 

limited by lattice matching [7].  

The heart of the LED is the pn-junction, a p-doped/n-doped material interface, shown in Fig. 

2.1. Electrons from the electron rich n-side diffuse into the p-doped side and recombine with 

holes, and holes from the p-side diffuse to the n-side and recombine with electrons. Upon 

recombination the electrons relax and the extra energy is released by emission of a photon.   

 
Figure 2.1. Schematic band structure of a light emitting diode a) in equilibrium and b) 

forward bias.  

 

The conventional white light LEDs typically has blue emission. A phosphorous shell on the 

LED is then used to down convert a portion of this blue light of shorter wavelength photons to 

longer wavelength photons (as shown in Fig. 2.2).  The resulting sum of emitted photon 

energies is perceived as white light. This white light, however, is often seen as a cold, or 

bluish, rather unpleasant light compared to light from the sun or an incandescent light bulb. 

The optimization of the band gap that is facilitated with the use of nanowires makes it 

possible to circumvent the need for phosphorous materials for down conversion. This could 

make it possible to produce white LEDs without the unpleasant blue peak. The efficiency loss 

in the down conversion process is naturally also circumvented, which is another benefit of the 

nanowire approach. 
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Figure 2.2. Emission spectrum from a blue LED with a fluorescent cap emitting in the yellow 

region. [8] 

 

A common way to evaluate the carrier concentration in a semiconductor material is by placing 

the sample of interest in a constant magnetic field and applying a direct current through the 

material simultaneously and then measure the Hall voltage that arises from the Hall effect due 

to the Lorentz force on a moving charge, described in detail in Section 2.4 and depicted for a 

negative charge in Fig. 2.3 where Vx is the charge velocity, Fy the Lorentz force and Bz the 

magnetic field.  

 
Figure 2.3. The Lorentz force acts upon an electric charge moving in a magnetic field.  

 

The dimensions of the nanowires, typically a few microns in length and a few hundred 

nanometers in diameter, renders it complicated to measure the free carrier concentration since 

the classical Hall method is difficult to employ at this scale. This is mainly due to the 

difficulty of precisely placing contacts on the side facets of a single nanowire. Another route 

to evaluate the doping in nanowires has been the construction of a field effect transistor (FET) 

out of the nanowire followed by calculation of the field effect mobility (meaning the carrier 

mobility obtained from a field effect measurement) from the transconductance. However, the 

estimations needed to analytically calculate the nanowire-gate capacitance, as well as fringe 

capacitances close to the electrodes, and assuming infinite nanowire length and metallic (not 

semiconducting) behavior of the semiconducting nanowire renders the accuracy of the 

measurement questionable [9], [10]. From Hall measurements it is possible to directly derive 

the carrier concentration. However, it was not until the end of 2012 work was published on 
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performing Hall measurements on nanowires for the first time [11], [12]. The measurements 

were performed on core-shell InP and single InAs nanowires respectively.  

2.2 Nanowire Growth 

The nanowires investigated in this project were grown by use of metal organic vapor phase 

epitaxy (MOVPE) in the vapor-solid-liquid (VLS) growth mode as described by Wagner and 

Ellis [13]. In the VLS growth mode typically metal seed particles are deposited on a substrate 

and then serve as catalysts for the crystal growth. The goal in VLS growth is to create a 

eutectic alloy in the seed particle, thus the temperature is critical during growth. The solubility 

and phase diagrams of the growth material predict the composition of the seed particle, and, if 

allowed by thermodynamics, the growth elements will enter the seed particle. The liquid alloy 

will become supersaturated and the nanowire grows mainly through precipitation from the 

liquid alloy (point 1 in Fig. 2.4). This is mostly true for group III elements which typically 

have high solubility in the Au particle, whereas group V elements are believed to have very 

low solubility. Besides growth through precipitation from the seed particle surface diffusion, 

radial growth and competitive thin film growth may take place (point 2 and 3 in Fig. 2.4). [14]  

 
Figure 2.4. Brief overview of the VLS growth process. 

2.3 Semiconductor Physics 

The basic concepts and theories of semiconductor physics crucial for this work are reviewed 

in this section. The idea is to give the reader an introduction to the physics related to the 

experimental work carried out in this thesis.  

2.3.1 Doping 

Introducing impurities in semiconductors is a widely used and very important way to alter the 

electronic and optical properties of a semiconductor such as carrier mobility or conductivity. 

High enough doping can cause a semiconductor to show metallic behavior, which is known as 

degenerate doping. It is important to have information on ionization energy and the 

concentration of the impurities in order to simulate and correctly predict the behavior of a 
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semiconductor in terms of mobility, conductivity, carrier concentration and band structure. 

The impurity atoms, called dopants, are either of p-type (electron acceptors) or n-type 

(electron donors), and some impurities can act as both depending on their position in the 

crystal lattice. These are called amphoteric dopants. 

In GaAs the Sn impurity atom acts as a shallow donor with an ionization energy of 4-6 meV 

but a minor fraction may possibly act as an acceptor [15], [16]. Since the thermal energy, kT, 

at room temperature (~300K) is around 25 meV it is assumed in this work that all the Sn 

donors are ionized at room temperature.   

