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Abstract 
Nanowires (NWs) have enormous potential for a number of future applications, especially in 
the field of optoelectronics. This thesis advances key areas in optoelectronic nanowire device 
fabrication. The studied key areas focus on the reduction of fabrication costs and on improving 
the performance of complete devices, both of which are essential for practical applications. 
   Ordinary window glass is showed to be a feasible growth platform for GaAs NWs, which 
additionally produces high crystalline and optical quality NWs. These improvements are 
attributed to impurities originating from the glass. Another low-cost pathway for NW 
production studied here was Al-doped ZnO buffer layers, which are transparent and 
conductive. These layers could be deposited on nearly any substrate, and NWs could be 
subsequently grown on top irrespective of the underlying material. 
   Surface states are detrimental especially for GaAs NW device performance, for which 
different passivation methods are presented. Widely used AlGaAs shells are shown to alter the 
optical processes in the NWs, and Al segregation is shown to occur in the shell. Also a novel 
passivation method is presented using ultrathin InP or GaP capping layers, which provides 
strong passivation while causing minimal side- effects. 
   Novel fabrication method is presented for large-area position-controlled NW growth. This 
method utilizes laser interference lithography that is fast and can be performed with relatively 
simple equipment. In addition, fabrication of dualtype NWs on a single substrate is presented. 
This method exploits two different NW growth modes and allows the growth of dissimilar NWs 
side-by-side. The dualtype NWs can enhance light trapping in solar cells and photodetectors, 
or expand the emitted wavelength range in light-emitting diodes. 
   Another critical step in NW device fabrication is the contact isolation. This work presents a 
facile and lithography-free method to create shell-substrate isolated core-shell nanowires via 
spin-on-glass deposition and NW regrowth techniques. The method allows easier production 
of core-shell NW devices e.g. when NWs are grown directly on electrodes. NW isolation was 
additionally performed via encapsulation with parylene-C. This process provides antireflection 
coating for the NWs as well as electrical isolation for electrical contacts, and is suitable for 
various situations where current isolation methods are suboptimal. 
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Tiivistelmä 
Nanolangoilla (NL) on valtava potentiaali useissa tulevaisuuden laiterakenteissa, etenkin 
optoelektroniikan alalla. Tämä väitöskirjatyö edistää avainalueita optoelektronisten NL-
laitteiden valmisuksessa. Nämä avainalueet keskittyvät valmistuskustannusten 
vähentämiseen sekä laitteiden tehokkuuden parantamiseen. Näillä osa-alueilla on tärkeä rooli 
NL-laitteiden tuomisessa todellisiksi kaupallisiksi tuotteiksi. 
  Tavallisen ikkunalasin todettiin toimivan nanolankojen kasvatusalustana, ja lisäksi lasille 
tehtyjen nanolankojen kidelaatu ja optiset ominaisuudet olivat erittäin hyvät. Näiden 
hyödyllisten ominaisuuksien uskotaan aiheutuvan lasista peräisin olevista 
epäpuhtausatomeista. Toinen tutkittu lähestymistapa edullisten kasvatusalustojen käyttöön 
on alumiiniseostetut ZnO ohutkalvot, jotka ovat läpinäkyviä ja johtavia. Näitä ohutkalvoja 
voidaan valmistaa melkein mille tahansa materiaalille, minkä jälkeen NL:ja voidaan kasvattaa 
riippumatta alla olevasta materiaalista. 
  Pintatilat ovat erittäin haitallisia NL-laitteissa, etenkin GaAs-nanolangoilla. Työssä tutkitaan 
menetelmiä GaAs-nanolankojen pintapassivointiin. Laajalti käytettyjen AlGaAs-
kuorikerrosten todettiin vaikuttavan pintapassivoinnin lisäksi nanolankojen optisiin 
prosesseihin. Toinen työssä tutkittu passivointimenetelmä perustuu erittäin ohuisiin 
päällysteisiin InP:lla tai GaP:lla. Nämä päällysteet passivoivat pinnan tehokkaasti 
minimaalisilla sivuvaikutuksilla. 
  Lisäksi esitellään uudenlainen nanolankojen valmistamismetodi, joka sopii laajoille alueille 
ja jossa NL:jen sijainti on kontrolloitavissa. Metodissa käytetään laserinterferenssilitografiaa, 
se on nopea ja tarvitsee vain yksinkertiaisia laitteita. Toinen tutkittu metodi mahdollistaa 
kahdenlaisten nanolankojen kasvatuksen vierekkäin samalle kasvatusalustalle. Nämä NL:t 
kasvatetaan kahdella eri kasvatusmenetelmällä ja ne voidaan tehdä eri materiaaleista. 
Kahdenlaiset NL:t vierekkäin parantavat valon loukkuuntumista aurinkokennoissa ja 
fotodetektoreissa, tai mahdollistavat laajemman emissiospektrin ledeissä. 
  Sähköisten kontaktien eristäminen on yksi kriittisistä NL-laitteiden valmistuksen osa-
alueista. Työssä esitetään menetelmä ydin-kuori nanolankojen valmistukseen, missä 
kuorikerros on eristetty kasvualustasta. Menetelmä on yksinkertainen eikä tarvitse litografiaa. 
Eristämistä tutkittiin myös paryleeni-C:llä, minkä havaittiin vähentävän reflektanssia 
huomattavasti. Prosessi oli myös sopiva epätasaisille pinnoille ja satunnaisiin suuntiin 
kasvaville nanolangoille, joihin aiemmat menetelmät ovat epäoptimaalisia. 
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1. Introduction 

Nanowires (NWs) are minuscule rod-like objects with their diameter in na-
noscale and length in the range of micrometers. Such structures find their use 
in a number of different fields and are fabricated from various materials, of 
which semiconductors are among the most typical. The small dimensions of the 
nanowires offer advantages that, in theory, allow them to exceed the perfor-
mance of many present-day devices while simultaneously reducing fabrication 
costs. For this reason, nanowires hold enormous potential for numerous appli-
cations in the future. Already demonstrated applications include transistors [1] 
that might allow the continuation of Moore’s law, different sensor types [2,3] 
that exploit the large surface-to-volume ratio, flexible memory devices [4] and 
optoelectronic devices such as lasers [5,6], solar cells [7–11] and light emitting 
diodes (LEDs)  [12,13]. Perhaps most promising among these are the optoelec-
tronic devices that benefit greatly from both the materials available for nan-
owires and their structures that are inherently suitable for light trapping and 
extraction.  

Semiconductor whiskers in micrometer scale have been grown already in the 
1950s [14]. In 1964, a sophisticated, self-assembled mechanism to fabricate 
free-standing whiskers was proposed by Wagner and Ellis [15]. The mechanism 
is based on incorporation of material from vapor phase first to liquid particle, 
and from there to underlying crystal. Based on the different phases involved, the 
mechanism is named vapor-liquid-solid (VLS). Since the early days of whisker 
research, the examined dimensions have shrunk to nanoscale, and the materials 
have been extended to include those most suitable for different applications. 
Semiconductors composed from elements in groups III and V (also II and VI) 
of the periodic table have been proved excellent candidates for various NW de-
vices due to their desirable properties and their ease of construction into nan-
owires.  

The nanowire potential has lead to widened investigation of device structures, 
with optoelectronic device prototypes from free-standing III-V nanowires 
emerging first in the early 1990s [16] and more widely at the turn of the millen-
nia [5,6,12,13,17]. At present the efficiencies of some NW devices, most notably 
solar cells, are nearing those realized with more mainstream thin film technol-
ogy. The most efficient NW solar cells today are made from GaAs (15.3 % effi-
ciency) [7] with InP cells lagging only slightly behind (13.8 % efficiency) [8]. 
Single nanowire solar cells have showed efficiency even above Schottky-Quesser 
limit at ~40 % (estimated) [9].  
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Regardless of the fabrication method and the material used, most devices re-
quire nanowire ensembles that are constructed into a complete device. Electri-
cal devices require two or more contact terminals isolated from each other. Op-
toelectronic applications further require optical transparency for incoming or 
outgoing light. In order to be practically useful and not only a curiosity in labor-
atories, nanowire device fabrication costs need to be addressed, for which sim-
ple and low-cost processing schemes play a key role. In addition, due to the rel-
ative novelty of the nanowire research field, various processes are yet to be dis-
covered that can enhance the performance of complete devices.  

This thesis addresses III-V semiconductor NW growth and fabrication of NW 
ensembles into device structures. Different key areas in nanowire growth and 
device fabrication are addressed, including low-cost growth platforms, surface 
passivation, impurity doping, efficient processing schemes and electrical con-
tact isolation methods. The thesis comprises five sections. Following this intro-
duction, semiconductor nanowire growth and properties are presented in chap-
ter 2. Experimental fabrication and characterization methods are presented in 
chapter 3. Chapter 4 presents results obtained in this work, and discusses their 
relevance to the field of nanowire research and their application to real world 
applications. Finally, conclusions are presented in chapter 5 as well as outlook 
on the future of the nanowire research and applications.  
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2. III-V semiconductor nanowires 

In this section, III-V semiconductor nanowire bottom-up growth mechanisms 
and properties are introduced, as well as some key areas in nanowire device fab-
rication.  

2.1 Nanowire growth  

There are two fundamental ways for nanowire fabrication, top-down and bot-
tom-up approaches. In the top-down approach material is removed selectively 
to obtain pillar-like structures. Since this approach is based on material re-
moval, it suffers from various constraints inherent in thin film growth, such as 
defects arising from critical thickness and difficulties in using low-cost sub-
strates. In bottom-up approach, crystal is sophisticatedly deposited on target 
substrate in a self-assembled manner. Several advantages arise from this ap-
proach, such as high crystal quality due to small NW dimensions, even when 
using very unlike materials for the substrate and the grown crystal. The bottom-
up approach allows the use of a wide variety of substrates, including extremely 
low-cost ones, while simultaneously allowing construction of complicated, high-
performance device structures.  

 The most prominent bottom-up NW growth method today is the VLS tech-
nique first proposed by Wagner and Ellis in 1960s [15]. In VLS growth, metallic 
seed particles are deposited on a target substrate, and the substrate is placed in 
a growth system that allows specific conditions required for nanowire growth. 
These conditions include appropriate temperature and availability of growth 
material. The principle of the VLS growth is illustrated in Figure 1. In the first 
phase the temperature is elevated and the seed particle can alloy with the sub-
strate material (depending on the substrate) (Figure 1a). Provided a constant 
supply of growth materials, they become supersaturated in the vicinity of the 
seed particle. In case of precursor molecule mediated growth, the supersatura-
tion is thought to result from the precursors preferentially sticking to the seed 
particle surface and subsequently cracking there [15,18] (thermodynamics alone 
is insufficient to explain the supersaturation [18]). The supersaturation in the 
vapor phase leads to dissolution of the growth materials into the seed particle 
(Figure 1b). With a constant supply of the growth materials, they become super-
saturated in the seed particle as well. Thus, the growth material precipitates 
from the seed particle and crystallizes at the liquid-solid interface. Importantly, 
the material that was alloyed to the seed particle during the initial heating step 
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can also become incorporated into the crystal. The seed particle is lifted by the 
grown crystal and a nanowire forms in the process, as illustrated in Figure 1c.  
 

 

Figure 1. VLS growth principle. (a) First, seed particles are placed on a target substrate and 
heated to a desired growth temperature. (b) Next, constant supply of vapor-phase growth 
material(s) is introduced, leading to supersaturation in the vapor phase and dissolution to the 
seed particle. (c) Eventually the seed particle becomes supersaturated and nanowire growth 
commences at the liquid-solid interface. Blue dots represent group III elements and green 
dots group V elements. Typical processes for incoming atoms are presented in (d): mass 
transport to the seed particle (1), diffusion through supersaturated seed particle to the growth 
interface (2), incorporation to the solid crystal (3), adsorption on NW sidewall and diffusion 
to the seed particle (4), re-evaporation to the surroundings (5), planar growth on NW sidewall 
(6) and on the substrate (7). λd denotes adatom diffusion length.  

Different elements have different solubilities e.g. in Au, which is the most typ-
ical seed particle material [18]. When growing III-V nanowires, the group III 
element usually alloys with the Au seed. Group V element, on the other hand, is 
much less likely to alloy with Au at temperatures used for NW growth [18]. In-
stead, it reaches the growth interface directly from vapor phase. This is elabo-
rated in Figure 1c, where the blue dots represent group III elements and green 
dots group V elements.  

In nanowire growth, another important aspect is the path that the adatoms 
take to reach the seed particle (or growth interface). Figure 1d shows various 
important processes that can occur to incoming adatoms. They can impinge di-
rectly to the seed particle (1), followed by diffusion through the seed particle to 
the growth interface (2) and subsequent incorporation to the crystal via the liq-
uid-solid interface (3). Besides the direct impingement, surface transport plays 
an important role in NW growth. If the adatoms arrive within the diffusion 
length of the adatom at the nanowire sidewall (or substrate surface at early 
stages of growth), they can diffuse along the surface to the seed particle (4). 
Group V elements are typically supplied in abundance (to avoid homogenous 
nucleation of group III elements [18]), and therefore group III element diffusion 
along the surface is crucial. This diffusion length is typically several microme-
ters for instance for Ga adatoms on GaAs(111)B [19] and on GaAs(110) [20] sur-
faces, which are common NW growth substrate planes or NW sidewall facets, 
respectively [21,22]. If the adatoms arrive to surfaces further from the seed par-
ticle than the adatom diffusion length, they can re-evaporate to the surround-
ings (5) or contribute to thin film growth on the NW sidewall (6) or to the growth 
on the substrate (7). Process (6) could also occur via adatoms that arrived orig-
inally to the substrate surface, and diffused to the NW sidewalls. The adatom re-
evaporation is more likely to occur at low temperatures where the thin film 
growth is thermally hindered, whereas thin film growth becomes prominent at 
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high temperatures. The thin film growth on the NW sidewalls causes the NWs 
to become tapered (i.e. cone-shaped), since the lower sections of the NWs are 
exposed for a longer time than the sections grown at the end phase of the growth 
run.  

