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Resum

Les tecnologies de sensors de gas basades en semiconductors presenten limitacions
importants de selectivitat i consum d'energia. Per tant, esdevé necessari I'assaig de nous
conceptes de dispositius capacgos de satisfer aquests dos requeriments per aplicar-los en
plataformes mobils. En aquesta tesi es presenta una tecnologia de sensors altament selectiva
i autonoms des d’un punt energetic, incloent la seva avaluaci6é experimental i I'analisi dels
mecanismes fisico-quimics de deteccié subjacents. S’han fabricat materials nano-hibrids,
basats en nanofils inorganics (NWs), funcionalitzats amb monocapes “auto-acoblades”
(SAMs). A la dissertacié es mostren les extraordinaries caracteristiques en termes de
selectivitat i sensibilitat de gas que exhibeixen aquests materials; els estudis teorics s6n
consistents amb les observacions experimentals disponibles i permeten identificar
I'estructura electronica dels orbitals moleculars de frontera SAM, que és el parametre
crucial per a garantir una interaccié efica¢ entre el sensor i els gasos. A més a més, es
presenta un nou concepte de sensor autonom sobre la base d'una heteroestructura p-Si/n-
ZnONW que respon exclusivament a la llum solar sense necessitar d’altres fonts d'energia
externes. Els canvis de la tensié de circuit obert (AV,), que s’utilitzen per controlar la
preséncia d'especies de gasos, mostren una correlaci6 directa amb la densitat de portadors
de carrega (Ng) al nanofil de n-ZnO. Finalment, es presenta l'aplicacié de técniques de
microfabricacié en el disseny d'un dispositiu que integra els conceptes de selectivitat i
autonomia energetica, capac¢ per tant de detectar concentracions de NO; rellevants per a
aplicacions de seguretat (nivell de ppb) sense la necessitat de fonts d'energia externes. La
mida compacta, la baixa demanda d'energia i la robustesa de la tecnologia fan que el
concepte de sensor que aqui es presenta sigui molt prometedor per a la seva integracio

futura en plataformes electroniques mobils.



Abstract

Contemporary semiconductor based gas sensor technologies could already prove their high
sensitive characteristics but exhibit crucial debilities in terms of target selectivity and power
consumption. As both criteria have to be fulfilled for the application in mobile sensor
platforms, new device concepts are needed. Within the here presented thesis the
development of a highly selective and self-powered as well as experimental evaluations and
analysis of the underlying sensing mechanisms are presented. First, hybrid nano materials
are fabricated, based on inorganic nanowires (NWs) functionalized with self-assembled
monolayers (SAMs), and show extraordinary characteristics in terms of gas selectivity and
sensitivity. Theoretical mechanistic studies are consistent with the experimental
observations and identify the electronic structure of the SAM frontier molecular orbitals as
crucial parameter for efficient sensor-gas interactions. Furthermore, a novel self-powered
sensor concept is presented based on a p-Si/n-ZnO NW heterostructure that is solely driven
by solar light and without the need of external energy sources. Changes of the open cirquit
voltage (AV,.) that are used to monitor the presence of gas species are shown to correlate
with the charge carrier density (N4) within the n-ZnO NW upon gas-sensor interactions.
Finally, microfabrication techniques are applied to unify the selective and self-powered
concepts within a single sensor device that is capable to selectively and quantitatively detect
NOz-gas concentrations within security relevant concentrations (ppb level) and without the
need of external energy sources. The compact size, low energy demand and validity of signal
information make the here presented sensor concept very promising for the integration into

mobile electronic platforms.
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Introduction

The past decades were determined by a fast growing earth population and an ambitious
industrial growth of emerging economies in Asia and Latin America. A consequent
transformation from agriculturally dominated structures to urban societies let metropolises
grow to megacities as Mumbai, Shanghai, Istanbul or Sdo Paulo.! So far, a fast economic
growth was rated with higher priority than the caused environmental impact. A more and
more serious pollution of air, water and agricultural areas in urban regions with
consequences on human health and even social unrest led to a change of thinking and a
political intent for vigorous efforts to target environmental problems within the next
decades. As Industrial production sites are mainly concentrated in urban regions, the close
proximity to the living environment creates a complex challenge to ensure sustained
economic growth in uprising metropolitan areas.2

The development of new gas monitoring systems will play an essential role in programs to
realize a higher life quality. A sufficient control of densely populated areas requires close
meshed sensor networks with high detection accuracy in terms of location and gas
selectivity to identify threads and to take efficient actions. Moreover, people will be
interested to identify harmful threads also in their personal environment without the need
of a public infrastructure. Mobile devices like smart phones could serve as platforms to
integrate the needed sensor technologies and ensure an on-demand accessibility. A low
impact on the battery lifetime of such devices and an easy interpretation of the detection
results, even for non-specialist users, is essential for a successful commercial application.
Therefore, to facilitate wide spread and personal analyses of the air quality, gas sensors

have to accomplish two major requirements:
= high target selectivity
= low power consumption

Both qualifications cannot be sufficiently fulfilled by current sensor technologies.3

Electrochemical or optical analysis systems can offer a high specificity, but their bulky



1 1 Introduction

dimensions, as well as high power consumption and costs do not allow them to be applied
for mobile or wireless applications.*5 Resistive gas sensors, based on semiconducting metal
oxide materials, with their relative small size, simple setup, high sensitivity, robustness and
low costs have shown a high potential on the way to be implemented into common silicon
based platforms. For metal oxide materials, the gas interaction process proceeds via a gas
adsorption at lattice oxygen sites (O or terminal hydroxyl groups (-OH) on the
semiconductor surface.6” These sites can be described as target receptors.8 Depending on
the oxidative or reductive character of the gas species, the charge carrier density (electrons
or holes in case of n- or p-type materials respectively) within the material surface area is

modulated via a chemical interaction with intrinsic oxygen vacancies (V") as described for

oxygen by equation (1):

Y2 0y + Vg '+ 2¢ Ofat (1)

Nano structuring of sensing materials led to significant improvements in terms of sensitivity
due to high surface to volume ratios and defined conduction channels.?10 However, the
unspecific adsorption and redox interaction of the native oxygen receptors cannot
discriminate specific gases. Additionally, high activation energies, delivered by external
heaters or UV light sources, are needed to facilitate the gas-surface interactions and create a

measurable signal to monitor the surface processes (e.g. voltage or conductance).

So far there are no specific concepts to overcome these limitations. Therefore, this thesis is
devoted (a) to develop a new pathway for gas selective semiconductor based gas sensors
beyond current technologies and (b) to realize a sensor concept that is capable to operate
without the need of external energy sources. Finally, both principles should be implemented
in one device to accomplish both criteria of selectivity and low power consumption in one

material system.

1.1 Selective Sensing

Previous works towards the development of gas-specific “electric noses” were concentrating
on inorganic modifications of metal oxides with noble metals,31! chemically reversible
hetero materials, as CuO 12 or Ag;0 8 or statistical analyses of sensor arrays.13-15
Nevertheless, these devices go along with restricted diversity of targeted gas species or a

high system complexity. In contrast to those systems, the human olfactory system is based
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on organic structures and can discriminate up to one trillion distinct odors, even at

concentrations in the range of parts per billion (ppb).16
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Fig. 1.2: The organization of the human olfactory system with schematic illustration of odorant
receptor proteins as molecular binding sites (reprinted from The Nobel Assembly at Karolinska
Institutet).l”

The recognition of certain molecular specie begins with a binding interaction of a receptor
protein and a consequent signal transduction trough the receptor cells to the brain. A
mimicking concept with receptor proteins or antibodies and inorganic nanowires (NWs) as
signal transduction paths has been successfully applied for the detection of biological
targets in the liquid phase.18-20 Even selective orthogonal on/off response characteristics
could be achieved. Recent works indicate that organic surface modifications could also play
an important role as specific and flexible receptors for selective target discrimination in the

gaseous phase.21-24 [n contrast to these works introduced until today, the obtained studies of
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the here presented thesis indicate that not only the selective binding interaction between
the organic receptor and a gas species, but more importantly the mechanism of the charge
transfer process between the organic surface molecules and the inorganic semiconductor
material are critical for a selective sensing. Therefore, a brief insight into these organic-
inorganic interface charge transfers will be given prior to a discussion of the relatively new

field of hybrid gas sensor systems.

Electrical modulation of semiconductors by organic surface molecules

An obvious method for the deposition of organic components on inorganic materials is the
plain physical vapour deposition (PVD) under vacuum conditions.2526 The control of the
layer thickness and conformal deposition, however, is not easy to control and requires high
analytical efforts and optimization. Alternatively, self-assembled monolayers (SAMs)
represent a very convenient way to modify the surface of semiconducting materials with
organic functionalities. SAMs are formed by the adsorption of molecular constituents from
the gas phase or solution. These molecules possess a terminal chemical functionality with
high affinity to bind with the material surface (head group) and a tail with desired chemical
composition (see figure 1.3).2627 Binding to material surfaces can occur e.g. via condensation
reactions (as in case of reactions of silanes with metal oxides), hydrogen substitution
(Thioles with gold) or m-m interactions (terminal aromatic groups with carbon nanotubes).
The saturation of the material surface after adsorption of the first organic monolayer
prevents the biding of further monomers, as no more free sites of the semiconductor surface

are accessible.
R=-OMe
-OEt
-Cl
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)
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Fig. 1.3: Schematic description of SAM formation on semiconductor surfaces and exemplary

redpresentation of surface affine head groups for immobilizations on metal oxides, gold,2¢ and
CNTs.28

When organic molecules get in contact with a surface of inorganic materials, the electrical
properties of the semiconducting material can be considerably changed. The use of

nanomaterials, (e.g. quasi 1D NWs) is beneficial for this interplay, as the reduced radius of
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these structures causes a higher fraction of the surface area (S) in comparison to the volume
of the bulk material (V):
S 2ml 2
_ _c (2)

V. il or

Here, r is the radius and I the length of the NW. It is evident from equation 2 that the surface
to volume ratio (S/V) is increased with decreasing NW radius. Consequently, the SAM
modified surface has a stronger influence on the overall material properties for nano sized
materials compared to their macroscopic counterparts.

Beside the size effect of the NW, the donor/acceptor properties of the organic counterpart,
as well as the bulk work function are responsible for the materials electrical modulation.2®
Kong et al. already reported in 2001 that the adsorption of amine containing organic SAM,
formed by the surface immobilization of 3'-(aminopropyl)tri-ethoxysilane (APTES), had a
considerable influence on the electrical conductance of semiconducting p-type carbon
nanotubes (CNT).30 It was proposed that these changes were induced by electron donation
from APTES to p-CNTs and a consequent reduction of the p-type charge carriers. This effect
was described as chemical gating. Although a lack in theoretical understanding of the
underlying charge transfer mechanism was mentioned in this study, this term is still used to
describe the electrical response of organic surface modified biosensors after target
binding.1931

Qi et al could develop a model to describe the electronic states and charge transfer
interactions of strong organic electron acceptor groups and intrinsically undoped bulk
materials before and after a direct contact or binding interactions.2532 The consequent
phenomenon of induced bulk conductivity is known as surface transfer doping. In this study,
intrinsically non-conductive hydrogenated diamond (diamond:H) and the strong organic
electron acceptor tetrafluoro-tetracyanoquinodimethane (F4-TCNQ, el. affinity: x = 5.24 eV)
were used. As F4-TCQN has no affine head group, the molecules were deposited by simple
evaporation. Photoemission spectroscopy (PES) experiments of core levels (CL) and valence
regions (VR) before and during the organic deposition clearly demonstrated shifts of the
intrinsic energy levels that were interpreted as upward bend bending at the diamond:H
surface and the formation of an interface dipole with negative charge on the electron
accepting organic group. In other words, these findings described a charge transfer from
diamond to the electron affine F4-TCNQ, resulting in a p-doping close to the interface, as an

access of holes was created in the diamond valence band (VB) (see figure 1.4).
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Fig. 1.4: Schematic energy diagram of bulk material (hydrogenated diamond) and an organic electron

acceptor (F4-TCNQ) (a) before and (b) after surface transfer doping.32 (c) Chemical structure of Fs-
TCNQ.

A critical requirement for an efficient charge transfer from bulk to the electron acceptor is a
lower energetic position of the lowest unoccupied molecular orbital (LUMO) of the organic
acceptor with respect to the bulk Fermi energy (Er). The electron transfer proceeds until the
LUMO energy position aligns with the bulk Er. Notably, no further charge transfer was
observed with ongoing acceptor deposition after the first organic monolayer.

The same effect of surface doping by an organic surface functionalization was observed for
bulk organic semiconductors, as single crystalline rubrene, when fluorinated SAMs as
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS) were attached to their surface.33
A conductivity increase as big as five orders of magnitude could be observed in such a

system with respect to the unmodified material.
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Fig. 1.5: a) In situ semi-log plot of the source-drain current for organic semiconductors (rubrene,
tetracene) during SAM deposition. Fluorinated (FTS) and non fluorinated SAMs (Ethoxysilane, OTS)
were deposited at t = 0. b) Electron spin resonance (ESR) spectra of pure and combined components
(semiconductor, SAM). The pronounced resonance indicates unpaired electrons as well as delocalized
holes for the rubrene/FTS-SAM system. (Reprinted by permission from Macmillan Publishers Ltd:
Nat. Mater [33], copyright 2008.)
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As in the case of diamond:H, the strong electron withdrawing ability of the SAMs lead to an
efficient charge transfer, leaving unpaired electrons (transferred to the SAM), as well as
delocalized holes (charge carriers in the semiconductor) in the semiconductor (see figure
1.5).

From the above mentioned studies it can be concluded that organic monolayers can strongly
influence the electrical properties of semiconducting materials by modulating their charge
carrier concentrations close to the bulk-organic interface. For this reason, the use of nano
structured semiconductors with high surface to volume ratio is beneficial to achieve a
strong deviation of the initial electronic properties. The electron affinity (x) of the organic
monolayer, which is defined by the LUMO position with respect to the vacuum level (Evac), is
the most critical parameter for an efficient charge transfer. It is shown in the here presented
thesis that binding interactions of gas molecules to SAMs modulate the LUMO energy of the
organic surface molecules. A mechanism how these modulations can lead to a selective

response of a SAM-NW sensor system is described in the papers 1 and 4.