2.3.2 Carrier Transport 

A particle with charge q in an electric field E will experience a force which in the semi-

classical effective mass approximation is 

         

  
     (2.1) 

Where m
*
 is the effective mass. The equation implies that the particle will continue to 

accelerate as long as the field is applied, which is true in the region of ballistic conduction 

where the mean free path of the carriers are assumed to be much greater than the system in 

which they are confined and they only scatter against the walls. In this case the opposite is 

assumed, the mode of conduction is labeled diffusive, as described by the Drude model and is 

the result from assuming scattering in a periodic lattice, which limits the maximum carrier 

velocity, and a steady-state velocity is reached. To eq. 2.1 a limiting term is added, 
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        (2.2) 

Where τ is the relaxation time, the average time between two scattering events, and vd the 

carrier drift velocity. From this the mobility is defined as  

   
   

  
      

  

  
    (2.3) 

Where E is the external electric field and µ is the carrier mobility. The mobility and drift 

velocity of the free carriers are limited by a number of factors such as scattering from 

phonons, lattice defects and impurities. From eq. 2.3 it is apparent that a large mobility means 

a large drift velocity of the carriers and consequently a larger current for a certain electric 

field E, i.e. the conductivity in the material must be dependent on µ. The current density is 

           (2.4) 

Where J is the current density and n is the carrier concentration. Equation 2.3 in combination 

with eq. 2.4 becomes 

       
     

  
    (2.5) 
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The conductivity is defined as 

                  (2.6) 

Where σ is the conductivity. The relation above is very important for this work since it makes 

it possible to determine the carrier concentration n by acquiring the conductivity and the 

mobility through measurements and analysis. This can be done for instance by calculating the 

conductivity from transmission line or four-point measurements and the mobility from field 

effect measurements. 

2.3.3 Metal-Semiconductor Junctions or Ohmic Contacts and Schottky 

Barrier 

A factor that has major significance to the performance of the devices fabricated in this 

project is the contacts to the nanowires, i.e. the metal-semiconductor interface. An energy 

difference between the semiconductor Fermi level and the metal work function will give rise 

to an energy barrier that causes a mobile charge depletion region at the interface, see Fig. 2.5. 

This is due to that the Fermi levels of the metal and semiconductor must be equal at 

equilibrium, or, in other words, the Fermi levels will align upon contact.  

a) b)  

Figure 2.5. Metal and semiconductor a) before and b) after contact. [17] 

 

The built in potential, -eVbi, is determined by 

                   (2.7) 

Where Wm is the metal work function, χsc is the semiconductor electron affinity and eVn is the 

energy difference between the conduction band and the Fermi level. The barrier formed is 

known as a Schottky barrier. When an external electric field is applied this barrier is lowered 

(forward bias) or raised (reversed bias). This leads to the ability to conduct electrons well in 

one direction but not the other. This is called rectifying behavior and is typical for a Schottky 

diode. When there is a high density of surface states in the band gap (e.g. in the GaAs (100) 

surface [18]), as shown in Fig. 2.6, a depletion layer is present already before the contact 

formation. The high density of surface states can result in Fermi level pinning, where an 
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external voltage is not capable of altering the Fermi level but effectively only moves charges 

to or from the surface states. [19] The carriers may traverse the barrier by thermionic emission 

or by tunneling through the barrier. When the doping in the semiconductor is increased, the 

barrier becomes slightly higher as the Fermi level shifts but also thinner, which leads to a 

decrease in thermionic emission as well as an increase in the tunneling current. An Ohmic 

contact (i.e. a contact through which the current is linearly dependent on the applied voltage) 

can be formed when the barrier height is low, thus allowing a large thermal current, and when 

the doping concentration is high, thus allowing a large tunneling current. 

a) b)  

Figure 2.6. Semiconductor with surface states close to the Fermi level a) before contact and 

b) after contact. [20] 

 

As has been made clear above, the choice of contact material is important in order to be able 

to produce a well-performing device. Investigations of various materials suitable for 

contacting n-type GaAs have been performed in a large number of studies. A summary of 

selected studies is shown in Table 2.1.  

Table 2.1. Summary of different contact resistivities to GaAs. Rc is the contact resistivity, ρc is 

the specific contact resistivity and n is the carrier concentration. [21] - [25] 

 Material Rc (Ωmm) ρc (µΩcm
2) n (cm-3) Annealing Ref 

1 Ge/Ni/Ge/Au   3,18 ±1,51 1018 Y 21 

2 Pd/Ge/Au   0,277 ±0,254 1018 Y 21 

3 Ni/GeAu/Ni 0,1   1018 Y 22 

4 Ge/Pd   1-3 1018 Y 22 

5 Si/Pd   2-6 1018 Y 22 

6 Pd/In/Pd   1 1018 Y 22 

7 Ge/Ni 0,8   1018 Y 22 

8 Ge/Au/Ni 0,2   1018 Y 22 

9 Ge/Ag/Ni 0,26   1018 Y 22 

10 Al/Ni/Ge   1,4 1018 Y 22 

11 Cu/Ge   0,65 1017 Y 22 

12 Au/Pt/Ti   1,1 1019 N 22 

13 W/In <0,2   n/a Y 22 
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14 Au/TaSiN/AuGe/Pt   3,7 1018 Y 22 

15 Ag, Au/Ti   0.2-30 n/a N 22, 23 

16 Au/Ge/Pd   1 1018 Y 22 

17 Pd/Ge/Cu   0.7-200 1018 Y 24 

18 Ni/In/Ge 0,18   1018 Y 25 
 

Out of the contact materials in the table above, material 1, 2 and 15 were chosen for further 

investigation. Material 1 and 2 due to the fact that the investigation was performed on 

nanowires and show potentially low resistivities, and material 15 due to its potentially very 

low specific contact resistivity and its titanium bottom layer as titanium has a better suited 

work function (4.33 eV) compared to gold (5.1 eV) when it comes to contacting GaAs (which 

has an electron affinity of 4.07 eV [26]). In addition, many of the academic employees within 

the Solid State Physics Department at Lund University have cutting edge expertise in the field 

of semiconductor nanowires, thus the choice of material took into consideration not only the 

published data, but also the collective knowledge of the department. Based on this, the contact 

material was chosen to be Au/Ti. 