Besides the elements constituting the NW crystal, impurity atoms are often 
introduced to obtain p- or n-type characteristics (which is crucial for most of the 
envisioned NW device structures). For III-V NWs, dopant atoms are typically 
from groups II, IV and VI [23–25]. These elements have one electron more (n-
type doping) or less (p-type doping) in the outer shell than the element they 
replace. For p-type doping, group II element replaces a group III element in the 
crystal lattice, or group IV element replaces a group V element. Similarly, for n-
type doping, the replacing element is from group IV or VI (replacing group III 
or V element, respectively). Since group IV dopants can act as either p- or n-
type dopants depending on their location in the lattice, they can partially self-
compensate the doping [26].  The dopant incorporation typically takes place via 
the seed particle in VLS growth [23]. Alternatively, the dopants can be incorpo-
rated via radial growth on the NW sidewalls, causing the surface region to be-
come more heavily doped than the core [26,27]. The doping can additionally 
impose adverse effects on the NW crystal, such as tapering [23] and effects on 
their crystal structure [23,28–31]. On the other hand, depending on the growth 
parameters, doping can also reduce defect density [28,29].  

In VLS growth, temperature is one of the major parameters used to control 
NW growth. Additionally, NW growth is possible only within a particular tem-
perature window for each material system. Its absolute lower limit is set by the 
cracking temperatures of the precursors, while NW nucleation failure [32–34] 
and poor morphology can also result from insufficiently high temperature [33]. 
At high temperatures on the other hand, planar growth competes with axial NW 
growth and the NWs become tapered or cone-shaped, and the axial growth rate 
drops [35–37]. Raising the temperature exceedingly would result in dominating 
thin film growth. The growth temperature additionally affects the crystal struc-
ture and defect density [33,36] together with axial growth rate [32]. 

Another important parameter in NW growth is the molecular ratio of precur-
sors, or V/III ratio for III-V materials. In principle, group V element should be 
in excess to avoid homogenous nucleation of the group III element. Neverthe-
less, NW growth with V/III ratio below 1 has been reported [35]. The V/III ratio 
affects the crystal structure of the NWs [32,36,38,39], which can be problem-
atic, while on the other hand it can be exploited to acquire defect free NW crystal 
[36]. The increase of V/III ratio is often observed to initially enhance axial 
growth rate [39,40], and then to decrease at high V/III ratios [39,40], or to de-
crease already starting from low V/III ratios [41]. The initial enhancement could 
result from more efficient group III precursor cracking in the presence of group 
V precursor [39], or from group III elements being initially in excess due to in-
efficient group V precursor cracking [40]. The decreasing axial growth rate re-
sults from increased radial growth rate [39,42], which competes for the availa-
ble material. Further, at very low [42] or very high V/III ratios the NW nuclea-
tion might fail [39,41,42]. It should also be noted that the effective V/III ratio 
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could be affected by high density of seed particles competing for the group III 
elements, or by shadowing effects if longer NWs neighbour shorter ones.  

Other growth parameters include growth time, pressure and total flow of pre-
cursors. Typically, after a short incubation time, the length of the NW increases 
approximately linearly with time [43]. On the other hand, growth time can have 
an essential impact also on the shape of the NWs, if the growth process is altered 
during the growth, e.g. when NWs crawling on the surface transit to vertical 
NWs [44]. Growth pressure can affect the NW growth rate [43], tapering and 
crystal structure [45], and is thus important parameter. Lastly, total flow of pre-
cursor materials typically increases growth rate [32,38,40], and can affect the 
tapering and crystal structure [38].  

The formation of the NW crystal during growth takes place one bilayer at a 
time [46,47]. The atoms assemble according to either cubic close packing (CCP) 
or hexagonal close packing (HCP) crystal structure. These are closely related 
and their formation is presented in Figure 2a. In the first layer (A), the atoms 
are placed in the closest possible locations in a hexagonal arrangement. The at-
oms of the second layer (B) are then placed at the intersection of three atoms 
from the first layer. The third layer (C) is similarly placed on top of the second 
layer. The atoms in the third layer can be positioned directly above the atoms in 
the first layer (resulting in HCP) or misaligned from the first layer (resulting in 
CCP). The two crystal structures prevailing in III-V NWs, zinc blende (ZB) and 
wurtzite (WZ), are based on these packing systems. In zinc blende, each of the 
constituting elements forms a CCP lattice as shown in Figure 2b, and the layer 
structure is ABCABC…, where A,B and C represent bilayers. Similarly, in wurtz-
ite each of the constituting elements forms a HCP lattice (Figure 2c), and the 
layers follow ABABAB… sequence.  

 

 

Figure 2. (a) Formation of cubic close packing (CCP) and hexagonal close packing (HCP) ar-
rangements, which are the basis for ZB and WZ crystal structures, respectively. (b) Zinc 
blende and (c) wurtzite crystal structures (adapted from [48]), with the red arrows pointing to 
typical NW growth direction. Blue and green spheres in (b) and (c) represent the different 
elements constituting the crystal. 
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Due to the similarity of the ZB and WZ structures, they often coexist in NWs 
[33,36,38,39,46,49–52], and fabricating pure single phase NWs demands spe-
cifically tuned growth environment [33,36,38,39]. The two different phases also 
exist as line defects in each other and are common in III-V NWs. These defects 
are named twin planes and stacking faults in ZB and WZ crystals, respectively. 
When a twin plane or stacking fault emerges the layer structure explained above 
becomes ABCABCACBACBA… for ZB crystal (the A plane denotes a twin plane), 
and ABABCBABA… for WZ crystal (the C plane denotes a stacking fault). A sche-
matic and a transmission electron microscope image of a ZB crystal with a twin 
plane is shown in Figure 3. The twin plane rotates the crystal by 60° over the 
<111> axis, which however appears in TEM as 180° rotation due to lattice sym-
metry. The twin planes could emerge from fluctuations in various parameters 
in the growth system, including temperature, mass transport, and seed particle 
composition and wetting angle [49]. Considering the twin defects and stacking 
faults is important when constructing NW, since they can detriment the optical 
properties of the NWs [51,52], decrease carrier lifetimes [52], and scatter charge 
carriers and reduce carrier mobility [53]. Therefore, in most cases, they should 
be avoided when constructing optoelectronic NW devices.  

 

 

Figure 3. (a) Schematic of ZB crystal with a twin plane (A) (adapted from [49]) and (b) a corre-
sponding transmission electron microscope image of a ZB crystal and a twin plane within a 
NW. Both figures are viewed from <110> direction. The twin plane rotates the crystal by 180° 
over the <111> axis.  

In addition to VLS mechanism, another common NW bottom-up growth 
method is selective area epitaxy (SAE). In SAE, a mask is patterned with open-
ings of the size of the desired NW diameter (illustrated in Figure 4a). The mask 
material has to prevent film growth everywhere except in the openings. Appli-
cable materials include silicon oxide [21] and silicon nitride [54]. In addition, 
SAE growth requires appropriate substrate crystal orientation and carefully 
tuned growth parameters in order to obtain NWs [21]. The NW fabrication in 
SAE is based on preferential crystal growth on specific facets, while inhibiting 
the growth on others [21] (the inhibition resulting e.g. from As desorption when 
GaAs NWs are grown [55]. Thus, the growth substrate needs to have the prefer-
ential crystal orientation exposed in the openings. The SAE NW growth process 
is elaborated in Figure 4b.  
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Figure 4. SAE growth principle. (a) First, a mask is deposited and patterned on a target substrate. 
(b) Next, high-aspect ratio NWs can be grown with parameters that favour growth on specific 
crystal facets (NW growth direction, i), while inhibiting growth on others (NW sidewalls, ii). 
The growth is inhibited additionally on the mask (iii).  

 The mask patterning is usually performed with lithography. Besides fabricat-
ing openings in the SAE NW growth, lithography techniques can be used to pat-
tern e.g. Au films, which in turn can be used for VLS NW growth. In research 
laboratories, electron beam lithography (EBL) is a typical choice for patterning 
[11,21,55,56]. In EBL, a polymer resist is exposed to electron beam in selected 
locations. The electron beam needs to be scanned over each individual location 
of the desired pattern, making the EBL technique slow and exceedingly expen-
sive for industrial devices. Therefore, alternative lithography methods have 
drawn increased attention. Nanoimprint lithography (NIL) technique is based 
on stamps with nanoscale features, which can be transferred to target substrates 
multiple times. NIL is presently used routinely in NW research to obtain or-
dered arrays [57–59]. In nanosphere lithography for nanowires, a monolayer of 
submicron sized spheres is placed on a target substrate, and is subsequently 
used as a shadow mask in evaporation. This results in hexagonal pattern of seed 
particles that can be used for NW growth [60]. Additionally, laser interference 
lithography (LIL) has been applied to produce ordered NW arrays [61–63]. The 
LIL technique exploits azo-polymer that assembles to a sinusoidal thickness 
profile dictated by the laser intensity pattern. In addition to free-standing nan-
owires, lithographic techniques can be used to produce templates for in-plane 
NW growth [1].  

During the NW growth, different sections can be fabricated in the axial direc-
tion, and on the NW core, different shell types can be grown (core-shell NWs). 
Indeed, axial and radial structures are the basis for the majority of the NW de-
vices [1,4,7,8,13]. Figure 5 illustrates the fabrication of these structures. In axial 
growth, different dopant atoms can be introduced at desired intervals, resulting 
in axial p-n or p-i-n diodes [10,11]. Alternatively, axial heterostructures can be 
made by changing the precursor flows during the axial growth. Thereby e.g. 
quantum dots can be formed [64]. Similarly, in radial structures the core and 
the shell can be doped p- or n-type at will into p-n and p-i-n diodes [9]. Core-
shell structures are additionally used for surface passivation [55,65].  
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Figure 5. Schematic presentation of (a-c) axial and (d-f) core-shell NW structure fabrication. (a) 
In axial structures, one material type is first grown with one set of growth material. (b) Next, 
the material supply is changed, resulting in growth of different material. (c) After desired 
growth time (i.e. section length), the growth materials can be switched back (or to third set 
of materials). (d) In core-shell NW growth, the core is first grown to completion. (e) A shell of 
desired materials is then deposited. (f) Multishell structures can be fabricated by depositing 
several dissimilar shells consequently.  

2.2 Optical and electrical properties of III-V nanowires  

In optoelectronic applications, material properties such as carrier mobilities 
and band gap values are crucial for maximum attainable efficiencies. III-V ma-
terials have typically high mobility values, allowing good probability for the 
charge carriers to pass through the semiconductor material to their target re-
gion, e.g. solar cell charge collection contacts or LED active regions. The band 
gap values of InP and GaAs are suitable for single junction solar cells. The band 
gap values of GaP and AlAs correspond to yellow region of the visible wave-
length range, and blue LEDs can be made from InGaN. Therefore, it is no sur-
prise that the III-V semiconductor nanowires have attained considerable atten-
tion among optoelectronics research.  

The band gap values in ZB GaAs and ZB InP are 1.42 eV and 1.34 eV at room 
temperature (RT), respectively, and 1.52 eV and 1.42 eV near 0 K, respectively. 
For single junction solar cells, these values are in the region that gives the high-
est attainable efficiencies [66,67]. Due to the appropriate band gaps and the 
possibility to construct NWs from these materials, they are among the most 
promising for NW solar cells. Laboratory cells from GaAs and InP have provided 
15.3 % and 13.8 % efficiencies, respectively [7,8]. The band gap value, however, 
depends on the crystal structure. At 10 K, GaAs band gap value is 1.515 eV for 
ZB, and 1.548 eV for WZ, giving a difference of 33 meV [68]. Other experiments 
have produced values of 29 meV [69] and 35 meV [70] for GaAs. For InP, the 
difference has been measured at roughly 80 meV [34,50,71]. In both of these 
materials, both the conduction band and the valence band in WZ phase are lo-
cated above the respective bands in ZB phase, as shown in Figure 6. As a result, 
electrons in polytypic material reside preferentially in the ZB phase and holes 
in WZ phase. Thus, redshifted (lower energy) type II transitions are typical 
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(shown in Figure 6). The staggered band alignment in polytypic GaAs and InP 
nanowires additionally forms quantum wells (QWs) [50,53,68]. The QW for-
mation shifts the type II transition energies to higher energies, as illustrated in 
Figure 6c. The shift magnitude depends on the width of the ZB/WZ sections.  

 

 

Figure 6. Band alignment in ZB and WZ crystal phases in (a) GaAs and in (b) InP. The band 
energies are in scale. Also shown are the band offsets and transition energies for type I and 
II transitions. Ev denotes the valence band, Ec the conduction band, and ΔEv and ΔEc valence 
and conduction band offsets, respectively. (c) Schematic presentation of alternating ZB and 
WZ phases that create QW structures and shift type II transition energies (not to scale). Ec1 
and Ev1 denote the first electron and hole levels, of the QWs respectively. 

In addition to the optical properties, the discontinuous band alignment affects 
carrier mobilities. In InP nanowires the carrier scattering rate is reported above 
that of bulk InP, and has been attributed dominantly to the band offsets and 
carrier localization due to alternating ZB and WZ phases [53,72]. The reduced 
mobility in NWs compared to bulk has been observed in other materials as well, 
such as GaAs and InAs [73]. However, in these materials the mobility is mostly 
reduced by surface states [73] (the staggered band alignment likely affects the 
mobility as well). The surface states arise due to the discontinuity of the periodic 
crystal at the surface, where crystal restructuring and dangling bonds are typi-
cal. Mobility values at room temperature for GaAs nanowires have been re-
ported at 1000 cm2/Vs [73] and 2600 cm2/Vs [74] and for InP NWs at 700 
cm2/Vs [73].  

Surfaces are also known to impose significant changes to the band structure. 
The surfaces induce trap states often within the band gap (or possibly inside the 
bands [73]). These surface states tend to pin the Fermi level and cause band 
bending at the surface [65,75,76]. This effect is especially significant in NWs due 
to the large surface-to-volume ratio. The band bending depletes the surface re-
gion of charge carriers, and the depletion region can extend throughout the 
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whole NW diameter [65,76]. The band bending additionally affects the charge 
carrier locations. When carriers are photoexcited in a NW where band bending 
occurs, the electrons and holes become spatially separated. This affects the tran-
sition energies as well. For instance, in p-type InP, the surface states bend the 
bands downwards, and thus, a notch forms near the surface and attracts the 
photoexcited electrons. The holes on the other hand are attracted to the middle 
of the nanowire where the valence band attains its peak [75]. As a result, the 
energy separation between the electrons and holes is lower than the bulk band 
gap [75].   