Recent developments in the field of SAM-NW hybrid bio/gas sensors

Organic surface modifications were used first to gain selectivity for NW based biosensors in
liquid phase. Antibodies,'® peptides,3* as well as single stranded DNA3> were used as
receptor groups. However, the detailed charge transfer mechanism between the organic
surface component and the semiconductor antenna was not taken into account
systematically, but the selectivity was meant to be exclusively induced by selective target-
receptor binding and consequent changes of the NW surface potential (Wo). The relationship
between Wy and the charge (o¢) of the sensor conduction channel (here the NW) is usually

described by the Graham equation:3

o, = /8, ,KTC, sinh[if_l‘ij 3)

Where k is the Bolzmann constant, T is the temperature, e the elementary charge, & the

permittivity of free space e the dielectric constant of water, and Cp is the ionic strength of
the buffer solution. In the case of bio sensing, a wide know how about these key-lock
interactions from well understood fields of biotechnology could be transferred to new
nanotechnology applications. Antibodies can be designed as counterpart for defined
antigens, as cancer marker proteins or viruses, by methods as recombinant in vitro antibody
production techniques.3¢ As the chemical and sterical structure of a targeted antigen
possesses a number of specific binding sites and characteristic structural properties, which
are reflected in the structure of the adequate antibody, a very specific binding interaction

can be achieved.37-3% The first NW biosensor based on this concept was described by Lieber
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et al. in 2001 for the biotin/m-antibiotin target/receptor couple and silicon NWs as electric
channel material.#0 Furthermore, the same group could develop this system to realize
antibody functionalized NW sensors that showed an extraordinary selectivity towards
respective parostate cancer markers in concentrations as low as 0.9 pg/mL. The fact that
these measurements were performed using undiluted serum samples indicated the high
potential for diagnosis applications.’® The principle of key-lock interactions is also used for
the detection of single stranded DNA (ssDNA) by immobilizing DNA strands with a

respective amino acid sequence to achieve specific DNA hybridization.4142

b
a p 5 ssDNA hybridized
antigen ' P \ DNA
antibody ‘
NW :

Fig. 1.5: Schematic illustration of biosensor concepts based on specific a) antibody-antigen binding
and b) hybridization of immobilized receptor- and target DNA strands.

These hybridization interactions can be monitored with a very high accuracy and low noise
level. Therefore, it was possible to perform even single molecule measurements with high
time resolutions in the micro second range,, using a point defect CNT based FET system.
Beside specific on/off detection signals, even characteristics of the molecular interaction
kinetics, as temperature dependent dwell-time of target ssDNA, could be studied.3543

The use of organic receptor molecules for biosensors is evident, as these immobilized
species possess similar sizes, functionalities and atomic structures compared to the targeted
antigens. On the same time, organic structures can be realized in an infinite number of
variations of primary or secondary structures to accomplish the desired functionality.
Learning from natural olfactory systems, the use of defined organic receptors, also for small
molecules in the gas phase, seems to be a very promising route to solve current selectivity
issues of pure inorganic semiconductor sensors. Up to date, just a few works have been
presented to study the potential of well defined organic/inorganic hybrid materials for gas
sensing applications. In 2008, McAlpine et al. used silicon nanowires decorated with known
recognition peptides for the detection of acetic acid and ammonia vapours in dry nitrogen.**
For relatively high concentration of 100 ppm, a remarkable discrimination could be
observed in presence of interfering gases, as CO; and acetone. As the peptide-target
interaction causes a protonation or deprotonation of the peptide in case of acidic acid or

ammonia, respectively, the sensor signal was found to be not reversible. Additionally, the
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absence of stabilizing buffer solution, as in case of biosensing experiments, led to insufficient
peptide stability in presence of even very low humidity values. Possibly, the loss of the
protein secondary structure after water adsorption caused the loss of the specific binding

ability with the respective target molecule.
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Fig. 1.6: Different approaches for the realization of gas sensors with organic receptor units:
a) Covalent immobilization of tailored ammonia or acetic acid binding peptides;** b) metal-organic
Cu(I) complexes as receptors for none polar ethylene molecules?3 and c) pure organic thiourea SAMs
for the detection of cyclophenon vapours.*s

A direct transfer of hybrid biosensor concepts to gas sensors by using tailored protein
modifications seems to have stability limitations, as the target-receptor interactions take
place in none physiological conditions. On the other hand, the small dimension and lower
structural complexity of gas molecules, compared to biological antigens, lowers the
influence of shape controlled key-lock interactions with receptors. Very recently, pure
chemical interactions with receptors in sizes comparable to gaseous targets and secondary
structures were found to be very powerful receptors and more stable in gaseous
environments. Esser et al. used single walled CNTs (SWCNT) modified with organo-metallic
Cu(I) complexes for the detection of small and none polar ethylene molecules in the sub-
ppm range and with a noticeable selectivity.23 Other than SAM systems, the metal-organic
complex molecules were not covalently bond to the CNT surface, but just mixed in solution
and the mixture was drop-casted on an interdigitated electrode. Possibly, the loose
interaction between CNT and Cu(Il) species led to relatively low sensitivities (sensitivity
~1% for 50 ppm). This system mimics the natural ETR1 ethylene binding receptor, but
concentrates only on the essential Cu(I) binding site of the complex protein structure. Such
strategies are well known and established in the development of metal-organic and pure
organic catalysts,*¢-50 as further reduction of the receptor construction leads to purely

organic functionalities. Such systems have been demonstrated for the detection of volatile
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organic compounds!s5152 and explosives.4>53 Nevertheless, although remarkably higher
system sensitivities compared to unmodified materials could be achieved, these systems
could not deliver satisfying selectivity towards singular gas species, unless complex pattern
recognition algorithms were applied. Up to date, all surface modified hybrid gas sensors
systems have been studied empirically. Especially for pure organic SAMs, the chemical and
electrical interactions of the NW-SAM-gas systems are not well understood. Schorr et al.
very recently tried to understand the binding interaction between thiourea functionalized
CNTs with cyclohexanone targets by nuclear magnetic resonance (NMR) studies (see figure
1.7c).45 A direct correlation with interactions in the gas phase is not evident, as these
experiments were performed in liquid phase and solvent effects can influence the
interaction of both components.>* The systematic development of tailored hybrid gas
sensors -selective towards specific gas species- will need systematic studies not only on
binding interactions, but also on the electronic structure that can result in efficient charge
transfer and resulting changes in the monitored NW resistivity. The here presented thesis,
therefore, is aiming to develop highly selective hybrid sensor systems on one hand, and
understand the underlying sensing mechanisms (see papers 1 and 4). The reduction of
complexity, in terms of the organic SAMs structure, enables the use of theoretical density
functional theory (DFT) methods, and gives insights into molecular and electronic
interaction mechanisms that are far beyond the resolution of current experimental
analytics. This understanding of the NW-SAM-gas charge transfer and gas-SAM chemical
interactions, combined with experimental sensing results will be further used to develop

conditions for optimized device operation.

1.2 Self-Powered Gas Sensing

The last two decades of technical development where mainly dictated by groundbreaking
innovations in the field of information technologies. Today, there is a wide availability of
powerful and compact mobile devices for communication, identification, positioning,
tracking or management.55> Especially within the last few years, the integration of such units
in the “internet of things” enabled the correlation of multiple parameters from large areas to
gain complex information and a new level of informative value.5657 As mentioned earlier, the
integration of selective gas sensors in such platforms and their connection in wide spread
networks would open the possibility to monitor the atmospheric quality for areas of interest
with high local resolution and not only at discrete spots. However, the used sensors must be

operated self-sustained and maintenance free conditions to ensure an affordable and
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continuous application. The major requirement is a minimal power consumption of the
active device to ensure applicable battery lifetimes and costs per piece. Within the past five
years, first concepts have been developed to remarkably reduce the energy demand of
sensor elementss8 or to integrate separate energy harvesting components with sensors to
accomplish self-powered operation of the combined system.559-61 Prades et al. made use of
the small dimension of a single Sn0O, NW to induce se/f-heating at higher applied currents
(>10 nA) and thus, achieved a thermal activation of the semiconductor surface without the
need of an external heater (see figure 1.8).58 This effect could be attained due to the low NW
diameter (<100 nm) and a reverse biased Sn0;-Pt Shottky contact (deposited by focused
ion beam (FIB) lithography) that posses both a high resistivity (MQ range). The tiny energy
demand (EW range) of the nano sized single NW sensor element further enabled the use of a
conventional thermoelectric microgenerator (external energy harvester) to realize a self-

powered sensor system.5
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Fig. 1.8: (a) SEM image of a single SnO, NW contacted by FIB lithography and schematic illustration
of the device resistance, as well as heat induced by the joule effect upon currents 210 nA. (b) Sensor
responses revealing a thermal SnO; surface activation at applied currents 210 nA.58 (Reprinted with
permission from [58]. Copyright 2008, AIP Publishing LLC)

The same concept of combining an energy harvesting component and a sensor element in a
combined system was used by Wang et al.. Most of these works were concentrating on ZnO
nanogenerators as energy harvesting unit.55606263 These nanogenerators use the
piezoelectric effect, induced by changing the compressive stress applied on ZnO NWs, to
harvest mechanical energy from the environment (output power up to P ~ 31.2 mW/cm?).64-
66 Mechanical energies are originated from sonic waves, friction or vibrations and thus are a

steady energy source to drive sensors in a sustained operation.
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Fig. 1.9: Schemes of a) the working principle of a piezoelectric nanogenerator and b) the integration
of sensing and charging units to realize self-powered sensing operations.

By integrating energy storage units, (e.g. Li-ion batteries or super capacitors) as a third
component into the sensor system, further stability of the operation could be achieved.
These devices can change between a charging and sensing mode. During charging mode, the
energy harvesting unit is charging the energy storage unit. For the sensing mode, the storage
unit is supplying energy to the sensing unit for detection of the appropriate target.55 As the
self-powered sensor systems are assemblies of individual components, the nature of energy
harvesting and sensor units are flexible and can by chosen by the appropriate application.
Alternatively to energy harvesting nanogenerators, microbial fuel cells (MFC,
P =30 pW/cm?)¢7 or combined hybrid cells could be used. The latter are combined systems
of nanogenerators and solar cells or MFS (Pma = 100 mW/cm?).616869 These combinations
could deliver higher energies to the sensor system, due to simultaneous energy harvesting
of different environmental energies. Additionally, the sustained power supply, even in
absence of one kind of energy, is ensured and allows for a continuous device operation.
Although sensors for the detection of pH-values, UV-light or metal ions could be used for
such combined systems, the high energy demand of conventional and low cost gas sensors,
that is usually in the order of a few hundreds of mW,7? was disabling an applications in
combined harvester/sensor systems.

To overcome the limitations of self-powered sensors for gas sensing applications, a new
concept is presented in this thesis. Different from existing approaches, the developed gas
sensor device unifies energy harvesting and sensing unit in a singular multifunctional
heterostructure. Thus, there is no need of combining two individual components, with
consequent decrease of system costs and complexity. Solar light was used as exclusive
energy source to (a) facilitate the gas-sensor interaction and (b) generate the monitored

sensor signal. The relevant results are presented in the papers 2 and 3.
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1.3 Dissertation Outline

The guideline of the here presented PhD thesis was defined by objectives that are

summarized in the following chapter (Chapter 2: Objectives)

The results of the PhD work and their detailed discussion are presented in three sections
(Chapter 3: Results and Discussion), namely: 1-Selective Sensing, 2-Self-Powered Sensing, and
3-Combination of Selective and Self-Powered Sensing. Each section is introduced by a short
description of the presented content, followed by the main results obtained (as they were
published in scientific peer-review journals), and finally the most significant results are

summarized with special focus on the classification in the state of the art research.

The consequent chapter (Chapter 4: Conclusion) gives a conclusion of the most significant

results obtained during the PhD thesis work

Finally, this thesis will present an outlook on following activities within the topics of
selective and self-powered gas sensors. These upcoming research work will be based on the
results of the here presented work and should extend the principles to develop selective
sensors towards different target gases and realize highly integrated low power sensing

platforms.

Only the publications contained in this list shall be considered for the evaluation of this Ph.D

Dissertation. A copy of all these publications can be found in the page indicated.

Section 1:

1. Hoffmann, M. W. G.; Prades, J. D; Mayrhofer, L.; Hernandez-Ramirez, F.: Moseler,
M.; Waag, A. and Shen, H. “Highly selective SAM-nanowire hybrid NO; sensor:
insight into charge transfer dynamics and alignment of frontier molecular
orbitals”, Adv. Funct. Mater. 24, 595-602 (2014). (impact factor: 10.4; inside
cover 5/2014) Page 23

2. Shao, F.; Hoffmann, M. W. G; Prades, J. D; Zamani, R; Arbiol, J.; Morante, J. R;
Varechkina, E.; Rumantseva, M.; Gaskov, A.; Giebelhaus, I.; Fischer, T.; Mathur, S.;
Hernandez-Ramirez, F., “Heterostructured p-CuO (Nanoparticle)/n-Sn0O;
(Nanowire) Devices for Selective H,S Detection”, Sens. Actuat. B 181, 130-135
(2013). (impact factor: 3.8) Page 51
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Section 2:

3.

Section 3:

5.

Hoffmann, M. W. G.; Gad, A,; Prades, ]. D.; Hernandez-Ramirez, F.; Fiz, R.; Shen, H.;
Mathur, S., “Solar diode sensor: Sensing mechanism and applications®,

Nano Energy 2,514-522 (2013). (impact factor: 10.2) Page 61

Gad, A. E,; Hoffmann, M. W. G.; Hernandez-Ramirez, F.; Prades, ]J. D.; Shen, H,;
Mathur, S., “Coaxial p-Si/n-ZnO nanowire heterostructures for energy and
sensing applications”, Mater. Chem. Phys. 135, 618-622 (2012). (impact factor:
2.1) Page 79

Hoffmann, M. W. G.; Mayrhofer, L.; Casals, 0.; Caccamo, L.; Hernandez-Ramirez,
F.; Moseler, M.; Waag, A.,; Shen, H.; Prades, ]. D., “Highly selective and self-
powered gas sensor enabled via organic surface functionalization”,
Adv. Mater.(2014) doi: 10.1002/adma.201403073. (impact factor: 15.4) Page 87
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Objectives

The objectives of the here presented PhD thesis can be summarized in the following

thematic line-up:

1. To develop a gas sensor system that possesses high target selectivity beyond the
state of current technologies. This includes the understanding of the underlying

mechanism to be able to extend the sensing concept for other target species.

2. To develop a gas sensor concept that can operate in a fully self-powered mode. The
system should be designed in a way that it unifies sensing and powering unit in a

singular unit.

3. To combine the previous results on concepts for selective and self-powered
gas sensors in one system, to realize a device that fulfils these two major criteria on

g4as sensors.
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Results and Discussion

In this chapter, the most relevant results of the PhD work and their discussions will be
presented in form of papers published in peer reviewed scientific journals. In succession to
the above described objectives of the here presented PhD thesis, the papers are organized in
three sections:

= Section 1: Selective Sensing
= Section 2: Self-Powered Sensing

= Section 3: Combination of Selective and Self-Powered Sensing

In the first section, a hybrid organic-inorganic sensor system for highly specific NO;
detection is presented. The gas sensing performances achieved by this system, in terms of
selectivity and sensitivity, were far beyond the capabilities of NW based systems reported
up to date. Further discussion of theoretical DFT simulations of the entire hybrid-gas system
enabled the identification of crucial mechanistic parameters to achieve selectivity towards
single gas species.

The second section is devoted to the development, mechanistic understanding and
application of p-Si/n-ZnO heterostructures. During this PhD work, self-powered gas sensors
could be realized using these materials, benefiting from its feasibility to generate a sensing
signal and interact with the surrounding atmosphere just by harvesting solar light energy.