2.4 Hall Effect 

The Hall effect, first discovered in 1879 by Edwin H. Hall [27] is due to the Lorentz force and 

arises when a magnetic field is present perpendicular to a current in a conductor or 

semiconductor [28]. The Lorentz force is perpendicular to both the magnetic field, B, and the 

carrier velocity, v, according to  

               (2.8) 

Where E is an externally applied electrical field. When current is supplied in the x-direction 

and a magnetic field is applied in the z-direction the magnetic force will cause a difference in 

the potential across the sample in the y-direction which can be measured by a voltmeter, see 

Fig. 2.7.  

 

Figure 2.7. Qualitative description of the Hall effect in a thin slab. The magnetic force (black 

arrow) gives rise to a potential difference in the y-direction. 
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For a thin slab where electrons are the majority carriers the Hall voltage is described by 

    
  

   
     (2.9) 

Where t is the slab thickness and VH is the Hall voltage and I the uniform current density 

integrated over the cross-section of the slab. By measuring and plotting the Hall voltage as a 

function of applied magnetic field under a constant current, the carrier concentration can 

easily be extracted from the slope of the plot. A nanowire however cannot be approximated as 

a thin slab. K. Storm et al [11] showed that the accuracy of eq. 2.9 in the nanowire case could 

be improved by replacing the thickness, t, by a correction factor A/wc where A is the nanowire 

cross-sectional area and wc is the probing distance between the Hall terminals thus changing 

eq. 2.9 into 

    
  

 

  
  

     (2.10) 

From equation 2.10 a good approximation of the carrier concentration can be extracted. In 

addition, the Hall effect was simulated for different carrier concentrations using a finite 

element method taking the exact geometry into account in COMSOL multiphysics to compare 

with the approximate eq. 2.10. By comparing the slope in the VH-B plot with the simulated 

VH-B slope for various carrier concentrations a more accurate value can be obtained [11]. The 

slope is easily acquired by fitting a line to the measured data points 

           (2.11) 

Where k is the slope. The carrier concentration is obtained for the cross-section of the 

nanowire at which the Hall contacts are attached. K. Storm et al showed that by fabricating 

several Hall contacts along the length of the wire, axial resolution of the carrier distribution is 

obtained [11] and this approach has also been used in this project.  

2.5 Processing and Characterization Techniques 

2.5.1 Scanning Electron Microscope 

In this project the Scanning Electron Microscope (SEM) has been extensively used, both as a 

characterization technique and as part of the processing. In Fig. 2.8 below the main parts of 

the SEM is shown. In an SEM an electron beam is focused and guided to scan a desired area 

of the sample. Upon impact the electrons interact with the sample and one consequence is the 

production of secondary electrons. A detector is used to produce the image from these emitted 

secondary electrons. The resolution of an SEM is limited by beam size, type of filament, 

quality of the magnetic lenses, ability to correct aberration and stigmation of the lenses and 

vibration disturbances. The particular SEM used in this project (the LEO 1560) has a highest 

specified resolution of 1 nm at an acceleration voltage of 20kV.  
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Figure 2.8. Schematic of the principal parts of an SEM. [29] 

2.5.2 Electron Beam Lithography 

While operating according to the same basic principles as the scanning electron microscope, 

the main difference with the EBL is that, while being capable of being used as a SEM, also 

utilizes the electron beam to write a computer defined pattern upon a substrate. Prior to EBL, 

the substrate has been covered with resist, commonly by spin coating. The incoming electrons 

with a typical energy of ~20keV break chemical bonds in the resist, rendering the exposed 

parts of the resist solvable in a so called developer. In other words, when the sample 

undergoes development after EBL, the positive (negative) resist in the (un)exposed pattern is 

removed. There are several important factors that influence the appearance of the final 

pattern, causing the real pattern to differ slightly from the desired pattern defined by the user. 

The dose, i.e. the incoming number of electrons that each exposed area receives, is one factor. 

Another factor that influences the final structure is the so called proximity effect. An 

unexposed area adjacent to an exposed area still receives a dose due to scattering of the beam 

inside the resist, which leads to a broadening of the actual pattern compared to the design. By 

choosing to have a thin layer of resist this effect can be reduced. Focus and stigmation of the 

electron beam must be good in order to have a narrow and uniform beam that can write the 

desired pattern with high enough detail. However, due to the accuracy required to place 

contacts on the side of a single nanowire, the most important factor in this work is the 

alignment; the alignment of the beam with the digital mask and the alignment of the digital 

mask with the substrate. 

2.5.3 Four-point measurements 

The intention was to contact each nanowire at eight places, resulting in two end terminals and 

three terminals on each side of the nanowire. Shown in Fig. 2.9 below is a four-point 
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measurement setup where a current is run through the end terminals whilst measuring the 

voltage between two of the side terminals.  

 
Figure 2.9. The 4-point setup for measuring nanowire resistance. 

 

Because the current through A-H above is assumed to be without loss and only the potential 

difference between B and F is probed (meaning no current runs through contact B or F) the 

measurement is independent of contact resistance and the nanowire resistance is immediately 

obtained from Ohm’s law. The measurement is done for B-D, B-F and D-F (or C-E, C-G, E-

G) terminals to obtain distance dependent measurements. Measurements confirmed the 

validity of the no current loss assumption (with typical difference in current loss well below a 

factor of 10
-3

) except within a few points close to zero in the current sweep. When the 

resistance of the nanowire is known, SEM measurements give the desired distances for 

calculation of the resistivity, ρ. The resistivity is given by  

  
 √     

  
      (2.12) 

Where the shape of the nanowire is assumed to be a truncated hexagonal cone with side facet 

length a1 at one of the voltage probing terminals, side facet length a2 at the other, a separation 

L between them and a measured 4-point resistance R (see Appendix 9.1). 