The most detrimental aspect of the surface states for optoelectronic devices is, 
however, their behavior as nonradiative recombination centers. Also this effect 
is pronounced in NWs due to their large surface-to-volume ratio. Surface re-
combination velocity (SRV) has been estimated at 170 cm/s for InP NWs [53] 
and at a much higher value above 105 cm/s for GaAs NWs [73,76]. As a result, 
especially GaAs NWs benefit greatly from surface passivation. Carrier lifetimes 
have been improved for GaAs [65] and InP NWs [77] and photoluminescence 
(PL) studies have shown improvements in emission intensity for GaAs [65,76] 
and InP NWs [77–79]. In addition to the improvements in optical characteris-
tics, the surface passivation is useful for electrical behavior. As noted above, 
scattering of charge carriers from surfaces states [73] can be mitigated via pas-
sivation (which is indicated by the improved carrier lifetimes [65]).  

Lastly, besides improving semiconductor conductivity [23–25], doping affects 
the optical properties by creating states within the band gap. These states can 
dominate the transitions of recombining electrons and holes, and thus reduce 
the transition energies. This effect has been observed for some typical dopants 
used for III-V materials, such as Zn in GaAs NWs with energy redshifts of 24 – 
30 meV, corresponding closely to Zn binding energy of 24 meV [80]. On the 
other hand, heavily n-doped NWs can exhibit Burstein-Moss shift, which occurs 
when the Fermi level rises above the conduction band edge and thus increases 
transition energies [23,80].  

2.3 Nanowire device processing  

When constructing semiconductor devices, the growth substrate can have a crit-
ical impact on the final device cost. NWs can be fabricated on a wide variety of 
widely available and inexpensive substrate materials, which provides great po-
tential for cost reduction in semiconductor devices. Silicon is an extensively 
studied growth substrate [32,42,55,59,81]. Albeit relatively inexpensive, silicon 
has considerably higher cost than several other materials compatible for NW 
growth. Such substrates include steel [82,83], quartz [74], indium tin oxide on 
glass [79] and graphite [84]. On these substrates, the NW growth is more com-
plicated than in the case of homoepitaxial growth, and can result in random 
growth orientations [79,82,83] or predominant growth of irregular crystals 
[84]. Moreover, insulating substrates such as quartz complicate device fabrica-
tion, since the substrate itself does not act as an electrical contact.  
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Indeed, electrical contacts are crucial for most of the NW devices. Majority of 
the NW devices incorporate pn-junctions, and require electrical contacts sepa-
rately for the p- and n-regions. The p- and n-type regions are typically either the 
core and the shell (core-shell NWs) [9] or the base and tip regions of the NWs 
(axial structures) [7,8,10]. Conductive substrates provide contact to one termi-
nal (core region in core-shell NWs or the base region in axial NW devices). How-
ever, by depositing the second contact on top of the as-grown NWs, the two con-
tacts would be short-circuited. (Exception on this are some core-shell struc-
tures, where the shell grows also on the substrate and pn-junction forms also 
there.) To avoid the short-circuiting, an insulating layer is needed over the NW 
arrays. Typically, the layer needs additional etching back to expose the NW tips. 
This insulation process is usually termed planarization.  

The planarization process is elaborated in Figure 7. In a simple scenario, the 
NWs are grown vertically on a conductive substrate. The NWs can be either 
core-shell or axial structures, since in both situations fabricating contact to NW 
tips provides the required contact separation between p- and n-type regions. 
The void between the NWs is first filled with an insulating material. Polymers 
such as benzocyclobutene [7,85] and spin-on-glass [86] are commonly used ma-
terials due to their ease of deposition via spin-coating and applicability to opto-
electronic devices. The optoelectronic devices require high transparency of the 
insulating materials to the wavelengths corresponding to those used in the de-
vices. Additionally, III-V materials commonly require contact annealing [87], 
and thus the insulating layer should be compatible to relatively high tempera-
tures.  

 

 

Figure 7. Nanowire planarization process. (a) First, complete axial NW structures or core-shell 
NWs are fabricated, typically on a conductive substrate. (b) The NW ensemble is then em-
bedded in an insulating material, such as polymer or spin-on-glass. (c) In order to expose 
the NW tips for contacting, the insulating layer must be thinned, typically by etching. (d) Fi-
nally, top contact electrode can be deposited. The blue and red colors in the NWs indicate 
different sections, such as p-type and n-type materials.  
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The insulating material can cover the NWs completely or partially. Even if the 
material is spun to cover only bottom part of the NWs, a thin membrane might 
remain on NW surfaces due to surface tension. Therefore, an etching step is es-
sential after the deposition of the insulating layer. This is typically performed 
with dry etching. An alternative pathway for isolating the contacts is a thin sili-
con oxide layer that is etched from the NW tips only (a process which also in-
cludes intermediate gap filling steps) [8]. In each case, the final step is the dep-
osition of the top contact on the NW tips.  

In optoelectronic devices, this top contact should ideally be transparent. Sev-
eral prototype devices have employed transparent conductive oxides, such as 
indium tin oxide (ITO) [8,11,85,88] and aluminum-doped zinc oxide (AZO) 
[85]. The TCOs, however, have also drawbacks. Their resistivities are moderate 
at best, which can cause considerable series resistance to devices [85]. In prin-
ciple, the resistance could be reduced by depositing thicker TCOs, which on the 
other hand reduces the transparency.  

Another issue is the contact resistance and contact type, which is rarely com-
mented in publications but is more likely Schottky type for most TCOs (although 
ohmic contact between ITO and n-InP NWs has been reported [79]). The con-
tact type is important in device fabrication, since it can significantly affect device 
performance. The Schottky type contact is presented schematically in Figure 8 
(for brevity, only n-type material is presented). Upon contact, the Fermi level 
on the semiconductor side aligns with that of the metal (due to large charge car-
rier concentration in the metal). The Fermi level realignment bends the semi-
conductor bands downwards. Assuming ideal interface, the barrier height ΦB 
depends on the metal work function Φm and the electron affinity χ in the semi-
conductor: ΦB = Φm – χ. However, the position of the Fermi level is typically 
pinned due to interface states and the Fermi level position is dictated by these 
states. When a forward bias voltage is applied to a Schottky contact (Figure 8c), 
the applied voltage lowers the Schottky barrier and the carriers can flow across 
the junction. With reverse bias (Figure 8d), on the other hand, the electrons 
have to overcome the Schottky barrier and only a weak current flows through 
the junction. Thus, the Schottky contact is rectifying.  
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Figure 8. Schematic band diagram presentation Schottky type contact for n-type semiconductor: 
(a) materials not in contact, (b) in thermal equilibrium, (c) under forward bias and (d) under 
reverse bias. EF denotes Fermi level, EC the conduction band, EV the valence band, Φm metal 
work function, χ electron affinity and ΦB the Schottky barrier.  

In ohmic contacts the metal work function is located above the conduction 
band (for n-type material), and the electrons can flow freely in both directions. 
This results in non-rectifying contact and linear current-voltage characteristics. 
Nearly ohmic junctions can be attained also by heavy doping, which decreases 
the depletion region width created by the Schottky barrier. Sufficiently high 
doping allows carrier tunneling through the barrier rendering the current-volt-
age dependence roughly linear. Ohmic contacts are desired in the majority of 
devices and their fabrication has attracted considerable effort. For example, ef-
forts have been directed in attaining high surface carrier concentrations to im-
prove the electrical transparency [89].  

Another important aspect in the NW device fabrication is light trapping. In 
solar cells and photodiodes, only the light absorbed by the semiconductor ma-
terial can contribute to the device performance. Therefore, for optimal perfor-
mance, the reflectance of the NW array should be minimized. Low reflectivity 
can be achieved with specific NW dimensions and positioning in the array [90], 
which however requires cumbersome parameter tuning and position-controlled 
NW growth. Alternatively, dense and long NWs can enhance absorption, which 
however complicates device processing and consumes growth material unnec-
essarily. Techniques such as using refractive index matching layers or NW ar-
rays with stepwise refractive index can greatly reduce reflection. In addition, 
careful positioning and dimension tuning can be avoided via these techniques.  
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3. Experimental methods 

This section introduces the crucial growth and deposition methods exploited in 
this study. First, nanowire growth methods and materials are presented. This is 
followed by the description of various additional tools used in NW passivation 
and device processing. The characterization tools and methods are then pre-
sented. These include methods for imaging, optical characterization methods 
used to probe crystalline and surface properties, and electrical methods that are 
used to characterize carrier types and concentrations together with NW conduc-
tivity.  

3.1 Growth and deposition methods   

The nanowires in this study were grown by metalorganic vapor phase epitaxy 
(MOVPE). MOVPE produces high quality epitaxial crystals and has been one of 
the major tools in NW research. In MOVPE, the growth material is provided via 
vapor phase precursor molecules. The precursors used were trimethylgallium 
(TMGa), trimethylaluminum (TMAl) and trimethylindium (TMIn) for group III 
elements Ga, Al and In, respectively. Tertiarybutylarsine (TBAs) and ter-
tiarybutylphosphine (TBP) were applied for group V elements As and P, respec-
tively. Alternatively, phosphine (PH3) was precursor for P in publication 7. Di-
ethylzinc (DEZn) was used as the p-dopant and disilane (Si2H6) as the n-dopant.  

When these precursors arrive at the sample surface at elevated temperatures, 
they crack and provide the growth element to the sample. The MOVPE reactor 
is constantly flushed with carrier gas and new precursors, and thus, the unnec-
essary reaction products (e.g. methyl groups) are flushed to the exhaust. The 
relatively low temperatures used in NW growth crack some precursors only par-
tially. In other words, not all of the supplied precursors provide elements for the 
NW growth. Nevertheless, given a stable temperature and constant precursor 
supply, the amount of available growth material is approximately constant due 
to large number of the precursor molecules. Therefore, controlled NW growth 
can be attained. The precursor cracking being dependent on the temperature 
also affects the NW growth rate.  

The MOVPE growth system is presented in Figure 9. It consists of gas lines, 
valves, mass-flow controllers (MFCs), pressure controllers, temperature-con-
trolled baths with bubblers for the precursor materials, and a growth reactor 
where a susceptor (i.e. graphite sample holder) is placed. The susceptor is 
heated from below with a halogen lamp, and the temperature is read with a ther-
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mocouple that is placed inside the susceptor in a quartz tube. The sample sur-
face is somewhat cooler than the thermocouple reading due to finite thermal 
conductivity and the cooling effect of the gas flows. The precursor flows from 
the bubblers are controlled with MFCs. The flows are then directed to the reac-
tor or to the exhaust, depending on which elements are desired for the growth 
at a given time. In the reactor, the flow of the carrier gas (containing the precur-
sors) is roughly laminar (although some turbulence inevitably occurs near the 
sample edges). Pressure during the growth is kept at 1 atm.  

 

 

Figure 9. Schematic presentation of the MOVPE apparatus. The essential parts include gas lines, 
valves, temperature controlled precursor bubblers, a reactor and a heater. The mass-flow 
controllers (MFCs) control flows through the bubblers, and pneumatic valves (PV) direct the 
flow to the reactor or to the exhaust. The group III and V flows are mixed only shortly before 
the reactor to avoid premature reactions. The graphite susceptor is heated with a halogen 
lamp and the temperature reading is acquired with a thermocouple.  

Atomic layer deposition (ALD) is a technique based on a self-limiting process 
of material deposition. Ideally, only one atomic monolayer is deposited at a 
time. As a result, the deposition is extremely conformal (albeit slow) and thus 
applicable to nanostructures. In ALD, the precursor molecules first adsorb to 
the sample surface. The adsorbed molecules have intact ligands that prevent 
subsequent molecules from sticking to the same location.  A typical two-reactant 
growth cycle in ALD comprises four steps: (1) first reactant is pulsed to the re-
actor until the surface is saturated with the precursor molecules, (2) the reactor 
is purged to flush the remaining precursors, (3) second reactant is pulsed to the 
reactor until saturation and (4) the reactor is purged, followed by the next 
growth cycle. In nanowire research, ALD is applied to the fabrication of dielec-
tric layers in transistors [91], NW passivation (Publication 5) and as buffer lay-
ers for growth on otherwise inapplicable materials (Publication 2).  

In NW device processing, isolating layers are typically deposited via spin coat-
ing. Spin coating is a simple process, where a polymer or spin-on-glass (SOG) 
in a solvent is placed on a sample, which is rotated at ~1000 – 5000 revolutions 
per minute. As a result, excess polymer or SOG is removed from the sample. The 
resulting film thickness depends on the spin speed and on the amount of sol-
vents in the initial material, which are evaporated in subsequent baking and 
curing steps at ~200 – 500 °C. Typically, spin coating produces smooth films 
with a constant thickness (except on the sample edges).  
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Another deposition technique of isolating films for NWs is based on vapor-
phase deposition of parylene [81,92–94]. In parylene deposition, monomers are 
supplied from vapor phase on the sample in a vacuum chamber. Upon reaching 
the surface, the monomers polymerize and form an insulating layer. The 
parylene deposition is nearly conformal, although the material supply to the NW 
base region might be limited and result in voids. Since parylene is deposited on 
all surfaces including NW tips, further process steps must be taken to expose 
the tips for contacting [81,92–94]. The voids between the NWs can then cause 
pinholes to the isolating layer and subsequently allow short-circuiting between 
the top and bottom contacts. Therefore, the parylene deposition and etching 
process is not universally applicable, but typically requires dense, vertical NW 
arrays.  

The top contacts to the NWs are commonly deposited with evaporation or 
sputtering. In evaporation, a target material is heated with an electron beam or 
by using resistive heating above the melting point. This is performed in a vac-
uum chamber, where the evaporated species travel to a sample that is placed 
above the heated material. Evaporation is suitable for metals, alloys and some 
compounds, such as ITO. However, the acquired thin films have rarely the ex-
actly same composition as the target material due to the different melting points 
of the alloyed materials. In evaporation, the sample is placed relatively far from 
the target material, which results in a line-of-sight deposition (with sufficient 
vacuum). In sputtering, a target material is bombarded with charged ions. This 
ejects material from the target, which then travels to a sample surface. The 
ejected atoms likely experience collisions during the travel due to the relatively 
high pressure used in sputtering. Therefore, the deposition occurs roughly from 
all sides.  

3.2 Electron microscopy  

Scanning electron microscopy (SEM) can obtain resolution down to few nm, and 
is therefore suitable to study NW dimensions and morphology. SEM imaging is 
based on raster scanning a focused electron beam over the sample. The focused 
beam ejects secondary electrons (SEs) from the sample that can be collected to 
a detector. The surface morphology and the elements constituting the material 
affect the amount of ejected SEs. A time interval is assigned to each scanned 
location, and the collected electrons represent intensity for their respective lo-
cations. This intensity is then used to create a greyscale image, where brighter 
pixels correspond to locations with higher electron collection rate.  