In the last section of this chapter, the principles of the two previous sections were combined
to realize a highly selective and self-powered gas sensing device. Further mechanistic
insights for both -selective gas detection by hybrid systems, as well as p-n heterostructures
for efficient harvesting- are given in this section. Additionally, a new gas sensor platform
was designed and fabricated by micro structuring techniques to ensure high signal
intensities and flexibility in terms of inorganic and organic components.
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3.1 Selective Sensing

Included paper 1:

Hoffmann, M. W. G.; Prades, ]. D; Mayrhofer, L.; Hernandez-Ramirez, F.: Moseler, M.; Waag, A.
and Shen, H. “Highly selective SAM-nanowire hybrid NO; sensor: insight into charge transfer
dynamics and alignment of frontier molecular orbitals”, Adv. Funct. Mater. 24, 595-602
(2014). (impact factor: 10.4; inside cover 5/2014)

Semiconductor based gas sensors are hampering from low selectivities toward specific gas
molecules. The reason for this limitation is the underlying sensing mechanism based on the
chemical redox reaction between inorganic surface oxygen groups (in case of metal oxide
materials) and the surrounding gas atmosphere. In the here presented paper, organic
surface functionalities were anchored as SAMs on a Sn0, NW surface to gain highly specific
gas interactions, caused by the organic surface receptors, that can be monitored by the NW
resistance. Nitrogen oxide (NO2) was chosen as targeted species, as it presents one of the
major threads for human health, already in low concentrations (ppb level), and is a common
pollutant in urban areas.”! Different amine terminated methoxysilanes were evaluated as
SAM receptors towards NOy, as amines (nitrogen oxidation state: -1I) were expected to act
as electron donor when electron deficient nitrogen species -as in case of NO (nitrogen
oxidation state: +IV)- are present. Gas sensing experiments showed an extraordinary
selectivity towards low concentrations of NO; (ppb level) in comparison to various gas
species, i.e. usually interfering fossil combustion products (SO,, CO, NO, CO;), that were
applied in notably higher concentrations (2 to 50,000 ppm). Among the tested amine
species, N-[3-(trimethoxysilyl)-propyl]ethylenediamine (en-APTAS) unified the best
performances in both, selectivity and sensitivity towards NO>. It could be shown that fast
response/recovery characteristics, as well as quantitative sensing results can be achieved by
illuminating the active sensor surface with visible light in the range of 480-680 nm
wavelength.

The simulation of the entire NW-SAM-gas system via DFT methods could identify the crucial
parameters for the high selectivity achieved for the Sn0;/en-APTAS system towards NO.. It
could be shown that the energy of the lowest unoccupied molecular orbital (LUMO), formed
by the en-APTAS/NO; system, was well below the Fermi Energy of the SAM modified SnO;
NW. In this case, an efficient charge transfer was enabled from the NW via the SAM to NO..
The consequent depletion of charge carriers (electrons) at the n-type SnO; surface area

caused the monitored increase of resistance. Simulations for other gases (SO2, NO, CO, CO3)
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resulted in unfavourable energy alignments and thus were consistent with the obtained
experimental results, where no response was observed in presence of these species.
Summarized, this paper contains the following aspects on the development of a selective gas

sensor system:

= Synthetic realization and chemical analysis of the hybrid sensor material.

= Evaluation of the gas sensing characteristics towards NO,, as well as common
interfering gas species.

= Evaluation of optimal operation conditions in terms of response/recovery
characteristics and quantitative sensing results.

= Theoretical identification of crucial parameters to reconstruct the underlying

sensing mechanism of the NW-SAM-gas system.

Included paper 2:

Shao, F.; Hoffmann, M. W. G; Prades, ]J. D; Zamani, R; Arbiol, J.; Morante, ]J. R.; Varechkina, E,;
Rumantseva, M.; Gaskov, A.; Giebelhaus, I.; Fischer, T.; Mathur, S.; Hernandez-Ramirez, F.,
“Heterostructured p-CuO (Nanoparticle)/n-SnO, (Nanowire) Devices for Selective H,S
Detection”, Sens. Actuat. B 181, 130-135 (2013). (impact factor: 3.8)

For certain sensor-gas couples selective detection phenomena can be observed even for
pure inorganic systems. As a matter of fact, such behaviour is given for p-Cu0O/n-SnO;
hererostructures when they are exposed to dihydrogen sulphide (H.S) containing
atmospheres. Here, the effect can be attributed to the reaction of p-type CuO with H,S to
form CuS. In absence of H,S, p-CuO forms a p-n heterojunction with n-SnO, and thus, a
carrier (electrons) depleted zone is formed at their interface. In presence of H.S, p-CuO is
converted to CuS and consequently, the electron depletion zone is vanished at the SnO
interface. In the study presented in paper 2, a p-CuO NP/Sn0O, NW heterostructure was
used with SnO, NWs as conductive channel. Due to variations of the chemical/electrical
properties of Cu-based semiconductor NPs on the NW surface, the resistance of the Sn0O;
NWs was gated and a very high response with sharp decrease of resistance in presence of
H»S gas could be observed. As the sensitivity of such heterostructures was found to be
clearly above the values observed for bare SnO; systems, the effect could be attributed of the
p-CuO(CuS)/n-Sn0O, heterostructure. Additionally, a good selectivity for H,S could be
observed in comparison to NHz and CO species. This study describes the influence of a
surface bound component, which undergoes selective interactions with the gas phase (p-

Cu0), on the monitored semiconductor (n-Sn03). As this principle is also present in case of



19 3 Results and Discussio

organic-inorganic hybrid sensor systems, the evaluation of such effects provides an
additional understanding for sensing interactions of selective sensor heterostructures.

In summary, paper 2 presents the following aspects:

= Experimental realization and analysis of p-CuO NP/n-SnO; NW heterostructures.
= Evaluation of gas sensing characteristics for single- and multiwire devices.

= Discussion of the selective sensing mechanism for the pure inorganic sensor system.
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3.1.1 Paper 1
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Highly Selective SAM—Nanowire Hybrid NO, Sensor:
Insight into Charge Transfer Dynamics and Alignment

of Frontier Molecular Orbitals

Martin W. G. Hoffmann, Joan Daniel Prades,* Leonhard Mayrhofer,
Francisco Hernandez-Ramirez, Tommi T. Jdrvi, Michael Moseler, Andreas Waag,

and Hao Shen*

Organic—-inorganic hybrid gas sensors can offer outstanding performance in
terms of selectivity and sensitivity towards single gas species. The enormous
variety of organic functionalities enables novel flexibility of active sensor
surfaces compared to commonly used pure inorganic materials, but goes
along with an increase of system complexity that usually hinders a predict-
able sensor design. In this work, an ultra-selective NO, sensor is realized
based on self-assembled monolayer (SAM)-modified semiconductor nanow-
ires (NWs). The crucial chemical and electronic parameters for an effective
interaction between the sensor and different gas species are identified using
density functional theory simulations. The theoretical findings are consistent
with the experimentally observed extraordinary selectivity and sensitivity of
the amine-terminated SnO, NW towards NO,. The energetic position of the
SAM-gas frontier orbitals with respect to the NW Fermi level is the key to
ensure or impede an efficient charge transfer between the NW and the gas.
As this condition strongly depends on the gas species and the sensor system,
these insights into the charge transfer mechanisms can have a substantial
impact on the development of highly selective hybrid gas sensors.

1. Introduction

The selective detection of a certain predefined gas species is
the most critical requirement in different fields like pollution
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and food control, health care, security or
industrial process control. However, pre-
dictive strategies towards the development
of highly selective nanostructured gas sen-
sors are still missing.l!! Organo-function-
alized low dimensional materials could
already show improved characteristics
in this field*! compared to commonly
used purely inorganic materials or hetero-
structures that usually suffer from unspe-
cific surface interactions with the target
gases.'™'¥ Here, we present a sensor
system composed of semiconductor
nanowire (NW) surfaces with defined
organic  self-assembled  monolayers
(SAMs) in order to accomplish exclu-
sive chemical and electronic conditions
for the selective detection of a single gas
species. We demonstrate that SnO, NWs
(see Figure S1) modified with amine ter-
minated SAMs show both extraordinary
selectivity and sensitivity towards NO; at
room temperature. This system can not
only serve as a novel efficient and selective NO, sensor, but
also as a model system for the theoretical reconstruction of cru-
cial sensor-target interactions. Our simulations reveal that an
energy level alignment of the SAM-gas system with the Fermi
level of the SAM-NW system is the key to understand and
achieve high detection selectivity and are consistent with our
experimentally observed results, The use of organic function-
alities at semiconductor nanostructures in combination with
a thorough simulation of the detailed chemical and electronic
surface configuration thus shows a convincing potential for the
development of theoretically designed selective gas sensors,/"’]
with flexible organic surface design and predictable response.
Gaseous nitrogen dioxide (NO,) is one of the most dangerous
and wide spread global pollutants, as it can produce ozone,
acid rain and respiratory ailments,'®
cause cancer due to its high reactivity with genetic material and
organic solvents, forming nitrosamines.'’l NO, is produced by
various ubiquitous combustion processes such as car engines,
power plants and cigarette smoke and affects the human health
already in tiny concentrations (ppb level)." Usually nitrogen
oxide species in pollutant and toxic emissions are specified as
NO, due to the diversity of possible nitrogen oxidation states,

| Moreover it is believed to
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and the inability of current cost-effective monitoring systems to
discriminate among them. However, it is critical to distinguish
NO and NO,, which are the major fractions, as they exhibit
different properties in terms of toxicity, biological impact and
chemical reactivity.”-1°! All this makes this case a paradigmatic
and unsolved problem in low-cost gas monitoring technology.

2. Results and Discussion

2.1. Experimental Approach for an Initial Sensor System

To develop a strategy for coherent experimental and theoret-
ical gas sensor design, an optimal organic functionalization

»
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of SnO, NWs for selective NO, detection was first evaluated
experimentally. The identified system then served as starting
point to build up a theoretical NW-SAM-gas model and define
critical parameters for selective sensing interactions. Amines,
due to their electron donating character, were chosen as func-
tional units to achieve strong surface—gas interactions with the
electron affine NO, target (Figure 1a).I"") This process was sup-
posed to affect the carrier concentration profile of the semicon-
ductor NW and thus its resistance to give a measurable sensor
response (Figure 1b).?*-2¥] Different kinds of SAMs with pri-
mary, secondary, tertiary and mixed amine terminals were
immobilized on the SnO, NW surface (Figures 1a, S1, S2).°!
X-ray photoemission spectroscopy (XPS) of immobilized N-[3-
(trimethoxysilyl)propyljethylenediamine 1 (en-APTAS) showed
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Figure 1. a) Schematic illustration of the selective NO, sensor. N-[3-(Trimethoxysilyl) propyl]ethylenediamine (en-APTAS 1) was immobilized on the
surface of SnO, NWs which were directly grown on an interdigital gold electrode (5 pm spacings). The measured device resistance served as sensor
signal. b) Schematic illustration of the NO, sensing mechanism by en-APTAS 1 modified NWs. With the introduction of NO,, a SAM-gas interaction is
established during the association process. The consequent electron transfer (Q) from the SAM to NO; is transduced to the NW and causes a charge
depletion region that is monitored by an increasing sensor resistance. The depletion region is increased by additional NO,-SAM interactions until
saturation is reached. The cleaving of NO,-SAM interactions by incident visible light during the desorption process leads to the initial unbound state
and resistive character of the sensor. ) Scanning electron microscope (SEM) image of the en-APTAS 1 modified SnO; NWs with an average diameter
of 47 + 8 nm, grown on an interdigital electrode (scale bar, 10 um). d) XPS N, of the en-APTAS 1 modified SnO, NWs showing binding energies of
NH/NH, groups as well as small amounts of protonated NH,*/NH;* groups that are shifted to higher binding energies in the N, spectra. e) Binding
energies of Cy spectra correspond to C-N and C-C/C-H groups of the SAM 1.

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 595-602
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Figure 2. The en-APTAS 1 functionalized SnO, NW sensor measured under solar illumination (85 mW/cm?). a) Pulses of 0.4 ppm NO,, SO, (4 ppm),
NO (2 ppm), NH; (100 ppm), ethanol (200 ppm), CO (200 ppm) and CO, (50,000 ppm). b) Summary of sensitivities towards the tested gases.
c) Sensing response vs. different NO, concentrations ranging from 250 to 750 ppb in synthetic air. d) linear behaviour of the sensor response with

diff NO, conc i

the typical binding energies of the primary and secondary
amine groups (NH/NH,) in the Ny, and C,, spectra, as well
as a partial protonation (NH,"/NH;"} (Figures 1d.e). The
successful immobilization of the amine SAM on the SnO,
NW surface was further proved by Fouriertransform IR
(FT-IR) analysis (Figure S1). In order to prove the selective
detection of the NO, target, the gas sensing properties of all
devices were tested towards small concentrations of NO, as
well as high concentrations of other fossil combustion gases
or interfering species (SO,, NO, NH,;, EtOH, CO, and CO,)
(Figure 2a,b and Figure $2). The test gases were diluted in syn-
thetic air and applied via a mass flow controller system into
a sensor chamber with controllable gas flow. A constant cur-
rent (100 nA) was applied to the sensor and the voltage was
measured to monitor the resistive change of the semicon-
ductor NWs, The sensitivity of the sensor is given as S = [(Ry,./
R,i-1)*100] [9%]. To ensure a fast and complete recovery of the
sensor signal, the active surface was illuminated through a
quartz window by a solar simulator with constant illumination
intensity (AM1.5; 85 mW/cm?). All measurements were per-
formed at room temperature.

Adv. Funct. Mater. 2014, 24, 595-602

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

All amine SAMs showed a very high sensitivity and selec-
tivity towards a low NO, concentration (400 ppb; Figure 2,
Figures S2a-c), whereas only small or mostly no response was
observed for higher concentrations of the other gases (SO,, NO,
NHj, ethanol, CO, and CO,; concentrations between 2 ppm
and 5%). Among all amines (see Supporting Information), the
en-APTAS 1 functionalization with a primary and secondary
group unified the best performance in both, sensitivity and
selectivity, towards NO,. With the introduction of 400 ppb NO,,
the resistance instantly increased to give a sensitivity of 2100%,
whereas the other gases did not show any response (SO,, CO,
and CO,) or very low values (NH;, NO, ethanol) (Figures 2a,b).
The low response towards 100 ppm of NH; (S = 20%) can be
attributed to a protonation of the more basic amine function-
alities (pK, ~ 10.6) by the more acidic ammonia (pkK, = 9.2). Of
particular interest was the low and negative sensitivity value
towards 2 ppm NO gas (S = -6%). Cross sensitivity of NO, and
NO is up to date a major issue in the analysis of NO, mixtures
produced in various combustion processes. The identification
of a single nitrogen oxide species, here NO,, is featured by our
system in a very simple and cost effective configuration.
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Figure 3. a) Pulses of 250 ppb NO, measured with an en-APTAS 1 func-
tionalized SnO, NW sensor without illumination. b) Sensor recovery pro-
cess after a pulse of NO, while sweeping of the incident light from 950 to
400 nm. After an almost constant resistance (l), two recovery processes can
be identified starting at 680 (I1) and 480 nm (111}, respectively. c) Recovery
processes after NO; pulses with illuminations of 450, 650, 750 nm and in
dark conditions (position marked in Figure 3b), showing fast recovery for
the two higher energy illuminations on one hand and slower and incom-
plete recovery for 750 nm and dark conditions on the other hand.

After switching the atmosphere from test gas back to pure
synthetic air, the signal subsequently dropped down to the ini-
tial value before loaded with NO, gas. The quantitative sensing

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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response was proportional to the appropriate NO, concentra-
tion (Figure 2c). Average response and recovery times were
110 and 75 s, respectively. A low NO, concentration of 250 ppb
(minimum concentration of the experimental setup) could still
be detected with a high sensitivity of 850% which implies that
the system is capable of sensing NO, selectively within the
range of critical values for human health (low ppb level).