2.5.4 Transmission Line measurements 

In a transmission line measurement (TLM) the resistance is measured as a function of 

distance between electrodes connected to a device. Because the nanowires in this project have 

been contacted at three points along the length of the nanowire, the Hall device samples are 

also suitable for TLM measurements. From the resistance-distance plot the contact resistance 

is obtained as the intersection of the fitted data with the y-axis, see Fig. 2.10. The nanowire 

resistivity can then be calculated from the nanowire resistance and the nanowire volume 
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between the two electrodes. The volume is obtained by measuring the nanowire side facet 

width and the length of the nanowire between the two electrodes.  

 
Figure 2.10. Illustrative example of a transmission line measurement. 

 

When the resistivity has been calculated, an estimate of the doping concentration can be 

obtained by comparing with tabulated bulk values for resistivity at certain dopant 

concentrations. In order for the measured resistance to be linearly dependent on contact 

spacing (as in Fig. 2.10 above) both sample geometry and sample resistivity has to be 

uniform, i.e. the sample resistance between to contacts at a given spacing has to be the same 

no matter where the contacts are placed. A disadvantage with this method is that in the case 

where the contact resistance is larger than the sample resistance even small variations in 

contact resistance will influence the slope and consequently the calculated sample resistivity.  

If there is a large variation in contact resistance the linearity can even be lost, rendering 

resistivity calculations useless. 

2.5.5 FET measurements 

The field effect transistor (FET) measurement can be used to evaluate carrier concentration in 

a nanowire. By contacting the back of the substrate, the nanowire can act as an FET, as shown 

in Fig. 2.11. 

 
Figure 2.11. Illustration of a back-gated single nanowire FET. 
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By sweeping the gate voltage, Vg, for a certain source-drain voltage, Vsd, that gives a certain 

current, Isd, the transconductance, gm, is obtained from 

   
    

   
     (2.13) 

at the region where the transistor turns on at the so called threshold voltage. This is done for 

several source-drain voltage values. The slope of the gm versus Vsd plot that is obtained is 

equal to  

   

    
   

 

  
     (2.14) 

Where μ is the mobility, C the gate capacitance and L the channel length. From this the 

mobility is calculated and, in combination with conductivity measurements, the carrier 

concentration is obtained from eq. 2.6. 
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3 Experimental Details 

3.1 Nanowire Growth 

The nanowires were provided by Daniel Jacobsson at Lund University. Four samples, all with 

70nm Au seed particles were made. The Au seed particles were randomly distributed with an 

average density of 0.6/µm
2
 on a GaAs substrate in the [111]B direction. Samples were grown 

in an Aixtron 200/4 with H2 as carrier gas with a flow of 13 slm. The samples were annealed 

at 630°C for 7 minutes in at an AsH3 molar fraction of 1.5·10
-3

. This was followed by intrinsic 

III-V growth in Wurtzite structure condition [30] for 900s with an AsH3 molar fraction of 

7.7·10
-5

, and a TMGa molar fraction of 4·10
-5

. The dopant precursor was TESn and four 

different samples with different TESn molar fractions were grown. The doped segment of the 

nanowire was grown in 550°C for 600s under otherwise same conditions, resulting in a top 

segment of approximately 50% of the length of the nanowire being doped, and the bottom 

segment being intrinsic. The dopant precursor molar fractions during growth were 8.5·10
-7

, 

1.7·10
-6

, 3.4·10
-6

 and 6.8·10
-6

 corresponding to gas flows of 50, 100, 200 and 400 sccm 

respectively. Finally, the samples were cooled in H2. The samples will be referred to as S50, 

S100, S200 and S400 from here on after.  

3.2 Processing 

In order to perform measurements on single nanowires a method developed by K. Storm et al 

was used [11]. Si with a 110 nm thick native oxide layer and electrodes defined in Ultraviolet 

Lithography (UVL) was used as device substrate. The nanowires were transferred from the 

growth substrate to the device substrate using a piece of cleanroom tissue cut into a sharp tip. 

The growth substrate surface was gently scraped by the tip, breaking off a portion of the 

nanowires at the base. The tissue was then tapped on the device substrate (see Fig. 3.1), 

randomly releasing nanowires onto the surface. The surface of the device substrate was 

observed in an optical microscope to ensure that the density of nanowires was high enough in 

each write field. The substrates were cut into pieces containing two (S400) or four (S50, S100 

and S200) bond pads, where each bond pad has the capacity to contact six nanowires with 

eight terminals on each nanowire.  
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Figure 3.1. Optical microscope image of a bond pad on the device substrate. 

A lifting layer consisting of Shipley 1805 UV photoresist and PGMA (2-methoxy-1-

methylethyl acetate) 1:1 was spun onto the substrate at 5000 rpm for 60 seconds. The diluted 

resist was soft baked at 115 °C for 90 seconds. The lifting layer is used to improve the contact 

formation by elevating the contacts from the substrate, Fig. 3.2 c. The lifting layer also helps 

to keep the nanowires in place, see Fig.3.2 b.  

a)                    b) 

 
                

                c) 

 
Figure 3.2. A schematic cross-section of a single nanowire device after a) spin coating of the 

lifting layer, b) reactive ion etching and c) evaporation of contacts and lift off. The substrate 

is not shown in the schematic picture. 

 

To remove the resist from the predefined electrodes soft contact UVL using a Suss MicroTec 

Mask aligner MJB4 with an exposure time of 7 s was performed. The resist was developed in 

MF319 for 60 s, cleaned in deionized water and the sample was then hard baked in 200 °C for 

10 min. To be able to form contacts to the nanowires the surface was etched in a Trion T2 

Reactive Ion Etcher (RIE) setup using oxygen plasma for 35 s. This opens up the resist, 

exposing the nanowires. A Leo 1560 scanning electron microscope (SEM) was utilized to 

obtain images used to design contacts to the nanowires in the software EBLbuilder, see Fig. 