The surface sensitivity of SEM is elaborated in Figure 10a and 10b. When an 
electron hits the surface, it experiences several collisions as it travels deeper into 
the sample. The collisions eject SEs that can escape from the surface. The elec-
trons ejected far from the surface, on the other hand, will be absorbed by the 
sample material. By increasing the acceleration voltage, the electron beam pen-
etrates deeper into the sample, reducing the area where secondary electrons are 
able to escape from the surface (interaction volume shapes with low and high 
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acceleration voltages are shown in Figure 10a,b). The reduced escape area cor-
responds to higher resolution in the image. On a sloped surface, on the other 
hand, the SE escape volume increases compared to flat surface (Figure 10c). 
When the electron beam hits a sloped surface, more SEs are able to escape and 
the corresponding locations are brighter in the image. On the other hand, if the 
electron beam hits a trench, the secondary electrons must travel through a 
thicker layer and the intensity remains low.  

 

 

Figure 10. Schematic presentation of electron beam interaction with an imaged material. The 
interaction volume shape changes from (a) wide and shallow with low acceleration voltage 
to (b) narrow and deep with high acceleration voltage. Surface morphology effects on the 
contrast on the image is shown in (c), where the sloped surface allows the secondary elec-
trons to escape from a larger volume.  

As discussed above, the electron beam generates a large amount of SEs during 
imaging. In conductive samples these electrons quickly dissipate to a large vol-
ume, while insulating samples become charged when imaged. The charging dis-
torts the image and can stretch and delaminate insulating layers on top of the 
sample. This was evident when imaging SOG coated samples for Publication 10. 
Moreover, prolonged imaging can damage some NW materials.  

In transmission electron microscopy (TEM), an electron beam is passed 
through a thin sample (typically 200 nm or less) and collected at a detector, such 
as a CCD camera. The acceleration voltages used in TEM are normally 100 – 
200 keV, which allows for atomic resolution in imaging. Additionally, positions 
of atoms contain information on the lattice periodicity of the crystal, and fast 
Fourier transformation (FFT) can be utilized to analyse the crystal structure. 
Alternatively, electron diffraction patterns containing the information on the 
crystal structure can be imaged directly in TEM. Thus, TEM provides valuable 
information on the NW crystal structure and crystalline purity. TEM sample 
preparation is often cumbersome due to the extreme thickness limitations, 
while NWs can be readily imaged due to their inherent nanoscale diameter. Sub-
strates with NWs can be simply pressed mechanically against commercial cop-
per grids with holey carbon, which results in breakage of NWs and their attach-
ment on the holey carbon. This sample preparation was used also in this study.  

Electron microscopes can additionally provide information on elemental com-
position of the imaged samples. The elemental information is acquired with en-
ergy-dispersive X-ray spectroscopy (EDX), which is based on X-ray emission 
from the atoms after high-energy electrons have collided with them. In this 
study a specific detector is required for EDX was available in TEM, but not in 
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SEM. When an electron is ejected from an inner shell in an atom, an outer shell 
electron replaces it and emits a photon distinctive to the energy separation be-
tween the two shells. These energies are unique for different elements, and 
therefore by recording the emitted photons (X-rays), the elements under the 
electron beam can be identified. However, different elements exhibit transition 
energies that are close to each other, and distinguishing them can be challenging 
due to limitations in the detection. Moreover, the signal has a noise component. 
These effects limit the accuracy of the EDX method, and typically only elements 
that constitute ~1-2 % or more of the material can be reliably detected. This suf-
fices for compositional studies while dopant atoms are generally well below this 
limit.  

3.3 Optical characterization  

Photoluminescence (PL) is a sensitive method to characterize optical properties 
of semiconductors. In PL, electrons are excited in a target sample with a laser 
that has photon energy above the band gap of the characterized material. When 
the excited electrons recombine radiatively with holes, they emit photons with 
energy corresponding to the transition energy between the electron state and 
the hole state. The transition energy gives information on the crystal structure, 
impurities and surface properties. The method is accurate and non-destructive, 
while signals with multiple peaks can be challenging to interpret. Additionally, 
when measuring NWs results in no detectable signal, it can point to poor surface 
properties. In this case, the surface states likely act as non-radiative recombina-
tion centres.  

Power dependency in PL measurements can give additional information on 
the observed transitions. Increasing the excitation intensity can saturate some 
initially favourable states (such as impurity states), thereby weakening PL signal 
related to them. As a result, the photoexcited carriers can then locate to other 
available states and new PL peaks can emerge. Thus, additional information on 
the origin of the observed transitions can be acquired from the power depend-
ency measurements.  

Measurement temperature has a significant effect on the PL signal. The band 
gap value and thus PL peak energy decrease at higher temperatures according 
to the Varshni equation.  At room temperature, electrons in the conduction band 
are distributed to a wider energy range, resulting in broader signal. States that 
have energies close to each other can thus become indistinguishable. At low 
temperatures, the light emission originates mainly from excitons instead of re-
combination between free electrons and holes. The PL intensity is also higher at 
low temperatures due to e.g. increased carrier lifetimes, excitonic recombina-
tion and suppression of phonon interaction.  

The measurement setup used in this study is presented in Figure 11. For exci-
tation, a frequency doubled Nd:YVO4 with the wavelength of 532 nm (2.33 eV) 
was focused on the sample. For low-temperature measurements, a closed cycle 
cryostat with liquid-helium cooling was used. In order to measure one wave-
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length at a time, the emitted light was collected and directed to a monochroma-
tor. The signal was then measured with a liquid nitrogen cooled Ge p-i-n detec-
tor and amplified with the lock-in technique. A sensitive detector and lock-in 
amplification are essential due to the weak signal in PL measurements.  

 
 

 

Figure 11. Schematic presentation of the PL measurement setup used in this study.  

Time-resolved photoluminescence (TRPL) gives information on carrier life-
times in the material. In TRPL, a sample is illuminated with short laser pulses 
to excite electrons. As the electrons recombine radiatively with holes, they emit 
photons that are collected at a fast detector, such as a microchannel plate pho-
tomultiplier tube. For the system used in this thesis, temporal response of 0.2 
ns was measured. As with PL, the signal is passed through a monochromator in 
order to study a chosen wavelength. Due to the pulsed excitation, the signal 
strength attains its maximum shortly after the pulse, and weakens as the num-
ber of photoexcited carriers diminishes. The decay time of the signal gives in-
formation on the carrier lifetimes in the material.  

Reflectance from the NW samples can be studied with optical methods. In the 
reflectance measurement setup used here, the sample was illuminated with a 
broad-spectrum halogen lamp. The light was directed to the sample with an op-
tical fibre via a microscope objective. The reflected light was collected via the 
same objective to a collection fiber located inside the illumination fiber. The re-
flected light was directed to a spectrometer. The reflectance spectra were ob-
tained by dividing the spectra from NW samples with spectra from a reference 
sample, i.e. bare Si or GaAs substrates.  

3.4 Electrical characterization  

In the simplest form, current-voltage (IV) measurements are performed with 
two contact terminals. However, the measurements are distorted by the contri-
bution from the measurement setup itself and the contact resistances (between 
the measured semiconductor and contact metals). Contact fabrication for some 
of the III-V materials is challenging, often leading to high contact resistance and 
Schottky type contacts. As a result, the resistance in the measurement setup and 
contacts can be comparable to the NW resistance, giving limited information on 
NW parameters such as resistivity and carrier concentration. Nevertheless, the 
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measurement is simple, can be applied to NW arrays and it gives qualitative in-
formation, as well as approximate quantitative data.  

More detailed information on the electrical parameters can be obtained using 
four-terminal measurements. In these the contribution from the measurement 
setup and contacts is minimized. Two of the terminals are placed at both ends 
of a NW and are used to apply voltage across the NW. The other two contacts 
are placed in between the first ones, and are used to measure current that passes 
through the NW. This configuration gives accurate resistance values for the 
NWs. High-resolution SEM imaging of the NW dimensions allows the calcula-
tion of resistivity ρ with ρ = RA/l, where R is the resistance, A is the cross-sec-
tional area and l is the measured section length.  

Carrier concentration is an important parameter for the majority of optoelec-
tronic NW devices. Its measurement, however, is difficult and often requires 
fabrication of specific structures. These structures include field-effect transis-
tors (FETs). In a FET carrier concentration can be tuned with a gate voltage. In 
other words, voltage is used to push charge carriers into the channel, or to pull 
them away. The doping type and carrier concentration of the material can be 
calculated based on the transistor transfer characteristics, i.e. the dependence 
of resistivity on the gate voltage. NW FET structures include vertical transistors 
on the growth substrate [95], and NWs transferred to another substrate specif-
ically for transistor fabrication utilizing wrap-gates or back-gate [91].  

  



III-V nanowires for optoelectronic devices 

22 

4. III-V nanowires for optoelectronic de-
vices  

This section presents the research results in several key aspects of optoelec-
tronic NW device fabrication. First, the use of low-cost substrates is presented, 
which is essential in reducing device fabrication costs. Next, different NW sur-
face passivation methods are studied, which are essential for NW performance 
due to the large surface-to-volume ratio. Another crucial aspect, NW doping, is 
then studied using in-situ and ex-situ approaches. This is followed by descrip-
tion of novel fabrication techniques. These techniques include large-scale posi-
tion controlled fabrication of NW arrays and growing two NW types side-by-
side on a single substrate. Finally, novel isolation techniques are presented.  

 

4.1 Low-cost growth platforms 

The wide availability, low cost, non-toxicity and optical transparency of glass 
make it an attractive substrate for NW growth. Although glass is insulating, 
NWs could be first grown on it and then transferred to another substrate for 
device fabrication [96] or they could be embedded in a polymer and used in de-
tached NW devices [88,97–100]. Therefore, growth on glass offers a low-cost 
pathway for NW fabrication and could be exploited in NW device fabrication. 
Growth of GaAs NWs on different glass types was studied in Publication 1 and 
is presented here.  

The growth of GaAs NWs was performed via Au nanoparticles (NPs) deposited 
from a colloidal solution on glass substrates treated with poly-L-lysine. This Au 
NP deposition technique was used also in Publications 2-6, 9-11, and it resulted 
in randomly positioned NWs. The growth runs in MOVPE were initiated with a 
cleaning step at 650 °C under H2 atmosphere, after which the reactor was cooled 
to the growth temperature of 410 – 580 °C where TMGa and TBAs were intro-
duced simultaneously. More details on the Au NP deposition and growth pro-
cesses are found in Publication 1.  

SEM images of NWs grown on sodalime glass (common window glass) are 
shown in Figure 12a-c. At the growth temperature of 410 °C the density of 
straight NWs is low and conglomerated growth occurs at the substrate surface. 
From 450 °C onwards straight growth prevails, and above 500 °C tapering is 
prominent and the NWs become needle shaped. Therefore, optimal growth tem-
perature was around 450 – 500 °C. 



III-V nanowires for optoelectronic devices 

23 

 

Figure 12. GaAs NW grown on soda lime glass: SEM images of NWs grown at (a) 410 °C, (b) 
500 °C and (c) 580 °C, and (d-f) TEM images of NWs grown at 470 °C. Inset in (f) shows 
typical electron diffraction pattern from the NWs, corresponding to ZB crystal and pointing to 
growth direction [111]. Adapted from Publication 1.  

TEM imaging revealed pure ZB crystal phase for the GaAs NWs grown on glass 
(Figure 12 d-f). This is in contrast to the reference NWs on Si grown at similar 
conditions, which were ZB but defected with twin planes. Therefore, the crystal 
quality was superior when the NWs were grown on glass. The improvement 
could in principle result from suitable growth parameters, such as V/III ratio 
that is affected by cracking efficiency of the precursors and thus by the surfaces 
present during the growth. However, twin planes were present in all studied ref-
erence NWs grown on Si, pointing to another explanation. Soda lime glass con-
tains various elements with typical composition including SiO2, B2O3, Al2O3, 
CaO, MgO and Na2O. Therefore, impurities can alloy to the Au seed during the 
annealing phase and affect the growth thereafter. Here the effects were surpris-
ingly beneficial.  

The NWs grown on glass additionally exhibited superior optical properties 
compared to the reference NWs on Si. No PL signal was acquired from the ref-
erence NWs even at low temperature measurements, which likely results from 
surface effects and band bending [65,76]. The NWs grown on soda lime glass, 
on the other hand, emitted strong luminescence even at room temperature, alt-
hough the growth conditions were similar and thus similar surface effects would 
be expected (Figure 13a). Figure 13b shows low-temperature PL measurement 
with blueshifted signal compared to bulk (the blueshift is discussed in more de-
tail in Publication 1, although no conclusive explanation was reached). To fur-
ther probe the origin of the improved optical properties, GaAs NWs were grown 
on fused silica type glass, which is high purity SiO2 with low impurity concen-
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trations. Similarly to the NWs grown on Si, the NWs grown on fused silica ex-
hibited no PL signal.  This indicates that the impurities from the soda lime glass 
caused the beneficial effects in the optical properties and crystal structure.  

 

 

Figure 13. PL spectra from GaAs NWs grown on soda lime glass (a) at room temperature and 
(b) at 15K. Adapted from Publication 1.  

The optical properties could be enhanced by the defect-free crystal or by the 
impurities incorporated to the crystal. Of these, the defect-free crystal is insuf-
ficient explain the improvement, since some reference NWs had low defect den-
sity with twin planes arising only every few μm. Therefore, it is more plausible 
that the impurities caused the improved optical properties.  The impurities 
could be incorporated via two pathways, from the Au seed after initial alloying, 
or from gas phase as vapor-solid growth on the sidewalls if the impurity is able 
to escape from the glass at the used growth temperatures. If the impurities are 
incorporated from the Au seed, it becomes depleted as the growth proceeds. 
Nevertheless, the initial section with these impurities could produce the ob-
served PL signal even if the later sections would lack them. If the incorporation 
occurs via the sidewalls, the complete NWs would be affected by the impurities. 
The origin of the improved optical properties was, however, not studied further. 
Thus, the exact impurity causing the observed effects is not known, and the ex-
planation remains speculative.   