The same gas sensing experiments performed in dark condi-
tions revealed a slower but even stronger response towards NO,
with a comparable selectivity and an extraordinary sensitivity
of 225 000% for NO, concentrations as low as 250 ppb. In con-
trast to measurements under solar illumination, the response
did not reach a signal saturation and the signal recovery was
much slower (Figure 3a), causing a response accumulation
when further NO, pulses were introduced. The incomplete
sensor response does not allow a fast and quantitative analysis
of the target gas in the dark. Thus, light illumination is obviously
needed to achieve a fast and reversible sensor response as well as
signal saturation. These findings indicate that the intermediate
SAM-NO, species can be split by incident light, returning to the
initial amine and resulting in a dynamic equilibrium of binding-
and removal processes (signal saturation). Without illumina-
tion, SAM-NO, binding processes are ongoing without a coin-
cidental NO, removal and thus the signal accumulates during
NO, pulses without being saturated. In order to figure out the
recovery characteristics of the bound SAM-NO,; state, of the inci-
dent monochromatic light was swept from 950 to 400 nm after
a NO, pulse. It was found that after an almost constant phase
(Figure 3b, phase I), fast recovery processes started for wave-
lengths from 680 and 480 nm (Figure 3b, phase II and III). Both
values are above the absorption edge of SnO, (<400 nm), proving
that the gas detection mechanism does not directly involve SnO,
as active sensing material, since recovery processes of wide band
semiconductors need higher energy UV illumination to be acti-
vated.?*?7] Additionally, identical pulses of NO, where applied
with different wavelengths of the three recovery phases (I, II,
and I1I), as well as in dark conditions (Figure 3c). The measure-
ments confirmed that an illumination between 450 and 650 nm
is needed to remove the NO, species bound to the SAM mole-
cules effectively to achieve a complete and fast sensor recovery.
The weak binding interaction between the SAM and gas mol-
ecules allows for an easy signal recovery with lower energy input
compared to conventional NW based gas sensors without amine
functionalization. Due to the amine termination of the SAM,
acid-base interactions with water could possibly have a detri-
mental influence on the sensor response and recovery character-
istics, as well as on lifetime and stability.*>?2°| However, experi-
ments in humid air show that the sensor response to NO, is
slightly reduced, but stable and fully reversible when the atmos-
phere is changed back to dry air (Figure S3).

2.2. Theoretical Identification of Crucial Sensor—Gas Interactions

Based on the initial experimental results, a theoretical model
of the complete sensor system was developed within density
functional theory (DFT) to simulate (i) the chemical bonding
of the en-APTAS 1 SAM to the SnO, surface, the interaction of
various gas molecules with the SAM ligand in the (ii) absence

Adv. Funct. Mater. 2014, 24, 595-602
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and (iii) presence of the SnO, surface and finally (iv) the charge
transfer process between adserbed gas molecules and the SAM
modified SnO, NW. In addition to the response of the sensor
to NO,, the absorption of NO and SO, was also theoretically
examined in order to obtain further insight into the origin of
the very high selectivity. It turns out that adsorption of NO,
leads to charge transfer from the NW to the gas molecule. In
this respect it is quite surprising that SO, shows no sensor
response (Figure 2a,b), although it has similar oxidative and
structural characteristics as NO,. NO even induces a charge
transfer opposite in sign to the NO; signal in agreement with
the experimental findings. For both, experiment and theory, the
(110) surface representing the lowest energy surface of SnO,
was used.’” Doping of Sn0O, with negative charge carriers
was realized via incorporation of hydrogen atoms substituting
oxygen atoms in the SnO, (Figure $9).*!

DFT modeling revealed that bonding of the SAM to the SnO,
surface via a single oxygen atom is the energetically favourable
case and is used below (Figure S4). In the relaxed structure the
SAM is tilted towards the SnO; surface. Different initial geom-
etries for the free SAM-NO,, SAM-SO, and SAM-NO system
were used for structural relaxations in order to find the optimal
SAM-gas geometries (Figures $5-7). The lowest energy geom-
etries have SAM-gas binding energies E, of —-0.44 eV (NO,),
~0.83 eV (SO,) and —0.48 eV (NO).

The optimal SAM-gas geometries were then combined with
the optimized SAM-NW geometries. For the three-atomic gas
molecules (NO,, SO;), bonding with the SAM at the optimal
bonding site is sterically hindered by the influence of the NW
surface as well as neighboring SAM ligands. As a consequence,
NO, relaxes at the geometry with the second highest bonding
strength near the secondary amine group with a binding energy
of —0.26 eV and SO, relaxes at a position near the primary
amine group at the head of the SAM corresponding to configu-
ration 5 in Figure S6, with a binding energy of —0.71 eV. NO
relaxes at the optimal bonding geometry also in presence of
the NW surface (E, = —0.24 eV). The charge transfer within the
NW-SAM-gas system upon adsorption of the gas molecules was
determined as

Ap(2) = pg-sam-sno, (2) = Psam-sno, (2) — pg (2},
g= NO,, SO, NO (1)

where Py sam-sno, is the electron density of the relaxed SAM-
modified NW in the presence of the gas molecule g averaged
over the SnO, (110) plane, Psam-sno, and p, are the averaged
electron densities of the isolated SAM-NW system and the
gas molecule with geometries from the relaxed NW-SAM-gas
system. The coordinate along the (110)-direction is denoted
by z. As can be seen from Figure 4a, the adsorption of NO, at
the SAM bound to the SnO, surface leads to charge transfer
from the NW via the SAM to the NO; molecule. A charge
depletion zone extending into the NW backbone is observed.
Charge transfer is also found after NO adsorption. However,
here charge is transferred in the opposite direction, from the
NO molecule via the SAM to the NW. On the other hand,
the adsorption of SO, does not induce any noticeable charge
variation in the NW. Merely a localized charge redistribu-
tion in the SAM-SO; part of the system is observed. Hence,

Adv. Funct. Mater. 2014, 24, 595-602

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

our simulations suggest that while NO, adsorption leads to a
decrease and NO adsorption to an increase of negative charge
carriers in the NW, SO; has no impact, although it shows the
strongest bonding to the SAM-NW system. Since SnO, is an
n-type semiconductor, the simulations are consistent with the
experimental observation of increasing and decreasing resist-
ance in the presence of NO, and NO, respectively, while SO,
does not lead to any considerable change (Figure 2a,b). Note
that while the direction of charge transfer corresponds to the
sensing measurement, the magnitude of the sensor signal
being proportional to the device resistance cannot be obtained
directly from DFT calculations.

Analyzing the density of states (DOS) of the SAM-NW
system with adsorbed gas molecules, we found that NO, and
NO adsorption lead to the formation of additional states directly
at the NW-SAM Fermi level (Figure 4b). These states can be
attributed to the LUMO in the case of NO,, and in the case
of NO to the HOMO of the corresponding gas—-SAM system.
Those states are mainly formed by the LUMO and HOMO of
the isolated NO, and NO gas molecules as can be seen from
Figure 4c, where we show the charge densities associated
with the aforementioned wavefunctions of the NW-SAM-gas
systems. As the DOS from Figure 4b shows, the NO~SAM
LUMO becomes partially occupied and thus can take up charge
carriers from the NW, contrary to the NO-SAM system for
which the HOMO becomes partially depopulated by donating
charge to the NW. Finally for SO,, none of the frontier molec-
ular orbitals is located at the Fermi level (Figure 4b) such that
the occupations of the HOMO and LUMO of the gas—SAM
system remain unaffected and no charge transfer is observed
in this case.

To get a clear picture, we determined the HOMO and LUMO
energy levels of the isolated SAM-gas systems in the absence
of the NW and aligned their positions with the energy scale of
the SAM-modified Sn0O,. As reference for the alighment pro-
cedure the average electrostatic potentials at the cores of the
carbon and nitrogen atoms at the backbone of the en-APTAS
1 molecule were used. As shown in Figure 4d, the LUMO of
the NO,~SAM system lies below the Fermi-level of the SAM-
modified SnO,. Hence charge transfer from the SnO, to the
LUMO of the NO,—SAM system is energetically favoured until
LUMO and Fermi-level are aligned. In contrast, the NO-SAM
systemn has a HOMO higher in energy than the Fermi-level
of the SAM-modified SnO,;. Hence energy is gained by trans-
ferring charge from the HOMO of the NO-SAM system to
the SnO,. Finally, the LUMO of the SO,~SAM system lies
well above the Fermi-level and the HOMO lies well below the
Fermi-level and so charge transfer is absent in agreement with
the charge transfer simulations and sensing experiments This
analysis is extended to CO and CO, adsorbed on en-APTAS 1.
Determining the energies of the corresponding frontier orbitals
(Figure 4d), the HOMOs are well below and the LUMOs are
well above the SAM-NW Fermi level. Hence, as in the case of
SO, charge transfer cannot occur for CO and CO,, in agree-
ment with our experimental results. In total, the simulations
indicate that the key to explain the selectivity of the SAM modi-
fied sensor towards different gas molecules lies in the positions
of the gas—SAM frontier molecular orbitals with respect to the
Fermi level of SAM-modified SnQ,; NWs. This property guides
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Figure 4. a) The change in averaged one-dimensional charge density Ap(z) per surface area A along the (110) direction upon NO,, SO, and NO adsorp-
tion on the en-APTAS 1 functionalized SnO, (110) surface for the energetically most favourable geometries, These geometries are shown as insets and
are true to length scale. The electron charge is denoted by e. Regions of charge depletion are indicated by blue and regions of charge accumulation are
indicated by red fillings. For clarity Ap(z) has been scaled by a factor of 0.2 in the region outside the SnO;. The SnO; surface (z = 0) is defined by the
average position of the bridging oxygen atoms on the SnO; surface along the (110) direction. b) Density of states (DOS) of the en-APTAS 1 modified
SnO; with adsorbed NO,, SO, and NO. The Fermi levels of the different systems are set to 0 eV. For comparison the DOS of the en-APTAS 1 modified
SnO2 NW without an adsorbed gas molecule (dashed red line) is shown in each graph. ¢} The charge densities of the wave functions corresponding
to the peaks in the densities of states aligned with the Fermi levels from b are shown as green isosurfaces. The isosurfaces are drawn at a value of
0.075 e/A%. These are basically the LUMO of the NO, molecule, and the HOMO of the NO molecule. d) Energy diagram of the frontier orbitals of the
two- and three-atomic gases adsorbed on en-APTAS 1. Gases with HOMOs below and LUMOs above the Fermi level of the SAM-modified SnO, do
not lead to a noticeable gas sensing signal in the experiments. NO, with the LUMO of the NO,-en-APTAS 1 system below the Fermi level leads to an
increasing sensor resistance whereas NO with the HOMO being above the Fermi level leads to a decreasing sensor resistance.

the way to the tailoring of SAM-nanowire surfaces towards
highly selective gas sensing.

monitoring systems based on a very simple and cost effec-
tive device. Our work demonstrates that a systematic organic
surface design of semiconductor nanostructures shows great
potential in selving the selectivity issue, which is the main
obstacle of current gas sensor technologies. On the long term,
this knowledge could lead to a strategy with which a tailored
and flexible design of highly precise artificial noses is enabled.

3. Conclusion

In conclusion, we demonstrated that the theoretical predic-
tion of a SAM-NW hybrid sensor system is capable to provide
an effective strategy for designing functionalized gas sensors

600  wileyonlinelibrary.com

through electronic structure calculations. The selectivity of the
hybrid sensor is caused by a suitable alignment of the gas—
SAM frontier molecular orbitals with respect to the SAM-NW
Fermi-level. The present sensor is capable of detecting very low
NO; concentrations in the ppb range qualitatively and quanti-
tatively with relatively fast response and recovery time at room
temperature. It fulfills the criteria for environmental pollution

© 2013 WILEY-VCH Verlag CmbH & Co. KGaA, Weinheim

4. Experimental Section

Preparation of SnO,/en-APTAS 1 Sensors: The as-prepared SnO,
NWs (average diameter 40-60 nm) grown on Al,O; substrates with pre
patterned interdigital gold electrodes (5 pum spacings) were cleaned
in oxygen plasma for 1 min to remove surface contaminations and
provide oxygen groups on the surface for the condensation reaction.
Subsequently, the sample was immersed in a 1% ethanol solution of
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SAM / nanowire hybrid materials for ultraselective gas sensing

For many decades, material scientists, solid state physicists and chemists are dreaming of fab-
ricating an artificial device, which behaves like a human nose: detecting a large variety of
chemical species with high sensitivity and high selectivity. Up to now there is no generally
applicable strategy to achieve such a single species selectivity and apply this strategy to the
detection of many different gas species in parallel.

Semiconducting metal oxide NWs have already shown their exceptional potential in de-
tecting a wide range of gaseous species with high sensitivity, based on their high surface-to-
volume ratio. However, even after more than ten years of intense nanowire research they con-
tinue to fail in the selective detection of only one specific type of molecule. The benefit of a
high sensitivity is generally destroyed by the drawback of a low selectivity. The sensing
mechanism, usually based on unspecific redox interactions between nanowire surface oxygen
and the gaseous species, does not allow for an exclusive interaction with a single type of gas.
A predictive strategy for controlled surface functionalisation in order to achieve selectivity
towards any predefined gas species is still missing.

In order to demonstrate out strategy, NO; was chosen as a test vehicle, since NO» is one of
the most harmful environmental pollutants and will have an important effect on our future
global climate. An organic amine functionalization of oxide nanowire surfaces was chosen to
prove the conceptual idea. By applying our strategy, we were able to demonstrate an
ultraselective and highly sensitive NO; sensor by organic surface design of SnO; NWs. The
selectivity of the sensor is caused by a suitable alignment of the gas-SAM frontier molecular
orbitals with the SAM-SnO; NW Fermi-level. The present sensor is capable of detecting very
low NO, concentrations in the ppb range qualitatively and quantitatively with relatively fast
response and recovery time. It fulfills the criteria for environmental pollution monitoring sys-

tems based on a very efficient and cost effective device.
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Materials and methods

Synthesis of SnQ; nanowires
SnO; nanowires on an interdigital gold electrode (5 um spacing) were synthesized by chemi-
cal vapour deposition (CVD) using [Sn(O'Bu)] as precursor and sputtered Au as catalyst. The

detailed synthesis route is described elsewhere!!.

Nanowire surface modification with en-APTAS 1

The as-prepared SnO, NWs (average diameter 40-60 nm) were cleaned in an oxygen plasma
for 1 minute to remove surface contaminations and provide oxygen groups on the surface for
the following condensation reaction. Subsequently, the samples were immersed in a 1% etha-
nol solution of en-APTAS 1 (ABCR GmbH), which was stirred for 6 h. After removal, the

samples were subsequently rinsed with ethanol and dried in a vacuum oven for 2 h at 60°C.

Nanowire Surface modification with APTES 2
The modification was realized following the above mentioned procedure, using a 1% ethanol

solution of APTES 2 (Sigma Aldrich).

Nanowire Surface modification with NN Dimethylaminopropyl) Trimethoxy-
silane 3
The modification was realized following the above mentioned procedure, using a 1% ethanol

solution of (N,N-Dimethylaminopropyl) Trimethoxysilane 3 (Sigma Aldrich).