3.3. To each nanowire, eight contacts were designed, two parallel, and six perpendicular to the 

length of the nanowire. As mentioned above, the bottom half of the nanowire was intrinsically 
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grown and this highly resistive intrinsic part of the nanowire was not of interest. Because of 

this, one of the parallel contacts intended for current supply (bottom right contact in Fig. 3.3) 

was designed to cover half of the length of the nanowire. 

 
Figure 3.3. A typical Hall contact design to a single nanowire. The contacts are marked in red 

nanowire to be contacted is marked yellow. 

 

Prior to electron beam lithography (EBL) a layer of PMMA 950A5 resist was spun at 5000 

rpm for 60 s and the sample was then baked in 180 °C for 5 min. For EBL a Raith150 system 

with a dose of 275 µAs/cm
2
, an acceleration voltage of 20 kV and an aperture of 20 µm was 

used. The resist was developed in MIBK:Isopropanol 1:3 for 60 s and rinsed in deionized 

water. An oxygen plasma process (5 mbar for 30 s with the sample in a Faraday cage) was 

used to remove resist residue. Before evaporation of metal contacts the samples were etched 

with HF for 15 s to remove oxide on the nanowires. A layer of 10 nm Ti followed by a layer 

of 90 nm Au was evaporated onto the samples and a subsequent lift-off process in acetone 

was used to remove unwanted metal. A schematic of the desired Hall structure is seen in Fig. 

3.4. The labeling of the contacts will be frequently used. A detailed step-by-step table of the 

entire process is shown in Table 3.1 and a schematic overview in Fig. 3.5. 

 

Figure 3.4. Schematic picture of the completed Hall device with the different terminals shown 

in yellow (A-H) connected to a nanowire (blue). 
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Table 3.1. Summary of the experimental details for each processing step. 

Step Time Comments 

Transfer nanowires - - 

Spin coat lifting layer 60 s S1805:PGMA 1:1, 5000 rpm 

Soft bake 90 s 115°C 

UVL 7 s - 

Develop 60 s MF319 

DI water rinse 60 s - 

Hard bake 15 min 200°C 

RIE 35 s - 

SEM imaging - - 

Contact design - - 

Spin coat EBL resist 60 s PMMA 950A5, 5000 rpm 

EBL resist bake 5 min 180°C 

EBL - 275 µA/cm2, 20kV, 20µm 

EBL resist develop 60 s MIBK:IPA 1:3 

DI water rinse 60 s - 

Plasmapreen 30 s 5 mbar O2, In Faraday cage 

Etch 15 s Buffered oxide etch 10% HF 

Metal evaporation - 90 nm Au/10 nm Ti 

Lift off 3 h Acetone 
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Figure 3.5. Flowchart of the complete contacting procedure. 

In total 84 nanowires were contacted; 12 from sample S400 and 24 each from sample S50, 

S100 and S200. 

3.3 Characterization and Measurements 

3.3.1 Four-point and FET Measurements 

The finished devices were characterized using a 4-point setup on a Cascade 11000B probe 

station connected to a Keithley 4200-SCS. One probe was connected to each end of the 

nanowire to supply a sweep voltage while two probes were connected to different side 

contacts, measuring the potential difference between the two. The current through the 

nanowire as a function of the applied voltage was investigated (IV measurements). The 

voltage was swept from -1 V to 1 V in steps of 50 mV. From the probe station measurements 

it is possible to characterize which terminals are in contact with the nanowire and which are 

Spin coating and baking 

of EBL resist 

Develop EBL resist 

Transfer nanowires to substrate Spin coat lifting layer and softbake UVL exposure and hard bake 

Reactive Ion Etching SEM imaging of write-fields Design of contacts in computer 

Write contacts by EBL HF etch 

Evaporation of contacts  

and lift off 
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not, and from this decide which of the contacted nanowires are suited for Hall 

characterization.  

FET measurements were performed by using the gold-coated back of the substrate as a gate, 

sweeping the gate voltage and measuring the source-drain current. The gate voltage was 

swept from -10 to 10 to -10 V in steps of 250 mV for source-drain voltages 10-100 mV in 

steps of 10 mV, 300 mV and 500 mV.  

3.3.2 Transmission Line Measurements 

Transmission line measurements (TLM) were done with the same setup as the four-point 

measurements but with a sweep voltage from -0.3 to 0.3 V in steps of 25 mV. Current was 

measured through terminal A to the Hall terminals B-G (Fig. 3.4) and the resistance as a 

function of distance was obtained. This was to extract the resistivity and the contact resistance 

of the device. From the resistivity an estimated value for the doping concentration is obtained 

from tabulated bulk n-GaAs values.  

3.3.3 Hall Measurements 

For the Hall measurements, the sample was placed in a homogeneous magnetic field. A well-

defined current was supplied through terminal A to terminal H using a Keithley 4200 current 

supplier. A 34401A instrument from Hewlett-Packard was used to measure the voltage drop 

across the width of the nanowire at different terminals. Two coils with a joint iron core 

powered by a TELOS SLA1520 power supply produced a homogenous magnetic field 

through the sample placed in the center between the coils. The magnetic field was varied by 

tuning the voltage of the power supply, producing a magnetic field strength up to maximum 

~0.2 T. The magnetic field was varied from 0 to 0.2 T in steps of 0.04 T and measured with a 

Lakeshore 420 Gauss meter. During turning on and off of the Keithley and Hewlett-Packard 

instruments both the nanowire device and the user was grounded to the measurement setup in 

order to avoid static electric discharges.  