The glass substrates provide high quality GaAs NWs that could be used in op-
toelectronic devices after detaching them from the insulating glass. On the other 
hand, fabricating devices directly on the growth substrate allows simpler fabri-
cation process and is therefore desirable. This typically requires conductive sub-
strates to avoid difficulties with contact fabrication. In order to combine the 
low-cost materials such as glass and GaAs NW growth on conductive substrates, 
aluminium-doped ZnO (AZO) was used as a buffer layer in Publication 2. AZO 
is a TCO with higher resistivity than ITO, but is composed of non-toxic materials 
that are abundantly available. The AZO layers were deposited with ALD, which 
provides conformal and controllable growth, and is suitable for industrial pro-
cessing at large scale. The studied substrate materials (with the AZO layer) in-
cluded extremely inexpensive ones (such as glass and household aluminium 
foil) and those that were inherently incompatible with GaAs NW growth. There-
fore, it was shown that the NW growth was decoupled from the underlying sub-
strate and was dictated by the AZO buffer layer instead (more details are shown 
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in Publication 2). As a result, nearly any substrate material that is compatible to 
NW growth temperatures of ~450 °C can be used for GaAs NW growth.  

The GaAs NWs were grown as in Publication 1, although no annealing step 
was performed prior to the growth. Growth temperatures were in the range of 
430 – 540 °C, of which the range of 450 – 510 °C were most suitable (stunted 
growth and failed nucleation hindered growth at lower or higher temperatures). 
The growth time was varied between 30 and 300 s. The growth was observed to 
occur in two distinct phases, first as in-plane growth and subsequently as out-
plane growth, as shown in Figure 14. After 30 s, most of the NWs were growing 
along the substrate surface plane and had kinked structure, while after 60 s 
most of them pointed outwards from the surface as straight NWs. After 120 s, 
practically all of the NWs had transited to out-plane growth. In addition, surface 
alterations of the AZO layer were observed (see Figure 14b).  

 

 

Figure 14. GaAs NWs grown on AZO buffer layers imaged with SEM after growth times of (a) 30 
s, (b) 60 s and (c) 120 s. The underlying substrate was Si. The growth occurs initially in-plane 
on the substrate and shortly transits to out-plane growth. Adapted from Publication 2.  

The growth process is further illustrated in Figure 15. When the reactor tem-
perature is raised to the NW growth temperature, AZO constituents can alloy 
with the Au seeds. Specifically Zn is believed to be incorporated to the Au seed, 
as will be explained shortly. When Ga and As are introduced to the reactor, the 
in-plane growth is initiated, and further Zn can alloy to the seed particle. After 
a brief delay the growth mode transits to out-plane growth (i.e. outwards from 
the surface plane). The transition mechanism is not known, but can be specu-
lated to result from the in-plane crystal orientation and/or crystal structure 
changing constantly. As a result, the GaAs crystal at the Au interface eventually 
favours growth to a direction pointing out of the surface plane and out-plane 
growth can proceed. Alternatively, Zn alloying to the seed particle could change 
the interface energies to favour out-plane growth.  
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Figure 15.  GaAs NW growth process on AZO buffer layers. (1) Initially, as the reactor is heated 
to NW growth temperatures, the Au seed can alloy with the constituents of the AZO film. 
Significantly, Zn is alloyed with the seed particle. (2) The growth initiates as in-plane growth, 
during which the seed particle remains in contact with the AZO layer. (3) After a brief time, 
the growth transits to out-plane growth. Defect planes arise during the out-plane growth, ei-
ther (4a) diagonally in moderate temperatures or (4b) perpendicularly to the growth direction 
at high temperatures. Adapted from Publication 2.  

After this transition, the growth is mostly one-directional, although kinks were 
observed at moderate growth temperatures (430 °C – 470 °C). Higher growth 
temperatures on the other hand produced straight NWs. SEM images of NWs 
grown on AZO at different temperatures are presented in Publication 2. The 
kinks at moderate temperatures were observed to result from diagonal defect 
planes. These were absent in NWs grown at higher temperatures, where more 
typical, perpendicular defect planes were observed instead. The defect planes 
are shown schematically in Figure 15 and in detail in TEM images in Publication 
2, where also detailed discussion on their formation is presented.  

Intriguingly, the defects appeared more frequently at the NW base region, 
pointing to alteration in the growth process. This alteration could be caused by 
changes in the seed particle and the presence of Zn, which is depleted during 
the growth. The role of Zn is further supported by intentionally Zn doped NWs 
grown on Si that were also plagued with defects, as will be discussed in Chapter 
4.3. The presence of Zn could affect the NW growth in following ways. First, it 
could affect the Ga supersaturation level (similarly as In background affects the 
supersaturation and thereby the crystal structure [101]). Ga supersaturation 
also affects the phase of the seed particle, which in turn has impact on the crystal 
structure [102]. Lastly, the seed particle being Au-Ga-Zn instead of Au-Ga could 
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have impact on the crystal, since the seed particle material is crucial for NW 
growth [103].  

Interestingly, the GaAs NWs grown on AZO additionally showed PL signal 
even at room temperature (Figure 16). This is in stark contrast with NWs grown 
on Si, from which no signal was observed even at low temperatures. The pres-
ence of signal here is attributed to the Zn impurities. This reasoning is strongly 
supported by similar optical properties in intentionally Zn doped NWs grown 
on Si. Additionally, the signal peak positions (~1.47 eV at 12K) correspond 
closely to previously reported value of ~1.49 eV in Zn doped GaAs NWs [80] and 
bulk GaAs [104]. The redshift compared to undoped GaAs NWs (e.g. in Publi-
cations 1 and 4) is attributed to transitions via Zn related states within the band 
gap.  

 

 

Figure 16. PL graphs from GaAs NWs grown on AZO buffer layers on various substrates. Meas-
urements were performed (a) at room temperature and (b) at 12K. Adapted from Publication 
2.  

4.2 Surface passivation 

Surface states can have a devastating effect on NW device performance due to 
reasons discussed in Chapter 2.2. Therefore, studies on surface passivation are 
of great importance for future NW optoelectronics. As discussed earlier, GaAs 
is among the most promising materials for some NW devices such as solar cells. 
AlGaAs shells are widely applied for surface passivation [7,55,65,76]. This pas-
sivation was studied also in Publication 3, where optical properties were greatly 
enhanced. In addition, shells were found to induce interface states and redshift 
the PL signal.  

Figure 17a shows an overview of the studied NWs in a sideview SEM image. 
The growth substrate was Si(111) that was first etched in HF and then annealed 
in-situ at 650 °C under H2 prior to the growth, which enabled vertical growth 
for the majority of the NWs. The growth temperatures were 470 °C for the core 
and 650 °C for the shell. More details on the NW growth are given in Publication 
3. The inset in Figure 17a shows a single NW imaged with high-angle annular 
dark field scanning TEM (HAADF-STEM). The core and the shell are visible in 
the image due to contrast difference from different elements.  
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Figure 17. (a,b) Electron micrographs from GaAs/AlGaAs core-shell NWs and (c) EDX line scan 
data. Overview of the sample is shown in SEM image in (a) along with a single NW in inset, 
imaged with high-angle annular dark field scanning TEM. A NW cross-section image is shown 
in (b), where sidewall facets and crystal direction towards and an edge are marked. The EDX 
line scan path is also marked in (b). Adapted from Publication 3.  

A cross-sectional HAADF-STEM image shown in Figure 17b reveals hexagonal 
shape and aluminium segregation at the corners. Also the core and shell regions 
are visible. Both the core and the shell were hexagonal, although the core ap-
pears roughly circular in the image due to thickness variation from sample prep-
aration. The hexagonal shape with {110} side facets is typically found in ZB NWs 
[21,105]. The aluminium segregation has also been reported by other groups 
[105–107], and is thought to result from AlGaAs growing preferentially on {112} 
facets, whereas GaAs growth is faster on {110} facets [106]. A ~115 nm thick core 
region is visible in the image. Since the Au seeds were 40 nm in diameter, the 
image corresponds to base region of the NWs (where radial growth has taken 
place). The shell thickness is roughly 30 nm and the Al composition ~4%. The 
concentration of TMAl (Al species) was found to increase the shell growth rate, 
with shell thickness up to ~80 nm with Al composition of 25 % and ~10 nm with 
Al composition of 1 %. More values and details are provided in Publication 3.  

The EDX line scan shown in Figure 17c was taken over Al segregation region 
in one edge and at the opposite edge next to the segregation region. This is seen 
as higher Al composition on the segregation region (~9%) than in the rest of the 
AlGaAs shell (~4%). The core section on the other hand showed no Al signal, 
pointing to stoichiometric GaAs. Therefore, no Al diffusion occurred during the 
shell growth.  

Photoluminescence spectra from the AlGaAs passivated GaAs NWs are pre-
sented in Figure 18. The NWs exhibited strong PL signal at room temperature 
with the peak position at 871 nm (1.42 eV) with 1.2 % of Al, which corresponds 
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well to the bulk GaAs value. Therefore, the AlGaAs shells provided strong pas-
sivation throughout the studied range of Al compositions, from 1.2 % up to 25 
%. Also small redshift was present towards higher Al compositions. The redshift 
was stronger at 15K, where the peak position was at 820 nm (1.51 eV) with 1.2 
% Al shell, whereas 25 % Al shell showed the peak at 886 nm (1.40 eV). The 
origin of the redshift is omitted here due to its minor role in NW devices, and is 
presented in detail in Publication 3.  

 

 

Figure 18. PL spectra from GaAs/AlGaAs core-shell nanowires measured (a) at room tempera-
ture and (b) at 15K. Adapted from Publication 3.  

The AlGaAs-passivated GaAs NWs were probed further with TRPL, and the 
measurement data is presented in Figure 19. The data was collected at the peak 
PL intensities shown in Figure 18a, and fitted to a double-exponential decay 
model as in Ref. [77]. The decay times increase notably when the Al composition 
in the shell is increased. The increased lifetimes are attributed to larger band 
offsets and resulting stronger carrier confinement in the NW core and at the 
notch that forms at the GaAs/AlGaAs interface. Especially the electron 
confinement at the notch causes spatial separation of the electrons and the 
holes, which in turn slows the recombination rate.  

 

 

Figure 19. (a) TRPL data and double exponential fits from GaAs/AlGaAs core-shell NWs with 
different Al composition in the shell and (b) decay times with different Al compositions. 
Adapted from Publication 3.  
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AlGaAs shells provide strong passivation and improved carrier lifetimes. 
However, the drawbacks in AlGaAs shell growth include broad emission,  and 
the shell growth rate dependence on the composition. Additionally, the growth 
of AlGaAs occurs inevitably on all surfaces placed in the reactor, not only on the 
NW sidewalls. Moreover, the shell thickness and composition near the NW ba-
ses can be reduced by shadowing effect of long and dense NW arrays. Due to 
these challenges, an alternative GaAs NW passivation method was developed in 
Publication 4 that utilizes ultrathin InP and GaP capping layers. The superior 
surface properties of these materials reduces the surface defect density, band 
bending and non-radiative recombinations. The GaAs NWs were passivated in-
situ after the growth at 470 – 650 °C with InP or GaP growth for 1 – 10 s. The 
group V flow was switched from TBAs to TBP immediately after the NW growth, 
and therefore the GaAs NW surfaces were phosphidized during ramping to pas-
sivation temperatures (i.e. prior to the capping layer depositions). More exper-
imental details are given in Publication 4.  

Figure 20 presents SEM and TEM images of NWs with various capping layer 
deposition parameters. Passivation at 470 °C caused no changes to the NWs that 
could be observed in SEM or TEM. A thin surface layer is visible in the TEM 
image in Figure 20b, however, similar surface layers were observed also in NWs 
without passivation (see e.g. Figure 12e and 12f). Therefore, the crystallinity and 
thickness of the passivation layers could not be extracted with TEM. Thicker InP 
layers were, nevertheless, detectable with EDX as shown in Figure 20c. The line 
scan shows clear presence of In and P with EDX signal strength increasing at 
the NW edges. Temperatures of 600 °C and above were found to provide no 
benefits and to damage the NWs instead. At 600 °C, surface alterations were 
observed in TEM, and phosphidization at 650 °C caused significant gas-phase 
etching and phosphorus diffusion into the NWs (evident in EDX in Figure 20f).  

 

 

Figure 20. GaAs NWs after passivation with ultrathin (a-d) InP and (e-f) GaP capping processes: 
(a) SEM and (b) TEM images of NWs after 3 s InP deposition at 470 °C, (c) HAADF-STEM 
image of NW with 10 s InP deposition at 550 °C, (d) TEM image after 5s InP deposition at 
600 °C, and (e) TEM and (f) HAADF-STEM images of NWs phosphidized at 650 °C. EDX 
line scan measurement paths and data are also shown in (c,f). Adapted from Publication 4.  
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The ultrathin capping layers provided strong passivation as evidenced by PL 
measurements shown in Figure 21. Notably, the emission lines were signifi-
cantly narrower compared to AlGaAs passivation (see Figure 18). The emission 
was stronger when the passivation temperature was increased from 470 °C to 
510 – 550 °C, and the signal strength remained roughly constant between 510 
°C and 550 °C. Therefore, 510 °C was required for complete surface passivation, 
and at 470 °C it remained slightly partial. As mentioned above, 600 °C and 
higher processing temperatures damaged the GaAs surface, which resulted in 
luminescence intensity reduction by a factor of ~10. Additionally, the lumines-
cence peak from NWs treated at 650 °C shifted to shorter wavelengths. This in-
dicates that the phosphorus diffused relatively deep into the GaAs crystal and 
interchanged with As in the group V locations. In other words, the material ap-
parently remained crystalline to some extent despite the considerable indiffused 
phosphorus content (estimated composition for the GaAsP segment presented 
in Figures 20e,f was GaAs0.82P0.18 based on the peak position, Vegard’s law and 
a bowing parameter of 0.19 [108]).   
 

 

Figure 21. PL spectra at 12K from GaAs NWs with ultrathin InP capping layers deposited (a) at 
various temperatures for 3 s and (b) with deposition times of 1 – 10 s at 470 °C. Adapted 
from Publication 4. 