Nanowire Surface modification with tetraethylen diamine terminated methoxysilane 4

The as-prepared SnO, NWs (average diameter 40-60 nm) were cleaned in an oxygen plasma
for 1 minute to remove surface contaminations and provide oxygen groups on the surface for
the following condensation reaction. The samples were immersed in 20 mL of an 1% ethanol
solution of 3-(trimethoxysilyl)propyl aldehyde (United Chemical Technologies) for 30 min.
Subsequently, 0.3 mL (1.78 mmol) tris(2-aminoethyl)amine (tren) and 5 mg (0.08 mmol) so-
dium cyanoborhydride were added to the solutionAfter stirring overnight, the samples were
removed from the solution, rinsed with ethanol and dried at 60°C for 2 h in an vacuum oven.
XPS analysis

XPS experiments were performed in a PHI 5500 Multitechnique System (Physical Electron-
ics) with a monochromatic X-ray source (Al Ka line of 1486.6 ¢V energy and 350 W), placed

3
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perpendicular to the analyzer axis and calibrated using the 3dss, line of Ag with a full width at
half maximum (FWHM) of 0.8 eV.

SEM analysis
SEM micrographs were recorded using a Zeiss Auriga field-emission scanning electron mi-

Croscope.

FT-IR analysis
FT-IR spectra of the SnO,/en-APTAS 1 samples were recorded with a Bomem DA3 system in
diffuse reflectance mode (equipped with a DRIFT accessory), using a MCT detector.

a b

| — sam@sno,

free methoxysilane

Absorption (a.u.)

4000 3500 3000 1 2500
Wavenumber (cm™)

Figure. S1. (a) SEM picture of the SnO; NWs with an average diameter of 47+8 nm grown
by CVD. (b) IR absorption spectra of the free en-APTAS (black) and immobilized on the
SnO, NW surface (red).

Figure S1 shows the Fourier Transfor Infrared (FT-IR) absorption spectrum of a sensor
sample with N-[3-(Trimethoxysilyl)propyl]ethylenediamine 1 (en-APTAS) functionalization
on the SnO; NW, exhibiting dN-H and 6C-H stretches identical to the free molecule 1.
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Figure S2. Responses of SnO; NW sensors with different SAM modifications towards
0.4 ppm NO» as well as other reducing (NHs, ethanol) and oxidizing (SO2) gases.
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Sensing behavior of different amine-SAMs

In this work, four different SAMs with primary, secondary and tertiary amine groups have
been evaluated in terms of sensitivity and selectivity towards NO,. (3-
Aminopropyl)triethoxysilane 2 (APTES) has just a single primary terminal amine group.
Sensing experiments with 0.4 ppm NO, revealed a sensitivity of around 350% (17% of en-
APTAS 1). The achieved selectivity of 10:1 (0.4 ppm NO, compared to 100 ppm NH;) was
also significantly lower than that of en-APTAS 1 (105:1 for SAM 1). A SAM with tertiary
amine functionality ~ was realized by  the immobilization of (N N-
dimethylaminopropyl)trimethoxysilane 3 on the NW surface. Although a quite high NO,/NH;
selectivity of 26:1 was achieved, the sensitivity of 130% was not competitive to other amine
SAMs (ca. 6% of SAM 1). 3-(trimethoxysilyl)propyl aldehyde was coupled with tren via re-
ductive amination to modify the SnO, NW surface with SAM 4 (primary, secondary and ter-
tiary amine functionalities). This oligo-amine 4 reached a sensitivity towards 0.4 ppm NO; of
750% (36% of SAM 1) and a relative selectivity of around 21:1 (see above).

Our simulations showed that the interaction between NO, and the secondary amine group
of en-APTAS 1 plays an important role for an efficient charge transfer compared to the termi-
nal primary amine. Thus, the interaction between gas and APTES 2 SAM is possibly weaker.
Due to its secondary amine group, SAM 4 can possibly interact more efficient with NO, and
shows the highest sensitivities after SAM 1. As we could show that steric effects are strongly
influencing the bonding geometry of the SAM-gas system, the used volume of the relatively
large molecule could hinder the approach of gas species to the secondary group.

Our theoretical DOS calculations of the gas-SAM system (see Fig. 4d) showed that the en-
ergetic position of the hybridized LUMO is critical for a charge transfer from the SnO; NW
and hence the gas detection. The varied molecular structure of the used amines leads to a di-
verse DOS structure of the gas-SAM and different energies of the particular LUMO energies.

Parameters that influence the sensing performance of a NW-SAM system are: (i) gas-
ligand interaction of the free ligand; (i1) steric effects of the surface bound SAM and (iii)
LUMO energy of the gas-SAM system. All parameters can be determined i# silico to design

specific surface modifications for selective gas sensors.
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Influence of illumination on the sensor response/recovery characteristics

In order to figure out the recovery characteristics of the bound SAM-NO, state, the depend-
ence of the recovery on the incident light was examined. A pulse of NO; was given at
A =950 nm to form the NO,-SAM bound state. After switching back to synthetic air, the inci-
dent wavelength was swept from 950 to 400 nm. It was found that after an almost constant
resistance, comparable to the recovery behaviour in dark conditions (phase [; Fig. 3b) the re-
covery process starts at an illumination wavelength of 680 nm (phase II), followed by a se-
cond one at around 480 nm (phase III). Both values are right above the band edge of SnO,
(<< 400 nm), proving that the gas detection mechanism is not directly involving SnQ; as active
sensing material, since recovery processes of the pure metal oxide need higher energy UV
light to be activated®®!. For further investigation of the sensor dependence on the incident
light energy, identical pulses of NO, where applied with different wavelengths of the three
recovery phases (I, I and II), as well as in dark conditions (Fig. 3c). As expected, the re-
sponses in dark conditions and with 750 nm irradiation show almost the same characteristics
of very high response, but very slow and incomplete recovery. The measurements confirmed
that the energy is not sufficient to remove the NO; species bound to the SAM molecules. The
same measurements with higher energy irradiation of 650 nm (phase II) and 450 nm (phase
III) respectively proved to have a fast and complete recovery of the sensor signal. As surface
bound NO, species are continuously removed from the SAM at these higher energy irradia-
tions, the accumulation of SAM-NO; bound species is reduced and hence the sensor signal is
lower compared to phase I conditions, but still at a very high level. In sharp contrast, the re-
covery of the signal was very fast and complete for both wavelengths with higher energy
(450 and 650 nm). A fast and complete recovery is essential for gas sensing applications and
can be achieved by visible light illumination (e.g. sun light or visible light emitting LEDs) at
room temperature. An illumination of the sensor with visible light in the range of 450-650 nm
is therefore needed to use the here presented sensor for real sensing application, where fast

and quantitative detections are essential.
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Influence of humidity

Due to the amine termination of the SAM, acid-base interactions with water are possible and
therefore can possibly have a detrimental influence on the sensor response and recovery char-
acteristics, as well ag lifetime and stability[4_6]. When humidity is introduced into the gas
chamber, the SAM-amine groups will be partially protonated and form ammonium species
with a positive charge on the nitrogen atoms. Consequently, the electronic structure of the
SAM molecule changes and can cause an inversion of the dipole moment (1) of the organic
molecule”). The influence of the changed p can be monitored by the resistance of the device
which increases with the humidity concentration (0, 12.5, 25, 50% rel. humidity) and is fully
reversible when the atmosphere is changed back to dry air, showing that the sensor is stable
also in humid conditions (Fig. S3a). Pulses of 375 ppb NO, at different humidity concentra-
tions (Fig. S3b) revealed a partial suppression of the sensor signal with increasing humidty
concentrations (up to 40% at 50% rel. humidity), but still very high values of sensitivety could
be achieved also under these conditions (S ~ 1,000% at 50% rel. humidity).

a b
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Figure S3. Response of the en-APTAS 1 surface modified SnO, device towards 375 ppb NO;
under illumination and different humidity conditions. (a) The sequence of changing humidity
concentrations (synthetic air) shows a dependence of the sensor signal. It is increasing with
increasing humidity concentration and shows a stable and reversible behavior. (b) The sensor
response is partially suppressed with increasing humidity concentration (0% to 30%) by max-
imal 40% ({@50% humidity). The sensor still shows a high stability, indicated by the complete
signal recovery after the given NO; pulses (375 ppb).

The lower response in humid conditions can be associated with the partial protonation and
the consequent temporal inhibition of the amine binding sites. Thus, less NO; molecules can

interact with the sensor surface and a lower target sensitivity is observed.
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Additionally, the reduction of the sensor response in humid conditions indicates that the
detection mechanism for NO; is not proceeding through a protonation of the SAM amine
groups by nitric- (HNOs; pK, =-1.37) or nitrous acid (HNO,; pK,=3.29), which can form
when NO, interacts with water. In this case, a higher response would be expected in humid
conditions. A further disqualification of the acidic mechanism is given by the fact, that the
sensor does not show any response to CO» in humid conditions (10% CO»; 50% rel. humidi-
ty), in which carbonic acid (H2CO;; pKgr = 6.35) forms and could protonate the amine func-
tionalities additionally to water. The reproduction of the initial sensing values towards NO,
after changing back to dry atmosphere conditions shows the stability of the surface modified
sensor, also in humid conditions (Fig. S3b).To accomplish requirements for real sensing envi-
ronments, moisiture filters, which are commonly used in commercial gas sensors, could be
incorporated in our sensing device. This setup would lead to qualitative and quantitative NO,

sensing results independent from the surrounding moisture concentration in real applications.

In order to classify the response time and sensitivity of the here presented work comparison

with current NO; sensors, we summarized the particular values in table S1.

Table S1: Sensitivity and response time (7,) values of the here presented wor in comparison to current
NO, sensor systems.

material 7. (8) | T(°C) [ NO, conc. (ppb) | S| (%0)* | [Sl/ppb (%) source

SAM-Sn0O, NWg 110 RT 250-750 850 3.40 this work
modified graphene 600 RT 1,000-30,000 25 0.03 [8]
modified graphene =900 RT 200,000 25 -—- [9]
In,0; NWs >100 RT 5-1,000 2 0.40 [10]
SnO, NW ~150 RT 500 1 -— [11]
WO,/ MWCNT ~150 RT 500 2.2 - [12]
PANiI-PEO/PVP >180 RT 125-1,000 <2 <0.02 [13]
Si NWs 85-900 | RT 20-20,000 10 0.50 [14]
Graphene-WO, 25-200 | 250 1,000-20,000 200 0.20 [15]
ZnGa,0,/7n0 NWs 90 250 1,000 300 0.30 [16]
SnO; nanobelts 30 |00 500 1500 3.00 [17]

*absolute sensitivity; related to the lowest given NO, concentration in the particular source

Clearly, the sensitivity and response time of our device is above the average state of the art in

both disciplines.

Binding of the en-APTAS 1 ligands on the SnO>(110) surface
Since the SnO, NWs are exposed to humidity during preparation of the sensor, hydroxylation

of the (110)-surface was assumed due to dissociative adsorption of water. Hereby, hydrogen

9
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bonds to the bridging oxygen atoms of the stoichiometric (110)-surface and hydroxyl groups
are adsorbed in a on-top position on the fivefold coordinated Sn atoms of the surface (Fig. S4a
and Fig. S4b). The unit cell of the SnO, slab prior to chemisorption of en- APTAS 1 molecules
is shown in Fig. S4a. Binding of an en-APTAS 1 to the (110)-surface of SnO, can occur via
one, two or three oxygen atoms. At the same time the en-APTAS 1 splits one, two or three
hydroxyl groups off and forms a corresponding number of H,O molecules together with hy-
drogen atoms from the hydroxylated SnO; surface. The binding energies for the different sce-

narios can hence be determined as

E,, = E(en— APTAS @SnO,,n)+nE(H,0) - E(Sn0, ) - E(en— APTAS )
Here E(en-APTAS@SnO; n) is the ground state energy of the relaxed SAM-SnO, system
where bonding occurs via # oxygen atoms, F(H>0) and E(en-APTAS) are the gas phase

ground state energies of water and en-APTAS 1, respectively. Finally, E(SnO,) is the ground
state energy of the hydroxylated relaxed SnO; slab.

10
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Figure S4. Bonding of the en-APTAS 1 on the OH-terminated SnO»(110)-surface. a, The unit
cell of the SnO; slab prior to SAM modification. O, and Oy indicate oxygen atoms in on-top
and in bridging positions, respectively. b, The en-APTAS 1 and the OH-terminated SnO, sur-
face before bonding. ¢, Bonding via a single oxygen atom at the surface goes along with the
formation of a H,O molecule and is an exothermic process resulting in a binding energy of -
1.40 eV. Bonding via more oxygen atoms again leads to the formation of H,O but is endo-
thermic (d e). f, Energy diagram of the sequential binding processes b-e.

First we examined bonding via a single oxygen atom. In this case we find Eg = -1.04 ¢V
for adsorption on a bridging oxygen atom and Eg; =-1.40 ¢V for on-top adsorption on a five-
fold coordinated Sn atom, Fig. S4c. Splitting one more hydroxyl group off, bonding of the
en-APTAS 1 to the SnO; surface via two oxygen atoms as shown in Fig. S4d becomes possi-
ble. Here, bonding to two fivefold coordinated Sn atoms is more favorable than bonding via
one fivefold coordinated Sn atom and one bridging oxygen atom. However it turns out that
this step is endothermic with an associated energy cost of 1.15 eV thus resulting in a binding
energy of Ep, =-0.25 eV. Finally by splitting one more hydroxyl group off, bonding via three
surface oxygen atoms is achieved. As can be seen from Fig. S4e, bonding to three oxygen
atoms leads to significant lattice distortions at the SnQO, surface. Hence we find an energy

penalty of at least 2.82 ¢V when going from the case of twofold bonding to the SnO, surface
to the case of threefold bonding. Therefore, the binding energy for bonding via three oxygen

11
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atoms even becomes positive, Eg3 = 2.57 eV. Here, bonding via two on-top oxygen atoms
and one bridging oxygen atom is more favorable than bonding via one on-top oxygen atom

and two bridging oxygen atoms.

Adsorption of gas molecules at a single en-APTAS 1 molecule

In order to find the energetically optimal bonding geometries of the different gas molecules
and the en-APTAS 1, in the case of SO; and NO, twenty different initial configurations were
generated and structural relaxations were performed for all of them, using DFT. Some of the
initial configurations relaxed to identical structures such that fifteen different NO,-(en-
APTAS 1) and eighteen different SO»-(en-APTAS 1) geometries remained, see Figures S5 &
S6. In the case of SO, we find that bonding is most favourable between the sulfur atom of SO,
and the nitrogen atom of the secondary amine group with binding energies between -0.83 eV
and -0.64 eV. Binding energies between -0.62 eV and -0.50 eV have been found for bonding
of the sulfur atom of SO, near the primary amine. All other geometries show much weaker
adsorption at the (en-APTAS 1) with binding energies > -0.16 ¢V. For NO, the binding
strength 1s in general weaker than for SO,. The strongest bonding with a binding energy of -
0.44 eV occurs again near the secondary amine group followed by hydrogen bonding of the
NO; to the (en-APTAS 1) backbone near the secondary amine group. We note that a corre-
sponding geometry for SO, adsorption is not stable. Adsorption at the primary amine group
however is not favorable for NO». In Figures S5 and S6 we show all the relaxed inequivalent

NO2/SO,-(en-APTAS 1) geometries together with their binding energies.