3.3.4 Scanning Electron Microscope 

Images were taken of the nanowires using a Leo 1560 SEM at different magnifications 

reaching from 2000 up to 70000 times magnification. The primary reasons for this was to do 

the contact design and measure the desired distances on the different devices for both Hall and 

transmission line measurements as well as conductivity calculations. Distances measured 

include the A-H distance, the nanowire facet width, a, the Hall terminal distances, separation 

and widths. A secondary reason was to investigate the appearance of the contacts as a 

complementary evaluation to the electrical evaluation.  
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4 Experimental Results 

4.1 IV and 4-point Measurements 

From the four-point measurements it was possible to deduct which nanowires would work in 

a Hall setup and which ones would not. Note the low yield (an average yield of 2.4-7.1 %) in 

table 4.1. 

Table 4.1. Results from quality evaluation by means of electrical measurements. 

 
S50 S100 S200 S400 

Total nbr of nanowires 24 24 24 12 

Nbr of conductive nanowires 15 11 17 3 

Terminals on one side OK 2 9 7 3 

 Nbr possibly suitable for Hall  1-3 1 0 0-2 

Hall device yield (%) 4.2-8.3 4.2 0 0-16.7 

 

The average IV behavior for the four different samples is shown in Fig. 4.1. The most highly 

doped S400 sample shows close-to-ohmic behavior while the lowest doped sample has a 

rectifying behavior. Notice the higher response from S100 compared to S200. 

 
Figure 4.1. Average voltage versus current for the four different doping concentrations. The 

inset shows the rectifying behavior of S50.  

 

From the IV curves for each nanowire the total device resistance has been calculated from the 

linear slope from -0.15 to +0.15 V and the result is shown as a boxplot in Fig. 4.2.  
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Figure 4.2. Total device resistance versus dopant precursor flow during growth. 

 

From the 4-point measurements it is possible to deduct the nanowire resistance from the slope 

of the plot of potential difference dV vs. the current I. Such a typical plot is shown in Fig. 4.3. 

The calculated nanowire resistance, as measured in the 4-point setup from Hall pair B-C to 

Hall pair D-F is shown for all nanowires in Fig. 4.4 below. 

 
Figure 4.3. Typical 4-point measurement (here shown for one of the S400 nanowires). The 

nanowire resistance is extracted from the slope of the figure. 
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Figure 4.4. Nanowire resistance from terminals BC to FG as a function of dopant gas flow 

during growth. 

 

The nanowire resistivity was calculated from the 4-point resistance result in combination with 

geometrical measurements in SEM according to equation 9.3 in appendix. The calculated 

resistivity is shown in Fig. 4.5 below.  From each nanowire three resistivities were obtained 

calculated between Hall pairs B-C and D-E, pairs D-E and D-F and pairs B-C and D-F. A 

linear fit was performed on the resistivity as a function of distance from the top of the 

nanowire (at contact A) where the position of each measurement was taken to be at the center 

between two contacts. From this the resistivity was calculated between contacts A and B-C 

and between contacts D-F and H and a representative result is shown in Figs. 4.6. The 

resistivity versus distance slope for all measured wires is presented in Fig. 4.7.  

 
Figure 4.5. Nanowire resistivity calculated from the 4-point measurements. 
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Figure 4.6. Resistivity as a function of distance from contact A for a) the Hall nanowire from 

sample S400, and b) a nanowire from sample S100.  

 

 
Figure 4.7. The resistivity versus distance slope for the different dopant precursor flows. 

4.2 Transmission Line Measurements 

The transmission line measurements showed almost exclusively a non-linear and in many 

cases negative slope. Such a typical measurement from sample S400 is shown in Fig. 4.8 a. 

Measurements on two nanowires from sample S100 seemed to give expected results as shown 

in Fig. 4.8 b and c.  
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c)  

Figure 4.8. The measured resistance plotted versus the separation between the two contacts. 

a) A typical result from sample S400, b) and c) two different nanowires from sample S100. 

4.3 FET Measurements 

Presented in Fig. 4.9 below are examples of FET gate voltage sweeps for source voltages of 

100 mV. Note that there is no threshold voltage. 

 

a) b)  

c) d)  

 

Figure 4.9. Examples of FET measurements from a) S400, b) S200, c) S100, d) S50. 
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4.4 Hall Measurements and Simulations 

Out of the six possible candidates to Hall measurements in Table 4.1 only three were proven 

to work in the Hall setup. The measurements from these three nanowires, as well as the results 

from COMSOL simulations are shown in Figs. 4.10-4.12. Each point in Figs. 4.10-4.12 a is 

the average of 100 measurements, and the error bars is the calculated standard deviation from 

this average. The slope value from Figs. 4.10-4.12 a is indicated as a red dotted line in Figs. 

4.10-4.12 b to show the point at which the simulated slope value is equal to the measured 

value. A summary is presented in Table 4.2 

 
Figure 4.10. a) The measured Hall voltage vs. applied magnetic field, b) the simulated V/B 

slope vs. carrier concentration (blue solid line) and the V/B slope value obtained from a) (red 

dotted line) for sample S400. 

 
Figure 4.11. a) The measured Hall voltage vs. applied magnetic field, b) the simulated V/B 

slope vs. carrier concentration (blue solid line) and the V/B slope value obtained from a) (red 

dotted line) for sample S100. 
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Figure 4.12. a) The measured Hall voltage vs. applied magnetic field, b) the simulated V/B 

slope vs. carrier concentration (blue solid line) and the V/B slope value obtained from a) (red 

dotted line) for sample S50. 

 

Table 4.2. Molar fraction TESn during growth, and carrier concentrations obtained from 

COMSOL simulations and using the formula in Eq. 2.10, respectively. 