In addition, the effect of the capping layer deposition time on the PL proper-
ties was studied (shown in Figure 21b for 470 °C passivation). The PL peak in-
tensity remained approximately constant for the deposition times of 1 – 7.5 s, 
and decreased somewhat with 10 s deposition. The decrease is explained by the 
emergence of a broad, lower energy peak at longer deposition times. The lower 
energy peak is attributed to the InP capping layer, which emits a blueshifted 
signal compared to InP band gap (871 nm) under compressive strain due to the 
3.8 % lattice mismatch between GaAs and InP [109]. The weaker blueshift with 
longer deposition times (i.e. thicker layers) is thought to arise from dislocation 
formation and strain relaxation. This also weakens the passivation efficiency (as 
observed for thin films [109]) resulting in weaker emission from the GaAs core. 
It should be noted here that no axial InP segments were observed in TEM and 
EDX even with the longest deposition times, and therefore, the lower-energy 
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signal origin does not originate from axial InP segments but from the InP cap-
ping layers.  

The passivation efficiencies were compared between the GaAs/AlGaAs core-
shell structure and the ultrathin InP and GaP capping layers. Interestingly, both 
passivation methods provided similar peak intensities despite the relatively 
large AlGaAs shell thicknesses. The relatively thick shells are expected to pro-
vide efficient separation of the charge carriers from the surface. Since the ul-
trathin layers provided similar passivation efficiency, they are believed to pas-
sivate majority of the surface states and unpin the Fermi level. Fermi level un-
pinning is also indicated by the GaAs NW PL peak positions (~1.51 eV at 12K) 
that correspond closely to bulk values. Furthermore, the ultrathin capping lay-
ers cause no effects on the NW morphology and do not cause unnecessary shell 
growth on all substrate surfaces unlike the AlGaAs shells. Therefore, these ul-
trathin capping layers are thought to be a superior passivation method for GaAs 
NWs than the widely used AlGaAs shells.  

In the case that the NWs are fabricated via methods that do not allow in-situ 
passivation, ex-situ methods are essential. The methods where in-situ pas-
sivation is difficult include top-down fabricated pillars [110] and bottom-up 
NWs e.g. via solution-based methods [111]. Ex-situ passivation with ALD was 
studied in Publication 5 and included testing of various materials for GaAs and 
InP NWs grown on silicon. These ALD deposited materials were AlN, TiN, 
Al2O3, GaN and TiO2, and the thicknesses ranged from 0.2 nm to 2 nm. More 
experimental details are described in Publication 5.  

For GaAs NWs, the AlN passivation was found the best among the studied 
materials, and no PL signal was acquired from the NWs with other passivations. 
Therefore, if the optical properties were improved from the unpassivated NWs, 
the signal remained too weak for detection and the passivation was deemed in-
sufficient. AlN passivation, on the other hand, produced PL signal from GaAs 
NWs at 15K as shown in Figure 22a. No room temperature PL was detected 
which indicates weaker passivation compared to AlGaAs shells or the ultrathin 
InP and GaP passivation layers. Nevertheless, the ALD passivation remains ben-
eficial in the situations where the in-situ passivations are not available.  
 

 

Figure 22. ALD AlN passivated GaAs NWs: (a) 15K PL measurement graphs and (b) TEM image 
and EDX spot measurement. Adapted from Publication 5.  

The PL spectra from the GaAs NWs with ALD deposited AlN passivation 
showed two peaks with 0.5 nm AlN thickness. Based on the transition energies 
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of ~1.51 eV (819 nm) and 1.47 eV (842 nm), the peaks are attributed to free ex-
citons [38,68] and carbon acceptors [38], respectively. Carbon impurities are 
inherent in MOVPE due to the metalorganic precursors. The NWs with 0.2 nm 
AlN coating exhibited stronger luminescence near the exciton peak and weaker 
signal at the energies expected from carbon-related transitions. The exact origin 
for the difference between the 0.2 nm and 0.5 nm coatings is not known but 
could result simply from MOVPE growth related effects, such as turbulent flows 
and resulting variations in carbon incorporation.   

Figure 22b shows a TEM image of an AlN passivated GaAs NW and an EDX 
spot measurement data. An amorphous layer is visible at the NW surface, and 
could be the ALD deposited AlN layer. However, since similar surface layers 
were observed also in NWs without deposited surface layers (see Figure 12e,f), 
it cannot be concluded that the layer is indeed AlN. Nevertheless, the presence 
of the AlN coating was observed in the EDX, where faint Al and N related peaks 
were recorded.  

The surface properties of InP NWs are notably better compared to those of 
GaAs NWs, as indicated by the slow surface recombination velocity [53]. Nev-
ertheless, surface treatments with HF [77] or sulphur [112] have resulted in en-
hanced optical properties. These passivations, however, are short lived due to 
the chemical nature of the passivation. The ALD passivation layers studied here 
are more robust and additionally offer protection from the environment. PL 
spectra and a TEM image from InP NWs passivated with Al2O3 are presented in 
Figure 23. Al2O3 coatings with the thickness of 1 – 2 nm enhanced the PL inten-
sity mildly by a factor of ~2, while with the 3 nm coating the intensity deterio-
rated considerably. The relation to the Al2O3 thickness is not known with cer-
tainty.  

 

 

Figure 23. ALD passivated InP NWs with Al2O3: (a) room temperature PL graphs and (b) a TEM 
image with a 2 nm thick Al2O3 coating. Adapted from Publication 5. 

With the other studied capping materials on InP NWs, the optical properties 
remained the same (AlN) or deteriorated (TiN, TiO2 and GaN). Therefore, Al2O3 
and AlN could offer surface protection and mild enhancement in the optical 
properties of InP NWs. Furthermore, knowledge on the surface effects of the 
studied coatings is important e.g. when fabricating NW transistors and choos-
ing gate dielectric materials.  
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4.3 Nanowire doping  

Doping is necessary for the majority of optoelectronic NW devices and therefore 
effects arising from the doping are important. Zn is one of the common p-type 
dopants for GaAs NWs, and its effects on the NW crystal structure, the growth 
rate and the optical properties were studied in Publication 6. Zn acceptors are 
located in group III lattice sites, and therefore, the dopant concentration can be 
adjusted by the ratio of group II and group III precursors (i.e. II/III ratio) [25]. 
The studied II/III range was 0 – 0.16, where the highest ratios exceeded notably 
what was previously reported unusable due to seed particle splitting [113]. The 
possibility of using higher ratios in our growth system might stem from higher 
growth pressure, since it affects the seed particle phase (i.e. the phase diagram 
of the Au-Ga-Zn alloy).  

Figure 24a-c shows SEM images of an undoped reference NW, and GaAs NWs 
doped with different II/III ratios. The growth temperature was 470 °C resulting 
in radial overgrowth, and allowed the observation of defects in SEM. The defect 
density increased clearly when the II/III ratio was increased. The presence of 
defects was further confirmed by TEM as shown in Figure 24d, showing fre-
quent twin planes. The crystal structure remained ZB. In comparison, undoped 
GaAs NWs grown with similar parameters exhibited very few twin planes in 
TEM, see e.g. Figure 20b. The origin of the increased defect density is attributed 
to Zn in the seed particle. EDX analysis showed nearly 20 at.-% Zn in the seed 
particle (i.e. roughly the same amount as Ga). The large Zn proportion can alter 
the delicate NW growth process, e.g. by altering the phase of the seed particle 
or by changing the Ga supersaturation level. Furthermore, Au tends to outper-
form most metals in the fabrication of straight and size-selective NWs [103], 
and therefore, the considerable Zn proportion could deteriorate the perfor-
mance of the Au seed particle.  

 

 

Figure 24. Zn-doped GaAs NWs imaged with (a-c) SEM and (d) TEM. The arrows in (b,c) point 
to defect locations observed in SEM. (e) Axial NW growth rate as a function of II/III ratio. The 
SEM figures are combined from several images taken at different focus. Adapted from Pub-
lication 6. 
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The axial growth rate increased with increasing II/III ratio as shown in Figure 
24e. Similar enhancement has been reported for Zn doped InP NWs using di-
methylzinc (DMZn) as the precursor [114]. The increase was attributed to par-
tially decomposed DMZn molecules that cover the NW surface and increase the 
surface diffusion length [114]. Similar processes might occur with the DEZn 
doped GaAs NWs studied here as well. Alternatively, one can speculate that if 
the Au-Ga-Zn particle accommodates fewer Ga compared to Au-Ga system,  it 
results in increased Ga supersaturation and thus in an increased growth rate as 
well [102]. Lastly, the EDX analysis on the Au seed showed As in the seed parti-
cle, although it is generally thought not to alloy with Au [18]. Thus the As atoms 
have an additional pathway to the growth interface (besides direct incorporation 
from the gas phase), which could enhance the growth rate.  

The Zn doping affected the NW resistivity as would be expected. Figure 25 
shows a typical IV curve measured from a Zn doped GaAs NW with II/III = 
0.016. The measurements were performed on single NWs that were dispersed 
on a SiO2 substrate and contacted utilizing optical lithography with a laser 
writer. The contacted NWs were imaged with a high-resolution SEM which pro-
vided NW dimensions between the contacts. Resistivity was calculated based on 
the IV measurements and NW dimensions, and the ballpark value was 0.001 
Ωcm, which corresponds to hole concentration order of ~1019 cm-3 in bulk ma-
terial [115]. Similar hole concentrations have been acquired also in NWs with 
similar II/III ratios [25]. Therefore, the acquired doping level can be assumed 
high although exact quantitative data is not available. The high doping levels 
could also provide near-ohmic IV characteristics via tunnelling current, as was 
observed here (Figure 25).  

 

 

Figure 25. Typical IV curve measured from Zn doped GaAs NWs with the II/III ratio of 0.016. 
Adapted from Publication 6. 

Lastly, the Zn doped NWs were characterized with PL. The PL spectra are not 
shown here but they were alike to the spectra from the NWs grown on AZO 
buffer layers (Figure 16). Therefore, as with the NWs grown on AZO, the red-
shifted PL signal is thought to arise from Zn doping and Zn-related states within 
the band gap [80,116]. 

Nanowire doping was studied additionally in Publication 7. The work focused 
on an alternative doping scheme performed ex-situ after the NW growth. In-situ 
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doping is simple and can be performed during the NW growth. However, it can 
affect the crystal structure as observed in Publication 6, and reported for e.g. 
InP NWs [28]. Furthermore, some growth systems might lack the possibility of 
in-situ doping. In Publication 7, p-type doping of InP NWs was acquired via Zn 
indiffusion from gas phase. The diffusion system was a MOVPE reactor that of-
fered the possibility for surface protection with phosphorus at elevated temper-
atures. On the other hand, it was shown that the phosphorus protection was not 
necessary and simpler tools are therefore suitable for the process as well. DEZn 
was used to provide the Zn dopants. The NWs were grown via VLS and the Au 
NPs were etched prior to the diffusion in order to prevent axial growth. More 
experimental details are given in Publication 7.  

Three different diffusion process types were studied, labelled A, B and C as 
presented in Figure 26. The diffusion type A had no phosphorus protection dur-
ing the process, and the DEZn flow was switched on upon reaching diffusion 
temperature of 350 – 500 °C and remained open during cooldown. In diffusion 
type B, PH3 flowed to the reactor during the whole diffusion process and pro-
tected the InP NW surfaces from dissociation. The DEZn flow was open only 
during the diffusion step and closed during cooldown. The type C diffusion was 
otherwise similar as type B, but the DEZn flow was open also during cooldown. 
This resulted in a ZnP shell growth during the cooldown step (ZnP growth oc-
curs at 350 – 450 °C, and therefore deposits here only on type C NWs).  

 

 

Figure 26. Different diffusion types used for p-type InP NW doping ex-situ.  

SEM images of the InP NWs before and after the diffusion processes are 
shown in Figure 27. ZnP shell growth is evident for the type C NWs in Figure 
27b. ZnP is a direct band gap material with band gap value of ~1.5 eV [117], and 
it can be fabricated in MOVPE at temperatures of 300 – 450 °C [118]. Here it 
offered a protective shell during the post-diffusion annealing step that was per-
formed to activate or outdiffuse interstitial Zn atoms [119–121]. The interstitial 
Zn atoms can act as donors [119–121] and compensate the pursued p-type dop-
ing. The type A NWs exhibited droplet formation and surface damage, which 
was more prominent at higher diffusion temperatures. These features have been 
reported earlier [120], and are attributed to phosphorus evaporation and to for-
mation of etch pits and In droplets. The type B NWs had identical appearance 
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to the NWs prior to the diffusion. The type C NWs exhibited otherwise nearly 
pristine surface, besides a sample annealed with the shell at 500 °C, where sig-
nificant damage occurred to the surface (Figure 27f).   

 

 

Figure 27. SEM images of InP NWs (a) before and (b-f) after the diffusion doping process. The 
diffusion types are indicated in the figures. The type C NWs in (e,f) were additionally annealed 
with the ZnP shells (e) at 400 °C and (f) at 500 °C and the shells were removed. Adapted 
from Publication 7. 

The electrical characteristics were studied from single InP NWs contacted us-
ing EBL from both ends and at three locations in-between. The configuration 
thus allowed four-point measurements from different NW sections. The re-
sistances obtained from the four-point measurements and high-resolution SEM 
images were used to calculate conductivities of the NWs. The carrier concentra-
tions were acquired with formulas presented in Ref. [23] and in Publication 7. 
In short, transient behaviour of FET structures were measured and used to cal-
culate the carrier concentration. More experimental details are available in Pub-
lication 7. 

Diffusion process types A and B produced similar values for the conductivity 
and carrier concentration as shown in Figure 28a, i.e. p-type carrier concentra-
tions in the order of 1017 cm-3 (the as-grown NWs were slightly n-type, as ob-
served from transient characteristics). The type A NWs diffused at 350 °C, how-
ever, produced no measurable signals and were therefore omitted from the 
graph. The post-diffusion annealing (performed at 400 °C under N2 for 5 min) 
was detrimental especially for type A NWs diffused at 500 °C. This is attributed 
to surface damage from the diffusion run that was then amplified during the 
post-annealing step. Type B NWs, on the other hand, were affected only mildly 
after the post-diffusion annealing.  
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Figure 28. Conductivity and carrier concentration data (a) for type A and B NWs with different 
diffusion temperatures and (b) for type C NWs with different diffusion times. The data is pre-
sented for NWs with and without a post-diffusion annealing step. Adapted from Publication 
7. 