12
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Fig. S5: The fifteen inequivalent geometries of a NO; molecule adsorbed on the en-APTAS 1
obtained in our simulations with the corresponding binding energies. The ordering is from
geometries with stronger bonding (lower binding energies) to geometries with weaker bond-
ing (higher binding energies).
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Figure S6. The eighteen inequivalent geometries of a SO, molecule adsorbed on en-APTAS 1
obtained in our simulations with the corresponding binding energies. The ordering is from
geometries with stronger bonding (lower binding energies) to geometries with weaker bond-
ing (higher binding energies).
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Furthermore, the energetically favourable bonding geometries have been determined for
NO, CO and CO,. For this purpose we modified the fifteen relaxed NO; — (en-APTAS 1) ge-
ometries from Fig. S5 to generate the initial configurations. For NO we deleted alternatingly
one of the N atoms from the NO; and relaxed the thus obtained thirty NO-(en-APTAS 1) ge-
ometries. Replacing the N atom of the NO in the modified NO-(en-APTAS 1) geometries by a
C atom, the initial CO-(en-APTAS 1) geometries were generated. Finally the initial CO,-(en-
APTAS 1) geometries were obtained by replacing the N atoms from the NO, of the relaxed
NO»-(en-APTAS 1) configurations by C atoms and centering the O atom in between. In Fig-
ure 87 we show the fifteen most stable relaxed NO-(en-APTAS 1) geometries. Additionally,
in Figure S8 the most stable CO/CO,-(en-APTAS 1) geometries are shown. Again strongest
adsorption of the NO, CO and CO; to en-APTAS 1 occurs near the secondary amine group.

15
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Figure S7. The fifteen most stable geometries of a NO molecule adsorbed on the (en-APTAS
1) obtained in our simulations with the corresponding binding energies. The ordering is from
geometries with stronger bonding (lower binding energies) to geometries with weaker bond-
ing (higher binding energies).
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-0.19eV -0.30eV

Figure S8. The most stable geometries of a, CO and b, CO, adsorbed on en-APTAS 1 ob-
tained in our simulations with the corresponding binding energies.

Accumulated charge transfer upon adsorption of gas molecules
Integrating the change in the one-dimensional charge density Ap(z) upon adsorption of a gas
molecule on the SAM-modified SnO, from equation (1), from the center z; of the SnO, slab

along the z-axis, we obtain a measure of the charge transferred to the region between zp and z,
Q) = [ Ap(z)de!
2,

Denoting the coordinate of the NW surface by z = 0, Q(0) is the net charge transferred from a
single gas molecule to the SnO;-system. In Figure S9b we show the accumulated charge
transfer obtained by integrating the charge density changes Ap(z) from Figure 4a due to ad-
sorption of NOy, SO; and NO gas molecules on the SAM-moditied SnO,. In the case of NO,
we find a net charge depletion of (((0)=-0.038 electron charges in the SnO; per adsorbed
molecule. SO, adsorption does not lead to a noticeable change in charge carrier concentration
in SnO; and a net charge accumulation of (J(0)=0.016 electron charges is observed upon NO

adsorption.
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Q(2) (e)

-0.05

-0.10

Fig. S9: a, Employed unit cells for the simulation of charge transfer upon NO,, SO, and NO
adsorption. The center of the SnO; slab is denoted by z and its surface, defined by the mean
z-coordinate of the bridging oxygen atoms, is given by z = 0. Hp denotes the substitutional H
atom leading to n-doping of the SnO, slab. b, Accumulated charge transfer O(z) in electron
charges e due to adsorption of a single NO,, SO, and NO molecule, respectively.
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Dihydrogen sulphide (H,S) is a dangerous pollutant released in fossil combustion processes. Here, p-
CuO (particle)/n-Sn04 (nanowire) heterostructures were evaluated as selective H3S sensars, and the
working principle behind their good performance was qualitatively modelled. It was concluded that
the main sensing mechanism was dissimilar to standard redox reactions typical of simple metal oxide
devices, but ascribable to the sulphurization of CuO and the consequent variation of the pn-junction band

structure at the CuO-Sn0; interfaces. Experimental data showed that these H, S sensors suitwell for alarm
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applications with extremely high selectivity and sensitivity to this gas for concentrations between 1 ppm
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1. Introduction

Fossil combustion processes play a key role in the worldwide
production of air pollutants due to the release of dust particles,
greenhouse gases (CO;) and highly toxic gas species (e.g. NOy,
CO and H,S). Main sources such as power plants and car engines
usually operate in direct proximity to urban areas, which makes
the control and optimization of combustion processes essential to
guarantee 2 high environmental quality [1-3]. Amongst all pollu-
tants, dihydrogen sulphide (H3S) is identified as a major threat
for the human health even at low concentrations of 10 ppm [4].
Therefore, the search of new and highly selective methods for the
detection of H,S has attracted a huge interest within the past years
[5].

Metal oxides (MOX) have shown outstanding sensing proper-
ties to different chemical species with simple and cost effective
device configurations [6,7]. Nevertheless, a major drawback of this

* Corresponding author at: Catalonia Institute for Energy Research (IREC),
E-08930 Sant Adria de Besds, Spain. Tel: +34 933 562 615; fax: +34 933 563 802.
E-mail eddress: fhernandez@irec.cat (F. Hernindez-Ramirez).

0925-4005/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.snb.2013.01.067

technology is the unspecific interaction of the MOX surface with
the surrounding atmosphere, which is based on redox processes
involving surface bound oxygen species {[combustion), and a conse-
quent modulation of the electrical resistance [8]. The integration of
MOX heterostructures [9-11] in sensors is considered a promising
alternative to reach partial improvements in terms of both selec-
tivity and sensitivity. For HS detection, CuQ{SnQ; heterostructures
revealed an extraordinary performance in these domains [12-15].
This is usually explained by two different but complementary con-
tributions; (i) the particular interaction of Cu0 and HsS and (i) the
intrinsic properties of the CuO/Sn0 interface.

The interaction of CuO with H,S does not follow a conventional
redox reaction, but undergoes a thermal activated anion exchange
to form CuS. This transformation is reversible in oxygen-rich atmo-
sphere [16-19], and it is summarized by:

CuO + H;S — Cus + Hz0 (1
CuS + (3/2)07 — Cu0 + 503 (2)

The stoichiometric chemical path shown in Eq. (1) facilitates
thus a selective detection of H3S and an effective discrimination
towards other gases.
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Fig. 1. (Left) General view of a bundle of p-CuO (particle )/n-Sn0; { nanowire ) heterostructures. High magnification SEM image of p-Cu0 particles onto a single SnO; nanowire

(right).

On the other hand, the particular configuration of the Cu0/Sn0,
interface maximizes the sensitivity towards Hy 5. CuQ as p-type and
Sn04 as n-type semiconductors form a pn-junction with a depletion
zone in between, whose characteristics depend on the respective
Fermi level positions. Any structural and compositional modifica-
tion of the MOXs involves Fermi level variations and a change of the
depletion zone. As a result, the electrical properties of the entire
heterostructure are strongly modulated. Actually, upon exposure
to H3S, copper oxide undergoes a sulphurization process to form a
ternary Cu,O,Sy compound and finally CuS with metallic character-
istics (Eq. (1)). Under these conditions, the heterostructure changes
from astandard pn-junction towards a metal-semiconductor inter-
face. In short, these two phenomena together have a net effect on
the electrical properties of the sensors that can be orders of mag-
nitude higher than the caused by standard redox surface reactions
in MOXs [8].

Here, we report p-CuQ (particle)}fn-Sn0O,; (nanowire) het-
erostructured devices and their application as H,S sensors. The

high sensitivity and selectivity to this pollutant were evaluated
and compared to bare n-Sn0, nanowire sensors, showing signif-
icant improvements in terms of sensitivity and selectivity that
are fully comparable to previous results reported in the litera-
ture[12-15]. Individual heterostructure devices were also tested to
effectively model the working principle of the p-CuO (particle)/n-
Sn0; (nanowire) junctions. The well-defined geometry and the
absence of pn-junction barriers dominating transport through
nanowires in a similar way that grain boundaries in thick-film sen-
sors [14] unequivocally correlate the response with the modulation
of the conduction channel inside the nanowires upon exposure to
H,S.

2. Materials and methods
p-CuQ (particle)/n-SnQ; (nanowire) heterostructures were

produced following a two step chemical vapour deposition (CVD)
of corresponding metal precursors. In the initial step, single

Fig. 2. HAADF STEM image and EDX maps of a heros tructure. Copper (green), oxygen (red) and tin (blue) are clearly observed. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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crystalline tin oxide nanowires were deposited by a metal-seaeded
vapour-liquid-solid growth mechanism [20,21] using Sn(OBut),
as a precursor (Tsubstrate =725°C, TprecursorZZSOC. t=30min) on
Al03 substrates covered with gold nanoparticles. In a subse-
quent step, copper particles were deposited on pre-grown SnQO;
nanowires by the CVD of Cull((CsH4N)(CHCOCF; ));]5, following a
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Fig. 3. (a) Response towards CO, NH:z and Hz S of bare Sn0Oz nanowires and p-Cu0
(particle)/n-Sn0; (nanowire) heterostructures. A huge enhancement of the selec-
tivity and sensitivity to H3S is observed for the heterostructure. {b) Response of
p-CuO/n-5n0; heteros tructures and bare SnO; nanowires to 2 ppm H,S at different
temperatures. (c) Enlarged response of the heterostructure to 2 ppmH;$ at 200<C.
The response time, Tg, and recovery time, Tr.., correspond to the 90% of change in
the electrical resistance of the samples.

procedure described earlier [22] {Tsubstrate = 780 °C,
Tprecursor = 155°C, t=40min). The resulting Sn0O, nanowires deco-
rated with copper particles of an average size of ca. 200nm were
annealed in air at 300°C for 24 h producing p-CuQ (particle)/n-
Sn0; (nanowire) heterostructures (Fig. 1). After annealing, a
size-increase of particles was evident due to the volume expansion
associated to the transformation of Cu to CuO. X-ray diffraction
patterns and TEM analysis confirmed the presence of crystalline
SnO; nanowires (cassiterite phase) as well as the copper oxide
(Fig. 2) [22]. High angular annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was performed in an
aberration corrected FEI Titan microscope operated at 300keV
with a coupled X-ray energy dispersive (EDX) spectrometer. No
HRTEM images from the CuO-SnO; interfaces could be obtained
due to the large dimensions of both nanowires and nanoparticles.
In this work and for simplicity’s sake, we assumed however the
formation of ideal pn-junctions at CuQ-Sn0O heterostructures to
model the experimental data.

Gas sensing experiments were performed with bundled and
individual structures. Bundled bare SnO; nanowires and p-Cu0/n-
SnO; heterostructures were characterized after depositing sensing
layers in form of thick films onto substrates with pre-patterned Pt
contacts on the front side and a Pt-meander on the back-side acting
as a heater and temperature probe. Deposited thick films of MOXs
mixed with a-terpinecl were dried at 50 °C for 24 hours and then
sintered at 300 °C for 7 daysin air. Sensor test were performedin DC
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Fig. 4. (Up) Response of an individual p-CuQ (particle)/n-Sn0O; (nanowvire) het-
erostructure to H;S pulses. Dynamic response of the device is convoluted with the
dynamic response of the gas chamber (Inset) SEM image of the device. Response
of an individual p-CuO (particle)/n-Sn0; (nanowire) heterostructure as function of
H, S concentration (bottom).
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Fig. 5. General sketch of the heterostructure: p-Cu0 particles on the n-Sn0; surface create a pn-junction. The depleted region reduces the effective conduction channel in
the nanowire, leading to a higher resistance. After H;S sensing, p-CuO particles change to metallic CuS, resulting in a breakup of the pn junction, a wider conduction channel

in the nanowire and as consequence a lower resistance value.

mode (IJ =3 V)under constant gas flux of 100 ml/min. Atmosphere
compositions were precisely produced with mass-flow controllers
and certified gas bottles. Individual p-Cu0/Sn0O; heterostructures
were electrically contacted to Pt nanoelectrodes by means of FIB
assisted lithography [23] and they were evaluated as gas sensors
inside a customized chamber especially designed to minimize the
external noise.

3. Results and discussion

The sensing and selectivity characteristics of p-Cu0Q/n-Sn0O;
heterostructures were evaluated, and confronted to the typical
response of bare SnO, nanowires. Both samples were exposed to
standard reducing pollutants; H,S (2 ppm), carbon monoxide (CO;
40ppm) and ammonia (NH;; 17 ppm). Here, the response S was
defined as,

Ggas
s Gair (3)
where Ggas is the device conductance after exposure to the target
gas, and Gy;; the conductance in synthetic air. § reached a value
of =6 and 5=4 in NH; and CO experiments, respectively for the
heterostructures, which was similar to the measured responses
for bare SnO; nanowires (Fig. 3). This indicates that the detection
mechanism of NHz and CO in both cases was mainly ascribable to
the redox reaction between the pollutants and the SnO; surface.
On the contrary, Stose up from $=9 to §=23250 for the heterostruc-
ture upon exposure to HyS (Fig. 3). The dramatic change of the
p-Cu0/n-Sn0;z system leads one to believe that a dissimilar sensing
mechanism occurred in HyS atmosphere. In all cases, gas responses
were reversible since sensors completely recovered the initial con-
ductance baseline in synthetic air for the applied H;S pulses with
response and recovery time constants below 3 and 10 min, respec-
tively (Fig. 3). The response of both the heterostructured samples

and the bare Sn0O, nanowires as function of H3S concentration
is shown in the supporting information section. Optimal work-
ing conditions were observed between 200°C and 250°C, whereas
smaller response values towards H,S were monitored at lower and
higher temperatures (Fig. 3). At high temperatures (T>250°C), a
partial and fast regeneration of the thermodynamically more stable
p-Cul from CuS during HzS pulses cannot be discarded, avoiding a
complete breakup of the pn-junction.

To gain further insight into the sensing mechanism of p-
Cu0/n-5n0y systemns, individual SnO; nanowires with and without
decoration of Cu(Q particles were contacted with FIB lithogra-
phy (inset Fig. 4). This device configuration allows to monitor
the electrical properties, excluding misleading effects arising from
interring nanowire contact barriers which are always present
in bundle-structured samples [24]. The sensor temperature was
adjusted to 250°C, and H,S pulses of concentrations ranging
from 1ppm to 10 ppm were applied. Again, bare n-SnQ; devices
exhibited low responses to HyS with $<2. In sharp contrast, p-
CuO/n-SnOy heterostructures responded to HyS pulses of 5ppm
and 10 ppm more efficiently (5=7.4 and S=26.3, respectively). Sur-
prisingly, the same response to the lowest H;S pulse, 1 ppm, was
observed in both cases (Fig. 4). This experimental result implies
that at low target gas concentrations ([H;S]<1ppm), the redox
reaction between H;S and the SnO; surface becomes predominant
in contrast to the process shown in Eg. (1). Under these experi-
mental conditions, regeneration from metallic CuS to p-CuO (Eq.
(2)) takes place at the same rate or even faster than the sulphur-
ization of copper oxide particles, resulting in an effective shift of
the chemical equilibrium towards the oxide side. Consequently,
no CuS or just a thin shell onto p-CuQ was formed with a minor
influence on the electrical properties of the pn-junction at the p-
Cu0/n-Sn0 interfaces. After exceeding the critical concentration
threshold for H;S, [H;S5] ~ 1 ppm, the modulation of the pn-junction
was activated and the sensitivity of the device maximized. Infact, a
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stoichiometric sulphur amount within the Cu-containing particles
(Cu:S=1:1) could be detected via EDX after long time exposure of
the heterostructure to 10 ppm of H,S (2 h, 250 °C) (see supporting
information). The ion ratio was shifted back to Cu:S=1.0:0.4 after
keeping the sensor in synthetic air, proving the partial reversibility
of the ion exchange. The same behaviour of sensitivity maximiza-
tion was observed for bundle samples (supporting information).
Here, it should be pointed out that the lower response of indi-
vidual nanowire devices to H;S compared with those of bundles
of nanowires is explained by different reasons; (i) the absence of
pn-junction barriers dominating transport through nanowires in
a similar way that grain boundaries in thick-film sensors [14], (ii)
damage of the heterostructures during the sonication and nanofab-
rication steps which are known to be aggressive for the integrity
of the samples, and (iii) other parasitic effects such as contact
impedance contributions that may also affect their gasresponse. In
short, H,S response of single-nanowire devices is mainly ascribable
to the modulation of the conduction channel inside the nanowires
when they are in a H;S atmosphere.