Sample Molar fraction TESn n COMSOL [cm-3] n using eq. 2.10 [cm-3] 

S400 6.8·10-6  2.11·1017  4.42·1017  

S100 1.7·10-6 4.64·1013  1.07·1014  

S50 8.5·10-7 3.80·1012  8.79·1012  

4.5 SEM Characterization 

The SEM characterization of the finished devices was done as a final step after all 

measurements to avoid affecting the nanowires with the electron beam. Below in Fig. 4.13 a-c 

are the samples on which Hall measurements were carried out. In Fig. 4.14 samples are shown 

that did not work for Hall measurements. Additional SEM images are found in Appendix 9.2. 
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c)  

Figure 4.13. SEM characterization of the samples from Hall measurements from sample a) 

S400, b) S100 and c) S50.  

 

 
a) S400 

 
b) S200 

 
c) S100 

 
d) S50 

Figure 4.14. Example of devices that did not work for Hall measurements. 

 

The diameters of the nanowires were measured during SEM characterization, and the result is 

shown in Fig. 4.15.  
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Figure 4.15. Nanowire diameter for the different samples as measured in SEM. 
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5 Discussion 
From the results of the quality evaluation in Table 4.1 it was apparent that the low yield 

would render it very difficult to extract doping concentration through Hall measurements with 

some statistical certainty. Since the time of this project has been limited it was desirable to 

seek other paths of characterizing the nanowires rather than fabricating hundreds of devices.  

As mentioned previously another way (though not as accurate) to obtain the carrier 

concentration is FET measurements. However, the FET measurements in Fig. 4.9 show that 

the nanowires are in an always on state, meaning that the carrier concentration cannot be 

calculated from the FET results through the method described in Section 2.5.5. The slight 

increase in source current with the increase in gate voltage shows that the nanowires are n-

doped as expected. Figure 4.9 a reveals a hysteresis between forward and reverse sweep of the 

gate voltage which is most likely due to water dipoles on the sample surface that screens the 

gate [31], [32].  

The total resistance and the nanowire resistance plots (Fig. 4.2 and 4.4) both show that there is 

a variation of several orders of magnitude in both nanowire and contact resistance. What is 

interesting is that the S100 sample’s total and nanowire mean resistance is below that of S200, 

whereas in theory the higher doped S200 sample should show less resistance. The Hall 

measurements show an increase in doping with increased TESn molar ratio, which is 

expected. The result that sample S100 shows a lower resistance but also a lower doping 

concentration according to the Hall measurements is unexpected. The nanowire resistance and 

resistivity in Figs. 4.4 and 4.5 for sample S100 shows a large variation between the 

nanowires. The discrepancy between the Hall and 4-point measurements can be attributed to 

that the Hall measurement was carried out on one of the nanowires with higher resistivity. Not 

enough terminals were working on the specific Hall device to allow 4-point measurements, 

thus a resistivity measurement of this particular nanowire to validate this hypothesis is not 

available. Another possible explanation of the discrepancy is that if the impurity atoms have 

concentrated close to the surface during growth to a greater extent for the S100 sample than 

for the others, this could possibly lead to a conductive shell encapsulating a much more 

resistive core. This has been shown to occur in P doped Ge and in B doped Si nanowires as a 

result of low dopant incorporation from the seed particle and main dopant incorporation from 

radial overgrowth [33], [34]. This could very well be the result also in the case of sample 

S100 since these wires showed more tapering than the other samples (see Appendix 9.2). The 

nanowires from sample S100 also had smaller diameter than from samples S400 and S200, 

possibly allowing proportionally more diffusion of dopants to the nanowire surface due to the 

larger surface to volume ratio. The result would be that little or no current runs through the 

core and as a result the electrical characterization would only probe the more conductive shell. 

Because the Hall measurements do not give any information regarding the radial distribution 

of charge carriers inside the nanowire, a homogenous distribution of carriers must be 

assumed. Thus it would be possible to measure a low doping concentration with the Hall 

technique and still measure a high conductivity with the 4-point technique. The Hall 

measurement result in Fig. 4.12 a shows that the standard deviation for sample S50 is very 
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high, and SEM characterization shows that the alignment has failed during the processing of 

this sample and the results cannot be considered to be valid. 

The spatially resolved Hall measurements could not be performed on any of the devices, i.e. 

there was a maximum of one working Hall contact pair for each device. Although the SEM 

characterization (Fig. 4.13 a) at a first glance shows that all contacts are placed on the 

nanowire it was not possible to conduct any current through two out of the six contacts, thus 

inhibiting Hall measurements on two of the three Hall contact pairs. Looking closer in the 

image, contact E seems to have detached from the nanowire, and the nanowire at contact G is 

deformed, most likely it has melted during one of the measurements or by a static discharge. 

Although precautions were taken to avoid such discharges, as well as voltage spikes during 

turning on and turning off of the instruments the Hall devices in Figs. 4.13 b and c are 

completely destroyed. The reason for the average yield being an interval rather than a specific 

value is due to the inability to determine if some of the non-working Hall devices were burnt 

immediately upon connection to the Hall setup or if the contacts were misaligned.  

The resistivity calculations from the 4-point measurements show that the resistivity varies 

along the length of the nanowires. This likely indicates a doping gradient in the material. The 

results also show that the resistivity in samples S400 and S200 decreases from the top while 

the resistivity of sample S100 increases with the distance from the top of the nanowire. By 

comparing the resistivity in the nanowires from Fig. 4.5 with the resistivity at different doping 

concentrations an estimate of the doping concentration in the nanowires is obtained as shown 

in Fig. 5.1.  