The type C NWs with shells removed (without annealing) produced conduc-
tivity and carrier concentration values similar to type A and B NWs. On the other 
hand, when annealed with the ZnP shells, much higher carrier concentrations 
were measured, up to 1018 cm-3. This suggests that the ZnP shells were crucial 
during annealing in obtaining the high carrier concentrations, either via provid-
ing additional Zn or by preventing outdiffusion of substitutional Zn. Substitu-
tional Zn outdiffusion is thought to be a slow process compared to interstitial 
outdiffusion, but could be prominent in NWs with large surface-to-volume ra-
tio. Further, outdiffusion of substitutional Zn is suggested by reduced carrier 
concentration in Zn doped InP thin films after prolonged annealing [119]. How-
ever, the improved carrier concentration was acquired only for the NWs diffused 
for 10 min, and not with 5 min diffusion. The origin of this behavior is not com-
pletely clear but could result from Zn diffusing initially (for ~5 min) mainly to 
substitutional locations, and thereafter to interstitial locations. These intersti-
tials could then become activated during the post-annealing step and thereby 
increase the carrier concentration.  
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Indiffused Zn was observed additionally in PL measurements. These measure-
ments were performed on single NWs at 4K. Figure 29 shows typical normalized 
PL spectra from as-grown NWs, and type A and C NWs. PL spectra from type B 
NWs were similar to those from types A and C. The major difference between 
the spectra was considerably weaker signal from type A NWs diffused at 500 °C, 
which points to surface damage. The as-grown InP NWs were expected to be 
polytypic based on TEM imaging in earlier experiments with similar growth rec-
ipes. The polytypism is evident in the PL signal from the as-grown NWs, and is 
seen as two main peaks at ~1.42 eV and ~1.47 eV which are attributed to ZB and 
WZ phases, respectively. The smaller peaks are attributed to type II transitions 
between these phases, and the varying energies of these to varying QW widths. 
The redshifted signals are typical for Zn-diffused InP [122,123] and they arise 
from Zn related states. The degree of redshift gives information on the amount 
of interstitial and substitutional Zn atoms [123]. This was evident in the Zn-dif-
fused InP NWs as well. The detailed discussion, however, is of minor im-
portance here and is presented in Publication 7 instead.  

 

 

Figure 29. Normalized PL spectra from as-grown and Zn diffused InP NWs measured at 4K. 
Adapted from Publication 7. 

4.4 Novel fabrication techniques 

Seed particle deposition is an integral part of the VLS NW growth. The deposi-
tion via a solution containing Au nanoparticles is fast and simple, while it lacks 
position control and allows only approximate control on density. Full control of 
the position and density is often required in order to avoid shadowing effects, 
and to obtain repeatable performance from NW array devices. Publication 8 
presents a position-controlled technique for GaAs NW growth utilizing laser in-
terference lithography. The LIL technique requires relatively simple equipment, 
is a fast process and can be applied to wafer-scale production. Therefore, it pro-
vides an easy pathway for fabrication of a position-controlled NW array for op-
toelectronic devices. Although the NW material used for demonstration was 
GaAs, the process is applicable to practically any material used in NW fabrica-
tion. 
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The LIL process flow for NW fabrication is presented in Figure 30. First the 
target substrate, here GaAs(111)B, is coated with a thin Au film and subsequently 
azopolymer is spin coated on top. The azopolymer is then illuminated with a p-
polarized interference pattern that is created with the use of a Lloyd mirror. 
More experimental details about the setup are presented in Publication 8. The 
azopolymer moves away from regions with high irradiance towards the regions 
with lower irradiance. This forms stripes with a single illumination. A second 
illumination can then be performed to form islands from the first-formed 
stripes. Depending on the direction from which the second illumination is per-
formed, e.g. hexagonal or square-based arrays can be created. Here, the sample 
was tilted by 90° which resulted in a square-based pattern. The pitch between 
the islands can be tuned individually to each direction by the tilt of the sample 
during the exposure. The pitch d is given by d = λ / 2 sin θ, where λ is the laser 
wavelength and θ is the angle of incidence relative to the sample normal. With 
a laser wavelength of 488 nm and angles of incidence of 73° and 14° the resulting 
pitch was 255 nm and 1000 nm, respectively. After the laser exposure, the sam-
ples were etched with oxygen plasma in order to thin down the polymer layer. 
The remaining polymer islands were then used as etch masks during argon mill-
ing, which was performed to etch the Au thin film. The argon milling formed Au 
islands that were annealed in order to form spheroids. The sample was finally 
placed in a MOVPE reactor where the spheroids acted as seed particles for NW 
growth.  

 

 

Figure 30. LIL process flow for NW array fabrication. (a) First an azopolymer is spin coated on 
the target substrate with an Au thin film deposited on top. (b) The azopolymer is exposed to 
an interference pattern from a p-polarized laser light, resulting in movement of the azopoly-
mer into stripes with a single exposure and island with thin valleys inbetween with a double 
exposure. (c) Oxygen dry etching is used to thin the polymer layer. (d) The gold film is etched 
with argon milling, with the polymer islands acting as etch masks. (e) The resulting Au islands 
are annealed to form spheroids. (f) The Au spheroids are used as seed particles for NW 
growth. Adapted from Publication 8. 

Figure 31 shows SEM images from the NW arrays created by the LIL process. 
The NWs grew in regular arrays with a pitch corresponding remarkably well to 
the spacing set in the LIL process. The arrays were additionally regular over a 
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long range. Nearly 100 % of the predicted NW locations were occupied, and only 
very few empty locations were observed in SEM, demonstrating that the process 
is suitable for position-controlled NW fabrication on large areas. The SEM im-
ages also reveal that the axial growth rate was faster with the 1000 nm pitch (the 
growth time was the same for both samples). This is attributed to mass transport 
limited growth regime with 255 nm pitch, where the Au seeds compete for avail-
able Ga adatoms (As was provided in abundance). Thus the higher Au particle 
density results in less available Ga per seed particle and the growth rate is re-
duced. The NWs with the 1000 nm pitch additionally exhibit tapering. The ta-
pering is explained by excess Ga adatoms (diffusing from the larger areas be-
tween the NWs) that are not consumed by the seed particles. If the Au seeds 
were assumed to consume all of the Ga adatoms, the NWs should be ~16 times 
higher than with the 255 nm pitch (where the NW density is ~16 times higher). 
Since this is not the case, the growth is assumed to occur in the regime with the 
1000 nm pitch where the reactants are abundant and the reaction rate limits the 
growth, and that the excess Ga adatoms contribute to radial growth instead.  

 

 

Figure 31. SEM images of GaAs NW arrays grown from Au seed particle arrays formed using LIL 
with (a,b) 255 nm pitch and (c) 1000 nm pitch. Adapted from Publication 8. 

Solar cells that exploit more than one material can achieve higher efficiency, 
and LEDs made from multiple materials can emit white light without the need 
for phosphor coating. Fabrication of two different NW types on a single sub-
strate was demonstrated in Publication 9. The two types of NWs were grown via 
SAE and VLS methods, and different materials could be grown with each 
method. Figure 32 illustrates the fabrication process. The process begins with 
Au disc formation via lift-off technique. These discs are then covered with SiO2 
that is patterned with EBL. The holes in the SiO2 layer allow SAE NW growth 
and simultaneously cover the Au discs that remain intact during the SAE 
growth. After the first NW type is grown via SAE, the SiO2 layer can be removed 
with hydrofluoric acid (HF). The Au discs become exposed and they can be used 
as seed particles for a second NW growth via VLS mechanism. The final struc-
ture and intermediate steps were imaged with SEM and are presented in Figure 
32. In the final structure with the used parameters the VLS NWs are shorter and 
have Au particles at the tip, and the SAE NWs are the longer NWs.  
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Figure 32. Fabrication process for dualtype NWs on a single substrate. (1) First, Au discs are 
fabricated using EBL. (2) Next, a SiO2 layer is deposited on top and patterned with EBL. (3) 
SAE NWs are grown to the holes in MOVPE. (4) The SiO2 layers is then removed and the 
Au discs are exposed. (5) The Au discs are used to seed VLS NW growth. Adapted from 
Publication 9. 

The dualtype NW array reduced reflectance compared to either VLS or SAE 
grown NWs alone, as shown in Figure 33. The reflectance values represent ab-
solute reflectance and were obtained by comparing the measured reflectance to 
that from Si substrate with known reflectance spectrum. The enhancement 
could arise from the different heights of the VLS- and SAE-grown NWs in the 
dualtype array and resulting stepwise refractive index. The reduced reflection 
could give further benefits to NW solar cells, in which the dualtype arrays allow 
the use of various materials as well.  

 

 

Figure 33. Reflectance spectra from GaAs NWs with the 600 nm pitch grown via VLS or SAE, or 
both (dualtype NWs) on a single GaAs substrate. Adapted from Publication 9. 

4.5 Isolation techniques 

The isolation of the bottom and top contacts is one of the crucial steps in fabri-
cating NW array devices. Contact isolation is especially challenging for core-
shell NWs grown directly on electrodes or those utilized in tandem junction so-
lar cells [124]. On the other hand, core-shell junctions could be advantageous 
for tandem solar cells due to lesser detriment from surface recombination [125]. 
Publication 10 presents a lithography-free method for fabricating core-shell 
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NWs with the shells isolated from the substrate. On such structures the shells 
can be readily contacted separately from the substrate, or from the NW core. 
The fabricated NWs could be additionally used in detached NW devices [88,97–
100], where detaching core-shell NWs with the shells extending to the NW base 
would inhibit separate contacting to the core and the shell.  

Figure 34 presents the fabrication steps used in the study. The processing 
scheme is divided to two approaches, named Method A and Method B. Both re-
sult in similar structures. The NWs were grown via VLS in MOVPE. The process 
is applicable to most materials, while here GaAs NWs were studied. In Method 
A, the NWs are first grown only to a short height, while in Method B the axial 
growth is completed in the first growth step. In both methods a SOG layer is 
then applied to the NW bases. The NW tips and Au particles remain above the 
SOG layer in Method A, and the layer covers only the base region in Method B. 
The SOG deposition leaves residues over the NWs and their removal is essential 
before the following regrowth step. The SOG remnant removal methods studied 
here were HF etching and annealing. The last step in the fabrication process was 
regrowth, which included axial VLS growth and shell growth for Method A and 
only shell growth for Method B. It should be noted that the VLS regrowth in 
Method A required switching off the group V precursor immediately after the 
first VLS growth. If the group V precursor (TBAs) flow remained open it de-
pleted the Au seed from Ga during the cooldown, which inhibited epitaxial axial 
regrowth. Another approach could be reintroduction of Ga to the Au seed prior 
to the 2nd VLS growth step, which was however not examined in this work.  

 

 

Figure 34. Fabrication scheme for shell-substrate isolated core-shell NWs via two approaches, 
Method A and Method B. (1) The first step is VLS NW growth, where short NW stubs were 
grown in Method A and complete NWs in method B. (2) Next, a SOG layer is deposited that 
covers the base region of the NWs. The NW tips and the seed particles remain slightly above 
the SOG surface in Method A. (3) Finally, the NWs are regrown, either with VLS followed by 
shell growth in Method A, or with only shell growth in Method B. SOG remnant and native 
oxide removal step was optionally performed prior to step 3. 

The SOG remnant removal step was essential for successful regrowth of the 
NWs. In addition, native oxide formed during the exposure to air was removed 
in this step. Three different sample types were studied for both Method A and 
B, which resulted in six different sample types. The first sample type had no 
SOG remnant or oxide removal prior to the regrowth. The second type was an-
nealed in-situ in the MOVPE reactor at 650 °C, and the third type was dipped to 
5 % HF / 95 % deionized water solution.  
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SEM images from these six sample types after regrowth are presented in Fig-
ure 35. Method A NWs without any treatment after SOG deposition resulted in 
partially vertical NWs, partially kinked NWs and partially spherical formations 
during the regrowth (Figure 35a). Due to the varying NW types this sample type 
was considered suboptimal. On the other hand, the Method A with in-situ an-
nealing step produced nearly 100 % vertical NWs with pristine appearance in 
SEM. The annealing step is assumed to dissociate the thin SOG remnant cover-
ing the Au seed, which allows the growth material to penetrate to the seed and 
the growth interface (Figure 35b). The SOG remnants, if not removed, are there-
fore assumed to hinder the growth by inhibiting mass transport to the Au seed. 
The third sample type with Method A included an HF etching step. This caused 
seed particle fragmenting and irregular features during VLS regrowth (Figure 
35c). The fragmenting is attributed to the seed particle being Au-Ga instead of 
pure Au during the etching step, since HF was not observed to fragment e.g. the 
Au discs used in Publication 9.  

 

 

Figure 35. SEM images of shell-substrate isolated core-shell GaAs NWs fabricated with (a-c) 
Method A and (d-f) Method B. No SOG remnant and native oxide removal step was per-
formed in (a) and (d). The NWs in (b) and (e) were annealed in-situ in MOVPE reactor prior 
to the regrowth. The NWs in (c) and (f) were etched shortly with HF prior to the regrowth step. 
Inset in (a) shows another typical NW type resulting from Method A without SOG remnant 
and oxide removal. SOG layer has been removed prior to imaging in (a) and (c). Adapted 
from Publication 10. 

Method B without any surface treatment resulted in nodular shell growth (Fig-
ure 35d). The shell growth decreases towards the base, and is therefore hindered 
by the SOG remnants that are expected to be thicker near the SOG surface. The 
in-situ annealing combined with Method B appeared to crack the SOG layer to 
some extent but not to remove it completely. The resulting structures had a na-
notree-like appearance, where the branches are thought to be self-catalyzed due 
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to lack of Au on the sidewalls (Figure 35e). From Method B, the best quality 
NWs were obtained by employing the HF etching step (Figure 35f). The shells 
had a monocrystalline appearance in SEM, although some irregularities were 
visible. The shell quality could be enhanced further by refining the etching pa-
rameters or by additional in-situ annealing after HF etch prior to the growth.  

The best quality NWs were considered to be the Method A NWs with in-situ 
annealing prior to the regrowth. These NWs were characterized further with 
TEM and with electrical measurements as presented in Figure 36. The TEM 
characterization revealed ZB crystalline structure (seen in the electron diffrac-
tion pattern) with twin planes emerging only at the location where the shell 
growth is initiated. The twin planes are therefore attributed to the early stages 
of the VLS regrowth. Nevertheless, their density dissipated quickly and the over-
all crystal structure was nearly perfect.  

 

 

Figure 36. (a,b) TEM images, (c) electron diffraction pattern and IV measurements from Method 
A NWs with in-situ annealing step prior to regrowth. The core-shell NWs measured in (d) 
incorporated a pn-junction, and also the IV behaviour of undoped reference NWs with a SOG 
layer is presented. Adapted from Publication 10. 