From these findings, we propose the main underlying sensing
mechanism of p-Cu0 (nanoparticle)/n-Sn0; (nanowire) het-
erostructures upon exposure to HyS; the chemically specific
transformation from p-CuO to metallic CuS modifies the depleted
region that is formed at the p-CuO{n-Sn05 interface and stran-
gles the conduction channel inside the nanowires in oxygen-rich
atmosphere. After exposure to H3S, the breakup of the pn-
junction effectively enlarges the conduction section in the
nanowire, leading to a significant improvement of the con-
ductivity (Fig. 5). Second order effects like the oxidation of
H,;S by adsorbed oxygen on CuO nanoparticles may also con-
tribute to the pn-junction modulation. This reaction has been
reported to explain H3S sensing with Cu0 nanowires in the past
[25].

Aquantitative description of the above-mentioned mechanisms
is beyond the scope of this preliminary work and would require
more advanced experiments. Beside, the uncontrolled distribution
of Cu0 particles onto Sn0O; nanowires that gives rise to minor devi-
ations in the sensing performances of the devices remains as an
open field of research for the future.

4, Conclusions

p-CuO (particle){n-Sn0g (nanowire) heterostructures were syn-
thesized and evaluated as H3S sensors. The specific interaction
between this pollutant and the CuO particles as well as the ampli-
fier effect on the response by the pn-junctions strongly enhances
the selectivity to this gas in comparison to other reducing species,
such as NH; and CO. The devices exhibit stable and reproducible
responses towards HzS pulses from 1ppm to 10ppm, and their
performance suit well for alarm applications.
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The high power consumption of gas sensor devices represents (besides the previously
discussed lack of selectivity) a major challenge for the application on mobile platforms. In
this section, the concept of a novel multifunctional heterostructure for energy autonomous
sensing operations is presented (see paper 3) in which the needed energy for signal
generation and surface absorption/desorption activation is harvested solely from solar
light. To accomplish this requirement, the CdS@n-ZnO/p-Si hetero structure consists of an
energy harvesting (n-ZnO/p-Si diode) and gas sensing unit (CdS@n-ZnO NWs) with a
synergetic overlap of the n-ZnO nano structure. Incident light is absorbed at the n-ZnO/p-Si
junction and the formed exciton is separated due to the build in potential (Vy;) and creates
an open circuit voltage (Voc) between the p- and n-type terminals. In the sensing unit, CdS, a
semiconductor with relatively narrow band gap (2.4 eV), can absorb incident visible light
and transfers the excited electron to the ZnO NW, due to the favourable band alignment.
Other than in case of bare wide band gap semiconductors (Ep(Zn0O) = 3.4 eV), this synergy
allows for an activation of the gas sensitive material (here ZnO) with solar light. The
consequent interaction with the gas atmosphere modulates the intrinsic charge carrier
concentration (Np) and hence, modifies V... This self-generated signal (Vo) could be utilized
to quantitatively sense oxidative and reductive gases without the need of external energy.
The underlying mechanism in terms of gas-material surface interactions and the
subsequent changes in the donor density (Np) was proven experimentally.

Summarized, paper 3 presents the following content:

= Design of a multifunctional heterostructure for self-powered gas sensing, unifying
energy harvesting und gas sensing unit in a simple and compact layout.
= Evaluation of the gas sensing characteristics for self-powered operation towards

oxidizing and reductive gases.
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= Description of the novel gas sensing mechanism, based on modulations of the n-
Zn0/p-Si build in potential (V).

=  Experimental confirmation of the proposed sensing mechanism.

To gain a better understanding of n-ZnO/p-Si based gas sensing systems, a single wire
device was realized via focused ion beam (FIB) lithography and is described in paper 4. The
p-Si core of the radial heterostructure was accessed by FIB etching and both terminals (n-
ZnO shell and p-Si core) were contacted platinum stripes. The single wire configuration is
well suited for the evaluation of intrinsic material properties, as statistical dispersion,
typical for multi wire or bulk configurations, can be excluded. Additionally, the small
dimension of those devices reduces the energy uptake during operation. The single wire
device showed diode characteristics and photovoltaic performance under solar light
illumination. Modelling of the electrical properties revealed a relatively low resistance in
reverse bias, which can be attributed to defects at the radial p-n junction. Although the V.
signal was not sufficient for gas sensing experiments in a self-powered operation, it was
shown that the gas sensing performance could be modulated via the applied external
current through the device, attaining a maximal response at low reverse bias currents. The

contents of paper 4 can be summarized as following:

= Realization of a single wire n-Zn0/p-Si device via FIB-assisted lithography.
= Evaluation and modelling of the electrical and photovoltaic device properties.

= Optimization of the gas sensor working conditions.
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KEYWORDS Abstract

Gas sensing; Herein we report a solar diode sensor (SDS) based on new designed CdS@n-ZnG/p-Si
Nano heterostructures; nanoelements which unify gas sensing (CdS@n-Zn0) and solar energy harvesting (n-ZnO/p-Si
Solar activated; diode) functionalities in a singular material unit and device. A novel The SDS sensing mechanism
Donor density (change of open circuit voltage, AV,.), in comparison to the well-known conductometric sensors

(change of resistance, AR), is systematically studied and explained in terms of gas-material
surface interactions and the subsequent changes in the doping level (Np) of n-ZnQO, which is
manifested in the variation of V,c in CdS@n-ZnQ/p-Si. The fabricated SDS was capable of
quantitatively detecting oxidising and reducing gases with reproducible response at room
temperature and without the need of any other energy sources except solar illumination to
deliver a self-sustained gas sensor.

© 2013 Published by Elsevier Ltd.

Introduction

Combinatorial semiconductor architectures, fabricated by the
assembly of nanoscopic structures are promising to exploit new

*Corresponding author. Fax: +49 221 470 4899. properties of the heterostructures by synergetic effects. This
E-mail addresses: dprades@el.ub.es (J. Daniel Prades), approach can play an important role in the development of

h.shen@tu-bs.de (H. Shen}, sanjay.mathur@uni-koeln.de (5. Mathur). highly functional nanodevices [1,2] and their reduction of
The authors contributed equally to this work. pawer consumption[3,4].

2211-2855/5 - see front matter © 2013 Published by Elsevier Ltd.
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The device architecture presented here has been
designed to palliate the current issues in gas sensor
technelogies: high power consumption, high operating tem-
perature and producticn costs [5]. Among the different gas
sensor technologies, conductometric sensors based on semi-
conductor metal oxides unify the highest robustness level
and minimum costs [6-8]. Nevertheless the continuous
supply of the energy needed, on cne side to provide a
constant voltage or current for signal generation, on the
other hand to activate the chemical interaction between
analyte gases and the metal oxide surface, either in the
form of heat or light, demands new concepts for energy
harvesting units that can be combined as a built-in module
to realize autonomous sensors. In order to operate a sensing
device at room temperature, UV light can be used to
activate the sensor response, which eliminates the need
for thermal heating, however, the requirement of a UV light
source to generate excitons in the wide band gap of
common metal oxides hinders the convenience of this
approach [9-12].

Zn0 nanarods, nanobelts or nanowires are excellent gas
sensitive materials for the detection of oxidizing and
reducing gases, with exceptionally enhanced sensitivity
toward the adsorbed gas species in comparison to their
bulk counterparts [13,14]. Pristine Zn0, an intrinsic n-type
semiconductor, grown on p-doped silicon substrates pro-
duces heterojunctions interesting for applications such as
solar cells or photodiodes due to low production costs and
good photon-to-electron conversion efficiency [15-17].
Recent reports have shown that CdS quantum dots,
assembled on Zn0O nanorods can be used as effective visible
light harvesting components in quantum dot solar cell
devices [18,19]. The presence of a narrow band gap CdS
sensitizer (2.4 eV} on the surface of ZnO extends the photo-
response of ZnO (3.37eV) into the visible-light region
[20-22]. Based on these considerations, CdS@n-ZnO/p-Si
was grown in order to combine a photo-activated gas
sensing unit {CdS@n-Zn0) with a p-n junction {n-Zn0/p-S5i)
capable of harvesting the energy required to operate the
sensor from the environment.

Herein, we report and demonstrate an innovative approach
towards an autonomous gas sensor, namely solar dicde
sensor (SDS), based on the synergy of a new designed
photoactive sensing element (CdS@n-ZnC} and a diode (p-
n junction, n-ZnQ/p-Si} in a single unit. The device was
successfully operated and its gas detection ability was
demonstrated in (i} energy autonomous mode and (ii) solar
light illumination at room temperature. In a recent work,
we reported that a solar driven gas sensor based on CdS@n-
In0/p-Si heterojunctions is capable of interacting with an
oxygen atmosphere accompanied by a variation of V, . [23].
However, we could not present the SDS caoncept clearly due
to poor contact of such devices, poor reproducibility of
sensing signal. In order to systematically study and under-
stand the underlying SDS sensing mechanism, we have
changed the geometric design of SDS devices. Based on
systematically gas sensing and gas-dependent electric mea-
surements, we can prove now that this variation of V. is
due to a change of charge carrier cancentration {Np). Gas
sensing experiments with reducing and oxidizing gases show
that the SDS concept is capable to work as a qualitative and
quantitative self sustained gas sensor. The proposed sensing

mechanism for the SDS system shows that all these features
are attributed to the combination of the complementary
functionalities of CdS@n-Zn0/p-5i materials at the nanos-
cale interfaces.

Results and discussion

Gas sensing behaviour of the SDS device in dark and
under illumination conditions

Fig. 1 shows the CdS@n-Zn0/p-Si gas sensing device and its
different gas sensing behaviours in dark and under illumina-
tion conditions. A conductive glass {F:5n0;, FTO} was used
as a transparent top contact on the vertically aligned ZnO
nanorod arrays whereas p-5i was contacted as the back
electrode with silver paste to form the prototype gas sensor,
[24] as illustrated schematically in Fig. 1a. The detailed
structural properties of CdS®Zn0 are shown in Fig. S1-4.
The similar lengths of Zn0O nanorods made a good electrical
contact with FTO possible. The device was monitored by
applying regulated bias currents {0, +25 and +50 pA} and
measuring the corresponding voltages. In dark conditions
{Fig. 1b), CdS@n-Zn0/p-Si showed no response for forward
bias currents {0, +25 and +50 pA} in nitrogen and oxygen
atmospheres apparently due to insufficient activation
energy {either in form of light or heat) for interaction of
oxygen species on the surface of Zn0, [25] whereas CdS@n-
Zn0/p-Si showed a totally different sensing behaviour under
solar illumination {simulated sun spectrum; AM1.5). The
response was fully reversible and reproducible at different
bias currents (Fig. 1c). Remarkably, the CdS@n-ZnO/p-Si
showed significant gas sensing responses even at zero bias
current, i.e., no external electric power applied. The
response at zero bias current is opposite to those of bias
currents, indicating a different underlying sensing mechan-
ism in comparison to the traditional conductometric sensing
principle. As no current is flowing at zero bias conditions,
the measured voltage signal displays the open circuit
voltage {V,.) of the included n-Zn0Q/p-Si diode. Thus, the
signal response cannot reflect the change of the conducto-
metric properties of ZnO but has to be originated in a
change of the n-Zn0/p-Si diode properties (see Supporting
information}. Fig. 1d shows the evolution of the open circuit
voltage V,. (zero current} upon expaosure of the device to
oxygen and nitrogen pulses under illumination. Evidently,
Vee is an auto-generated signal that correlates with the
atmospheric composition: it decreases in oxygen in compar-
ison to nitrogen atmospheres {by 41% in our proof-of-
concept devices).

Detailed gas sensing characteristics of the SDS
sensing device in diluted ethanol and methane
atmospheres

To demonstrate that this proof-of-concept device can be
used to detect other common target gases, the device
was exposed to ethanol gas (EtOH, 50-200 ppm) and
operated in the energy autonomous mede (i.e., simulated
sun illumination; zero bias current; open circuit voltage (V)
monitoring). Fig. 2a and b shows the V,. signals of CdS@n-
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In0/p-Si in dark and under solar illumination conditions
upon exposure to a sequence of EtOH pulses diluted in
synthetic dry air whereby no V., and consequently no
modulation of V,., was observed under dark conditions.
Upon illumination, the CdS@n-Zn0/p-Si showed significant
dependence of V,. on the EtOH concentration {inset of
Fig. 2b} making the monitoring and correlations of V.
suitable for gquantitative sensing purpose. The response
and recovery sequence repeated over a long time
{~4 weeks) showed good stability and reproducibility of
the monitoring system. The response of CdS@n-Zn0/p-Si
towards different concentrations of methane exhibited
similar guantitative gas sensing properties (Fig. Zc}. On
the contrary, the bare p-n junction {n-ZnO/p-Si} without
CdS decoration showed only low, unstable and non-scalable
response to different methane concentrations (Fig. 2d)
demonstrating the key role of the CdS@n-Zn0 gas sensing
unit of the CdS@n-Zn0/p-Si system under solar light illumi-
nation. The system presented here contains two main
companents with complementary functions: CdS decorated
Zn0 nanorods act as photoactive gas sensing units, while the
n-Zn0/p-Si junction forms the built-in signal generation
unit. In case of the bare n-ZnO/p-Si device no light is
absorbed by CdS, the incident light reaches the p-n junction
with a higher intensity (see Fig. 56} and consequently the
V.. was found to be higher compared to the CdS@n-Zn0/p-5i
sample. Anyway, the response of SDS mainly depends on the
change of V. {(AVs)} under ambient gases and not the
absolute V,. value of the system. In these proof-of-
cancept sensors, response and recaovery times as well as

SOl IracEIT

@n-2n0lp-Si solar cell
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0.8 |
s s
T 06 2507 w
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sensitivity values of the system are limited and far from
optimum due to the fact that the gas diffusion through the
nanostructures was slowed down, caused by the easy to
build device setup. Although simply stacking a Si-based
diode with a ZnQ based sensor together would show much
better performance, the integration of functional units at in
a single and simple multifunctional unit is not possible.