 
Figure 5.1. Resistivity vs. doping for n-GaAs [35]. Marked in the figure is the calculated 

resistivity for the different samples, where the top of the colored horizontal bar marks the 75
th

 

and the bottom the 25
th

 percentile limit. The black dashed central lines mark the median.  

S200
S400
S100

 

3 
10

16

1.
4 

10
16

6.
8 

10
16



41 

 

 

From eq. 2.6 the carrier concentration is 

        
 

  
   

 

   
   (5.1) 

The resistivity measurements and the doping estimate give the mobility values 3750 cm
2
/Vs, 

6630 cm
2
/Vs and 3830 cm

2
/Vs for samples S400, S200 and S100 respectively. By using the 

carrier concentration obtained from the Hall measurements for sample S400 the mobility is 

calculated to be 226 cm
2
/Vs. The mobility for bulk GaAs varies from ~10000 cm

2
/Vs at a 

carrier concentration of 10
14

 cm
-3

 to ~2000 cm
2
/Vs at a carrier concentration of 10

19
 cm

-3 
[36] 

and similar values have been obtained in Si doped GaAs nanowires [37]. In this case, 

however, it is expected that the lower values obtained from the Hall measurements are more 

accurate, since the higher mobility results were based on estimations from bulk properties. 

The SEM characterization showed that 50 % of the nanowires from the S50 sample were 

destroyed. The nanowires from this sample had smaller diameter and showed higher total 

resistance (up to the TΩ range) and the sweeping voltage from -1 to 1 V was above the limit 

for some of the nanowires. For future work the sweeping range should be lower on the low 

doped samples, though the higher doped samples could readily withstand -1 to 1 V. The 

diameters of the nanowires in Fig. 4.15 show a clear tendency towards larger diameters for 

higher dopant precursor molar ratios. This means that due to their smaller size the lower 

doped samples are harder to contact.  

The TLM measurements does not show the linear behavior presented in Section 2.5.4. The 

linear behavior is obtained only when the sample has uniform resistivity and the contact 

resistance is equal for all contacts. The 4-point measurements indicate a decrease in resistivity 

from the top for samples S400 and S200 which likely lead to a difference in contact resistance 

on a single sample. The IV and 4-point measurements reveal that the total device resistance is 

one or several orders of magnitude larger than the nanowire resistance. This means that the 

contact resistance has a much bigger influence on the TLM results than the actual nanowire 

resistance, thus the results mainly show the variation in contact resistance which explains the 

non-linear curves seen in the measurements. It is fair to assume that the two TLM 

measurements that showed linear dependence (both from sample S100) on contact spacing 

have uniform contact resistances, and for these two nanowires the resistivity calculated was: 

35.8 Ωcm and 0.2655 Ωcm 

When comparing this to the resistivity obtained from 4-point measurements for the specific 

nanowires, the first TLM result is ~1000 times higher and the second ~10 times higher. As 

mentioned in Section 2.5.4 the contact resistance might influence the TLM result, especially if 

the contact resistance is high compared to the nanowire resistance. The total resistance of the 

first device is in the order of 100M, whereas the total resistance of the second device is in the 

order of 100 kΩ. The 4-point measurement results put the actual nanowire resistance at 

~10kΩ or below, meaning that the contact resistance is very high compared to the nanowire 
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resistance. Both of the nanowires also have a positive resistivity vs. distance slope and thus it 

is likely that the contact resistance increases the further away they are placed from the top.  

With the above discussion in mind, the actual slope of the TLM curve is much higher due to 

the increase in contact resistance than the ideal slope that would be seen if resistivity and 

cross sectional area was uniform throughout the nanowire and all contact resistances were 

equal. The consequence is that the resistivity as calculated from TLM measurements is 

overestimated. 
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6 Conclusion and Future Work 
The doping and resistivity of Sn doped GaAs nanowires have been characterized using 

various methods. Four-point measurements show a resistivity gradient throughout the 

nanowires. This is likely due to a doping gradient, a result that can be confirmed by e.g. a 

spatially resolved Hall measurement. The construction of devices for Hall measurements was 

successful. However, the yield was low (2.4-7.1 %). The main reason for the low yield is the 

accuracy limit of the current EBL setup. Transmission line- and FET measurements were 

inconclusive regarding doping concentration. The random array, VLS-grown nanowires show 

a large variation in resistance and most likely doping level. The contact resistance of the 

Au/Ti/GaAs interface becomes extremely large at low doping levels, making any electrical or 

Hall characterization difficult.  

The next step should be to fabricate a new batch of nanowires for Hall measurements by using 

e.g. nano imprint lithography (NIL) to obtain ordered array nanowires that are more uniform 

in height, width, resistivity and doping level. It would be interesting to try one of the other 

contact materials mentioned in Section 2.3.3, preferably the annealed Pd/Ge/Au contact.  
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9 Appendix 

9.1 Linear resistivity 

The electrical resistance through a homogenous material with length L, cross-sectional area A 

and scalar resistivity ρ is for a hexagonal cross section with side length a written as  

  
  

 
 

  

 √ 

 
   

    (9.1) 

For a truncated hexagonal cone with characteristic side lengths a1 and a2 the expression in Eq. 

10.1 has to be altered slightly. If the side facet length increases linearly from a1 in one end of 

the nanowire to a2 in the other end the cross-sectional area at any given distance l (where 0 < 

l < L) can be written as 
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The total resistance can be regarded as a series connection of small resistances dR through 

thin slices of thickness dl. Since the overall resistance in a series connection is simply the sum 

of input resistances, the total nanowire resistance can be written as the integration over all 

resistances dR  
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9.2 SEM images 

a) b)  

c) d)  

e) f)  

g) h)  

Figure 9.1. SEM images of sample a-b) S400, c-d) S200, e-g) S100 and h) S50. 

 

 