The isolating properties of the SOG layer and the possibility to contact the core 
and the shell separately were studied further with NWs with p-type core and n-
type shell. The regrown core section, however, was not intentionally doped since 
Zn had a tendency to diffuse to the shell and compensate the n-doping there. 
Carbon is generally thought to be a p-type dopant in VLS-grown GaAs NWs 
[38,39], and the regrown core section is assumed weakly p-type as well. IV 
measurements were used to probe the isolating characteristics. The contact 
types with the metals used on p-type NW cores or n-type NW shells were ohmic 
or near-ohmic, as explained in more detail in Publication 10 along with more 
experimental details. The IV measurements on these core-shell NWs with pn-
junctions showed diodic IV behaviour with low leakage current as shown in Fig-
ure 36d. On the other hand, undoped reference NWs were considerably more 
resistive and the IV curve points to Schottky behaviour. Therefore, shell-sub-
strate isolated core-shell NWs were successfully fabricated with a simple lithog-
raphy-free process that is suitable for most material combinations used in NW 
devices.  

In addition, parylene-C encapsulation for NW isolation was studied in Publi-
cation 11. The encapsulation process involved an annealing step that retracted 
the parylene-C towards the NW bases and exposed the tips for contacting. The 
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process is simple, scalable, fast and applicable to various NW types such as ver-
tical or randomly oriented, sparse or dense, and NWs grown on featured sub-
strates. Typically, the NW isolation methods involve spin-coating [7,8,11,126], 
which is unsuitable or challenging when the NWs are randomly oriented or 
grown on featured substrates. While parylene has been employed for NW isola-
tion before [81,92–94], the methods to expose the NW tips have been suitable 
only to vertical, dense and uniform NW arrays. The annealing process studied 
in Publication 11 therefore enables the use of parylene with considerably en-
hanced freedom related to NW density, orientation and substrate types.  

The key step in the encapsulation was annealing, which was studied over a 
temperature range of 320 °C – 380 °C. Vertically grown NWs on GaAs sub-
strates after the parylene-C annealing process are shown in Figure 37. Two ini-
tial parylene-C film thicknesses were studied, 500 nm and 1000 nm. Addition-
ally, two seed particle sizes, 40 nm and 100 nm, were used. The 40 nm Au par-
ticles resulted higher NW density compared to the 100 nm particles by a factor 
of roughly 10. The deposition was roughly conformal on all surfaces, and there-
fore the amount of parylene-C deposited over denser NWs was significantly 
higher than over sparser NWs. Further experimental details are given in Publi-
cation 11. The annealing at 340 °C caused minor changes in the parylene-C coat-
ing over the NWs, and minor film thickness reduction was observed in SEM. 
When the annealing temperature was raised to 360 °C, parylene-C retracted to-
wards the NW bases and exposed the NW tips. Additionally, film thinning was 
more significant at 360 °C. Increasing the annealing temperature to 380 °C am-
plified the effects observed with 360 °C, i.e. the parylene-C film retracted and 
thinned further.  

 

 

Figure 37. Parylene-C encapsulated GaAs NWs after annealing process at the temperatures in-
dicated in the figures. Also indicated is the initial film thickness, 0.5 μm or 1 μm. The growth 
substrate was GaAs(111)B. 100 nm Au NPs were used in (a-c) and (e-g), and 40 nm Au NPs 
in (d,h). Insets in (d,f) show magnifications of NW tips, and the inset in (g) shows magnifica-
tion at the NW base. Adapted from Publication 11. 

The initial film thickness and the NW density had clear effects on the shape of 
the final parylene-C encapsulation. With 1 μm films and the sparser 100 nm 
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thick NWs (Figure 37b,c), the annealing at 360 – 380 °C formed cone-shaped 
encapsulation over the NWs. For the denser NWs seeded with 40 nm Au NPs, 
on the other hand, the film remained relatively thick and only NW top segments 
remained above the film (Figure 37d). The emerging top segments, neverthe-
less, had a conical shape similar to the 100 nm NWs. The thinner 500 nm 
parylene-C film created shell-like encapsulation for the sparser 100 nm thick 
NWs at 360 – 380 °C (Figure 37f,g). The final thickness was reduced to ~200 
nm. For the denser, 40 nm thick NWs the significant thinning caused bending 
and clustering of the NWs (Figure 37h). Therefore, the 500 nm thick film was 
deemed not suitable for the dense NW arrays.  

The parylene-C deposition and annealing was studied additionally on ran-
domly oriented NWs and NWs grown on structured substrates. These NWs are 
presented in Figure 38. The parylene-C film retained its tendency to retract to-
wards the NW bases also with the random orientation. Therefore, the retraction 
is attributed mainly to surface tension, and effects such as gravity have a minor 
effect. Nearly all of the NW tips appeared exposed and therefore the parylene-C 
encapsulation method is deemed suitable for randomly oriented NWs and struc-
tured substrates.  

  

 

Figure 38. Randomly oriented GaAs NWs on Si substrates with native oxide after parylene-C 
deposition and annealing. General view on a flat surface with 100 nm Au NP seeded sparse 
NWs is shown in (a), and NWs seeded with 40 nm NPs on a structured surface is shown in 
(b). Insets show magnifications on NW tips. Adapted from Publication 11. 

The parylene-C coating caused interference pattern in reflectance measure-
ments, and significantly reduced the reflectivity of the GaAs NW forests (the 
interference pattern arises from alternating constructive and destructive inter-
ference when the illumination wavelength is increased). The reflectance spectra 
are shown in Figure 39. The spectra present relative reflectance values, i.e. 100 
% corresponds to reflectance from bare GaAs substrates, and absolute reflec-
tance values are significantly lower. The interference patterns from parylene-C 
coated bare GaAs substrates exhibited relative reflectance values ranging be-
tween ~10 – 100 %. The film annealed at 340 °C caused slightly lesser reflec-
tance. On the other hand, the parylene-C encapsulated sparse 100 nm diameter 
NWs exhibited relative reflectance down to ~10 %, compared to roughly 90 % 
from uncoated NWs. With the denser 40 nm thick NWs encapsulated in 
parylene-C the relative reflectance was reduced down to < 1% in the peak solar 
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intensity wavelength region. The observed antireflective properties are at-
tributed in part to refractive index matching, since parylene-C has a refractive 
index of ~1.65 [127,128], which is between that of air and GaAs. However, since 
the reduction was significantly lower with parylene-C films on bare GaAs, re-
fractive index matching alone does not suffice to explain the extremely low re-
flectance values. Therefore, surface texturing and cone-shaped structures 
(shown in Figure 37) reduce the reflectance further. The dense 40 nm diameter 
NWs with parylene-C coating are likely to exhibit graded refractive index, which 
is also known to reduce reflectance.  

 

 

Figure 39. Optical characterization of parylene-C coated NWs. Relative reflectance spectra 
measured from parylene-C coated (a) GaAs substrates, (b) sparse 100 nm thick NWs and 
(c) dense 40 nm thick NWs. The NWs were grown vertically on GaAs(111)B substrates. Ap-
proximate thicknesses of the parylene-C films after the annealing process are indicated in 
the labels. The reflectance values are relative to bare GaAs substrate, i.e. the 100 % reflec-
tion corresponds to that from GaAs. PL spectra measured at room temperature from un-
coated and parylene-C coated NWs is shown in (d). Adapted from Publication 11. 

Photoluminescence measurements from NWs with and without parylene-C 
coating (initially 500 nm, annealed at 360 °C for 15 min) are shown in Figure 
39d. These NWs were Zn-doped and grown on Si substrates. The as-grown NWs 
exhibit a broad signal peaking at ~910 nm. The peak is redshifted from bulk 
values due to the Zn doping (as presented in Publication 6). With the addition 
and annealing of parylene-C, the PL spectra shows another broad emission with 
the peak position at ~730 nm and with a long tail towards lower energies. Nev-
ertheless, also a clear signal from the NWs was recorded. The NW peak position 
remained unchanged, indicating that the parylene-C deposition and annealing 
caused no detrimental effects such as stress to the NWs. In order to compare the 
NW luminescence intensities, I1 (for the encapsulated NWs) and I0 (for the un-
coated NWs) were extracted as shown in Figure 39d. The I1/I0 ratio was roughly 
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2, indicating enhanced light guidance to the NWs, and therefore improved op-
tical properties of the structure.  

As is necessary for isolation layers, the parylene-C coating allowed contacting 
the NW tips while preventing short-circuiting the top contact with the substrate. 
This was evident in IV measurements, where contact pads were evaporated on 
top of p-type and undoped NWs with parylene-C encapsulation. The IV meas-
urements were taken from the neighboring pads, as explained in more detail in 
Publication 11. The encapsulated p-type NWs exhibited currents in mA current 
level and ohmic contacts, while the encapsulated undoped NWs had μA current 
level and Schottky contacts. Therefore, the parylene-C encapsulation is suitable 
for isolating NW top and bottom contacts, while it simultaneously provides non-
reflective coating. The electrical characteristics were further probed under illu-
mination, and a clear difference was observed between dark current and under 
illumination. This results shows that the structure as a whole is suitable for op-
toelectronic device fabrication. Furthermore, as discussed above, the coating 
was suitable for various NW types and structured substrates. As such, it can 
benefit optoelectronic NW devices and allow their easier fabrication on various 
substrates.  
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5. Conclusions 

Nanowire technology for optoelectronic device fabrication was discussed in this 
thesis. First, NWs and their use was briefly discussed, followed by presentation 
of growth techniques and underlying phenomena in nanowire growth. Key pro-
cessing steps, their present state and their importance in NW device fabrication 
were then presented. Finally, chapter 4 reviewed the research results obtained 
in this work.  

Nanowires hold enormous potential for future optoelectronic applications. 
Fabrication costs, however, are essential for feasible NW devices in industrial 
applications. The unique properties of NWs allow their growth on a number of 
substrates, including those with extremely low prices. It was shown that ordi-
nary window glass is a suitable growth substrate for GaAs NWs. GaAs on the 
other hand is especially well-suited for solar cell applications. The GaAs NWs 
on glass were shown to exhibit extraordinarily high crystalline and optical prop-
erties, which was attributed to impurities originating from the glass. Another 
presented approach for low-cost growth platforms was the use of aluminium-
doped zinc oxide buffer layers. These layers are transparent and conductive, and 
can be used for NW growth on nearly any material that is compatible with the 
growth temperatures in MOVPE. The conductive buffer layer allows device fab-
rication directly on the substrates, enabling more straightforward fabrication 
processes.  

The high surface-to-volume ratio and surface effects hinder the performance 
of NWs in optoelectronic devices. The surface effects can deplete the whole NWs 
from charge carriers and render them unusable. Therefore, surface passivation 
techniques are of great importance for NWs. This is especially true for GaAs that 
has poor surface properties. GaAs NW passivation with AlGaAs shells was stud-
ied and its effects on the optical properties were presented. The AlGaAs shells 
were shown to increase luminescence from the GaAs NWs and to redshift the 
emitted photon energies. AlGaAs shells, however, must be relatively thick for 
effective passivation, and its deposition occurs additionally on the substrate sur-
face. Another GaAs NW passivation scheme was therefore developed, which uti-
lized ultrathin InP and GaP capping layers. These layers provided strong pas-
sivation (roughly equal to AlGaAs shells), while they caused no undesired 
growth nor shifted the emission from the NWs. Furthermore, their deposition 
was straightforward and fast. Overall, the ultrathin capping layers were consid-
ered a superior passivation method to the widely used AlGaAs shells. ALD de-
posited passivation layers were then studied for situations where in-situ pas-
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sivation is not possible. From the studied materials, AlN provided mild pas-
sivation for GaAs NWs, and Al2O3 and AlN were suitable for surface protection 
of InP NWs.  

Another aspect required in the optoelectronic devices is doping. Zn was used 
as a p-type dopant for GaAs NWs and its effects on the NW growth were pre-
sented. Besides improving the conductivity, the Zn doping increased axial 
growth rate and caused frequent defects to the NW crystal. The defect formation 
was attributed to considerable Zn proportion in the used Au seed particles. 
While NWs are typically doped in-situ during the growth, it is not always possi-
ble or desirable. Therefore, ex-situ doping was presented for InP NWs via Zn 
indiffusion from gas phase. P-type doping was acquired via the Zn indiffusion, 
with obtained carrier concentrations in the order of 1017 cm-3 with a simple pro-
cess scheme, and up to 1018 cm-3 when ZnP shells and a post-annealing process 
were implemented.  

Additionally, novel NW fabrication techniques were presented. Position-con-
trolled NW growth was acquired by the use of laser interference lithography. 
The technique allows tuning the pitch in both array directions and the NW di-
ameter. Large areas could be patterned for NW growth with relatively simple 
tools and a simple process, which helps in realizing affordable NW devices. An-
other fabrication technique presented the growth of two NW types side by side 
on a single substrate. Such arrays were shown to decrease reflectivity which is 
crucial for solar cells and photodetectors. By using different materials in the 
NWs, improved light absorption in solar cells could be obtained. Additionally, 
LEDs with broad emission could be fabricated without the need for phosphor 
coating.  

Finally, isolation techniques for NW devices were studied. First, a process 
scheme for shell-substrate isolated core-shell NW fabrication was presented. 
Pristine core-shell NWs were fabricated, where the shells were isolated from the 
substrate by a SOG layer. The applications that could benefit from the process 
include tandem junction solar cells, NWs grown directly on electrodes and de-
tached NW devices. Another isolation scheme utilized parylene-C as encapsu-
lating and isolating material. The NW tips were exposed with an annealing step 
that retracted the parylene layer towards the NW bases. The process was shown 
to be suitable for vertical or randomly oriented NWs, dense and sparse NW ar-
rays, and for structured substrates. Additionally, the parylene-C encapsulation 
functioned as a non-reflective coating, with obtained reflectivity values below 1 
% at the wavelength region corresponding to peak solar intensity.  

The presented results can advance NW optoelectronics towards feasible, in-
dustrial devices. Several different optoelectronic NW devices have already been 
demonstrated in laboratories, with especially solar cells showing promising ef-
ficiencies. Yet plenty of research is required in order to optimize the myriad of 
growth parameters found in NW growth and their fabrication into operating de-
vices. The results presented here offer one step forward towards the realization 
of low-cost and high-efficiency optoelectronic NW devices.  
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