Proposed step-by-step SDS mechanism

{i} Effects of the solar illumination
Fig. 3a sketches a non-equilibrium process that could
explain the response of the system: (i} Photogeneration
of electron-hole pairs in the CdS NPs. (ii} Proper band
alignment between Zn0 and CdS whereby the lower
conduction band edge of ZnO favours an effective
charge separation. Excited electrons (e*7) are injected
from the conduction band of CdS into the conduction
band of Zn0, whilst the mismatch in the valance band
and absence of an hole extracting agent {e.g., electro-
lyte} forces holes to remain in CdS [26]. (iii} Ongoing
injection of electrons increases the number of holes
within CdS leading to a transient electrical polarization
carresponding to {(dynamic} accumulations of holes
{CdS) and electrons {ZnO surface). This is a self-
limiting process that continues until the formed elec-
tric field blocks any further injections of electrons.
Consequently, the dynamic processes of electron injec-
tion (CdS to Zn0O} and recombination {Zn0O to CdS} end
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(a) Scheme of the CdS@n-Zn0/p-Si sensing device. Gas sensing ON/OFF curves (oxygen/nitrogen) recorded at different

constant currents in (b) dark and under (c) solar illumination showing different gas sensing behaviours. (d) ON/OFF (oxygen/
nitrogen) curve recorded with open circuit voltage V. (/=0 A) under solar illumination condition.
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Fig. 2 Gas sensing characteristics of the CdS@n-Zn0/p-Si sensing device. ON/OFF (ethanol/air) curves of CdS@n-ZnO/p-Si recorded
in (a) dark and under (b} solar illumination. ON/OFF (methane/air) curves of (c) CdS@n-Zn0/p-Si and (d) n-ZnO/p-Si recorded under
solar illumination.

(i)

up in a steady state in which an overall increased
electron density on the surface of ZIn0O is achieved
[27-29]. These changes in the surface charge distribu-
tion, i.e., the creation of local electric fields between
Zn0 () and CdS {+) causes a polarization of the 7nQ
surface, which is accountable for variations in the gas-
surface interaction that drive the sensor response [13].
Previous works demanstrated that similar effects (by
using external electric fields) can activate the gas-
metal oxide interaction [30,31].

The evolution of the /-V characteristics in dark and
under illumination in nitrogen atmosphere confirmed
that the non-linear and rectifying effect was ariginated
at the n-ZnO/p-Si interface (Fig. 3b and Fig. 55).
In dark conditions, CdS@n-ZnO/p-Si showed typical
rectifying diode behaviour, while solar illumination
shifts the [-V characteristics to a photovoltaic effect
as shown in Fig. 3b. The latter indicates that the device
is capable of directly transforming sunlight into an
electrical signal {V,.} due to the built-in p-n hetero-
junction formed in the core of the device. Possibly due
to interface defects at the n-metal oxide/p-silicon
junction, a shift to more linear behaviour is noticed
in the /-V characteristics under illumination.

Effects of oxidizing gases under illumination

Like most of the n-type semiconductor oxides, ZnO can
react with oxygen to form oxygen species (05, 0;, 07)
on its surface [14]. A schematic representation of the
charge carrier distribution across the CdS@n-Zn0O/p-Si
in an oxidizing atmosphere is shown in Fig. 3c. Under
oxygen atmosphere, the electrons accumulated at the
Zn0-CdS interface can be trapped by oxygen molecules

to form oxygen species in an exergonic process
(e* +0,{g) > 05 (ad)) [32]. The trapped electrons are
subsequently compensated by bulk ZnO electrons,
causing a decrease of the apparent donor density
within the metal oxide (Mp decreases). Thus, electron
accumulation at the Zn0O surface by carrier injection
from CdS upon photo excitation can explain: {i} the
activation of the sensing respanse to gases via sunlight
photans; (ii} better gas sensing behaviour observed for
CdS coated n-ZnG/p-Si when compared to pure n-Zn0/
p-Si. The primary experiment has shown that the
CdS@n-Zn0/p-Si with full decoration rate of CdS did
not show any sensing behaviours indicating that the
In0 surface and the interface of CdS and ZnO play a
key role in the gas sensing mechanism.

The equations of the semiconductor quantum theory
can be used to support the above-described mechan-
ism. The relation between the donor concentration (Np}
and the built-in potential V,; in a p-n junction is
expressed by

kT NZnONSi
Vii=—Ln{-D A )
g (Nil ON?

where Np, N, and N; are donor, acceptor and intrinsic
doping level, which corresponds with the free carrier
concentration in the impurities ionization regime, k,
T and g are Boltzmann constant, absolute temperature
and electron charge, respectively [33]. The previous
explanation postulated a decrease in the concentration
of electrons in Zn0 in presence of oxygen, which can be
regarded as a decrease in the effective concentration
of donor impurities Np in the n-type Zn0. According to
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Fig. 3 Proposed step-by-step SDS mechanism: (a) High energy electron patterning on CdS@n-ZnO/p-5i under solar illumination and
(b) the corresponding i-V curves recorded in dark and under solar illumination. (c) Charge carrier distribution of CdS@n-ZnO/p-Si in
N, and O, atmospheres and (d) the corresponding /-V curves. (e) Charge carrier distribution of CdS@n-ZnO/p-5i in air and 1000 ppm
ethanol atmospheres and (f) the corresponding I-V curves.

Eq. {1}, the reduction of Np leads to a decrease of the
Vyi value in oxygen atmosphere. The open circuit
voltage (V,), that appears across the terminals of a
p-n junction under illumination is caused by the ability
of this built-in potential to separate the electron and
hole pairs generated within and close to the depleted
region [33]. Thus, there exists a positive correlation
between the phaotovoltage values (and in particular the
open-circuit voltage V,.} and Vy,; [34,35]. Consequently,
according to Eq. (1}, the reduction of Np leads to a
decrease of V,; {and thus the V. value) in oxidizing
conditions, which would be verified experimentally by
monitoring V,. in N; and O, atmospheres (Fig. 3d).
Following this mechanism, a reduction of Np in

(iff)

oxidizing atmospheres causes a lower V,. of the device
and thus shows the opposite response direction com-
pared to conventional n-type conductometric gas sen-
sors (see. Fig. 1c}

Effects of reducing gases under illumination

The |-V characteristics of CdS@n-ZnO/p-Si in air and
EtOH (1000 ppm diluted in air) atmospheres under
illumination (Fig. 3e}, revealed the V,. values of
CdS@n-Zn0/p-Si to be lower in air than that found in
EtOH (air: 36 mV, EtOH: 44 mV}. This behaviour can also
be explained on the basis of the previous model:
oxidation of EtOH molecules released electrons trapped
at surface oxygen back to ZnO once the following the
reaction takes place: CH3CH,OH{(g)+5054s— CO+CO,+
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3H,0+5e™ [36]. The consequent increase of Np within
the n-doped material causes a higher V,. value as a
signal for the presence of the reductive gas. These
results show that the SDS device can work as quantita-
tive and also qualitative gas sensar, as it can distinguish
between reductive and oxidative gas species.

C-V characteristics and validation of the
sensing mechanism.

An indirect evidence of the proposed sensing mechanism
was obtained through the dependence of Np monitored in
different gas environments with the help of capacitance-
voltage (C-V) measurements (Fig. 4). The capacitance per
unit area of an ideal hetercjunction diode can be expressed
as [33]

1 2{Nuetr+Npey)

T~ “qNoNwrie WMi—v) @
where, in our case, Np is the donor density in n-Zn0, N, is
the acceptor density in p-5i, & and g are the dielectric
constants of n-Zn0 and p-S5i, respectively, g is the charge of
the carriers, V,; is the built-in potential of the p-n hetero-
junction and Vis the external bias voltage. As the dielectric
constants of both materials and the doping level of p-Si (Na}
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are known, the slope of 1/€%V plots can be used to determine
Np of ZnO.

1/C% vs. V curves in nitrogen, oxygen, air and ethanal
{1000 ppm diluted in air} atmospheres displayed a
linear behaviour confirming the successful formation of
a p-n hetercjunction at the n-ZnQ/p-Si interface (Fig. 4a
and b}. The donor concentration of naked n-ZnQ/p-Si
{2.5x 1019 m’3) was insensitive to variation in the
gas atmosphere or the illumination conditions (Fig. 4d)
whereas the CdS@n-Zn0/p-5i system displayed significant
variations (Fig. 4c). In the case of the CdS@&n-In0O/
p-Si system, Np remained constant in dark conditions
{ca. 1.20 x1020 m™>}, but was sensitive to the presence
of different gases under illumination. Np increased
sharply (ca. 16%) in N, atmosphere (1.20x10%° to
1.40 x 10%® m™%), however, an opposite effect was observed
in oxygen and synthetic air atmosphere. This behaviour is
fully consistent with the previously depicted sensing
mechanism, where the optical sensitization of the CdS-
Zn0 interface is essential to achieve the sensing behaviour.
Fig. 4c shows that the change in Np under G, and N; is more
significant than that in Air/EtOH. The quantitative evidence
for Np changes in different gases is comparable to the
changes in apen circuit voltage {AV,.} which is 25 mV in
oxygen/nitrogen condition {Fig. 3d} however, less change in
Np was observed in Air/EtOH atmosphere (AV,., 8 mV)
shown in Fig. 3f. This finding indicates that the change of
the effective N within n-Zn0 is the major factor influencing
the V,. value (sensor signal} in different gases.
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Fig. 4 Mott Schottky plots (1/C? vs. V) of (a) CdS@n-ZnO/p-Si and {(b) n-Zn0Q/p-Si acquired at 1 MHz in the reverse bias region.
Environmental dependent Ny of (c) CdS@n-ZnG/p-Si and (d) n-ZnC/p-Si recorded in dark and under solar illumination.
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If a constant current is applied to the SDS device, the
sensing mechanism is the same as for simple conductometric
{n-type} gas sensors, in which the resistance is increased
when an oxidizing gas (i.e., oxygen} is introduced. This
effect can be deduced to the increase of the surface
depletion zone and can be monitored by the increase of
voltage as shown in Fig. 1c in cases of 25 and 50 pA applied
current. When no constant current is applied (energy
autonomous mode}, the sensing mechanism becomes differ-
ent. As no current is flowing through the device, the higher
resistance is not influencing the signal. In this case the
change of donor density within the n-Zn0O material, caused
by the interaction with the gas atmosphere, is arbitrative
for the sensor response. In oxidizing atmospheres, electrons
are removed from the n-Zn0 and cause a reduction of the
effective doping level within the material. Consequently
the build in potential (V) of the p-n junction {n-Zn0/p-Si)
is reduced and can be monitored by the decrease of open
circuit voltage (V,.). In summary, the change of voltage (to
higher values) with applied constant currents is originated
from the increasing resistance of Zn0, whereas the change
of voltage at energy autonomous conditions (lower V.
values) is caused by the decrease of donor concentration
{intrinsic doping level} within n-Zn0.

Conclusion

We have systematically demonstrated here that the inclu-
sion of a diode element (n-ZnO/p-Si} and an active gas
sensing component {CdS@Zn0) unified in a single hetero-
structure (CdS@n-Zn0/p-Si) enabled the operation of a
novel gas sensor device without the need of any external
power source. The open circuit voltage V,., produced by
solar light harvesting at the n-Zn0/p-5i diode, acted as a
self-generated sensing signal, whose intensity is dependent
on the chemical nature of the surrounding gas and its
concentration. It was proven that the change of V,. is due
to the variation of charge carrier density (Np} that is
directly affecting the build in potential {V};} of the p-n-
junction.

This work shows the potential to integrate multiple and
complementary functionalities by carefully choosing the suita-
ble materials in a single nanoarchitecture. Following this
approach, the proof-of-the concept device presented here
can be extended to other material systems and applications.
Future work will focus on the further improvement of SDS
sensing performance and the replacement of CdS@n-Zn0/p-Si
by either NPs@n-MO,/p-5i or NPs@p-MO,/n-Si. Moreaver, it can
be envisaged that the realization of self-sustained sensors will
trigger further development of new nanodevices and principles
to address the grand and inevitable challenge of the need for
energy-efficient systems.

Experimental

Growth of ZnO nanorod arrays on p-Si substrate: Vertically
oriented 7n0 nanorod arrays were grown on a ZnQ seed layer
{20 nm} coated p-Si substrate {B-doped, Crystec GmbH, cut in
1cmx 1cm dices). First, the Zn film was prepared by DC
sputtering using Zn target (99.99%) and high purity Ar gas
{99.999%). The as-deposited film was annealed in air at 500 °C

for 1 h to abtain a crystalline ZnO seed layer. The ZnO nanorod
arrays were grown on the p-Si substrates using a hydrothermal
synthesis reported previously [37]. Briefly, the growth solution
was composed of zinc nitrate hexahydrate (0.025mal L™"),
hexamethylenetetramine {0.025 mol L™"), and aluminum-iso-
propylate (0.005 mol L™"). The temperature of the growth
solution was maintained at 75 °C in a water tank. The pH value
of the growth solution was manitored at 7.2 during the growth
process. After 20 h, the products on the p-5i substrates were
washed with deionised water several times and annealed in air
at 400 °C for 1 h.

Fabrication of CdS NPs@n-Zn0/p-5i heterostructures: CdS
NPs were deposited on the surface of the Zn0 nancrods via a
chemical bath deposition (CBD) [38]. A 2 mM CdS precursor
solution was prepared by dissolving CdSO, and thicurea
(molar ratio urea: Cd®* =5:1) in 1 mol L~' ammonia solution.
Before the decoration reaction the ZnQ nanorod arrays were
cleaned in a N, flow and then immersed into the
CdS precursor solution for several minutes to ensure a
complete diffusion of the precursor into the voids among
Zn0 nanorods. The solution containing the ZnO substrate
was heated in an oil bath at 60 °C. During the CBD process,
the sample color was changed from colorless to bright
yellow. The deposition time for CdS nanoparticles was
15 min. After the CBD process, the ZnO samples were
immediately washed with deionised water and ethanol. This
coverage density {ca. 11%) of CdS on ZnO {estimated by SEM
data) allowed the partial uncovered surface of ZnO which
could expose and react with air or gas molecules.

Structural and optical characterization: The phase com-
position of the as-prepared sample was characterised by
using a STOE-STADI MP X-Ray diffractometer operating in a
reflection mede using Cu K, {1.5406 A} radiation. The
microstructures of the samples were examined using field-
emission scanning electron microscopy (FE-SEM, FEI Nova
NanoSEM 430) and transmission electron microscopy (TEM,
Philips CM300)}. The optical properties were investigated by
an optical spectrometer (diffuse reflectance mode, Perki-
nElmer LAMBDA 950).

Device assembly: A conductive glass (F:5n0,, FTO} was used
as a transparent tap contact on the ZnO nanorod arrays whereas
p-Si was contacted as the back electrode with silver paste to
form the prototype gas sensor (Fig. 1a). The mechanical contact
ameng the different components was achieved by means of
conventional metal clamps. This simple configuration is similar
to a method described by Gad et al. [23] which has been shown
to be adaptable to build up reproducible p-n diodes. The
critical step in the realization of the devices was the synthesis
of ZnO NWs with the same height and was properly addressed
{see Fig. S2b and c}.

To validate the reproducibility of this method, 12 devices
were fabricated based on CdS@n-Zn0/p-5i samples synthe-
sized in three different batches. All the devices displayed
similar features to the ones reported in this work.

Electrical characterization of the prototype of a CdS@n-
Zn0O/p-Si heterostructure based gas sensor: To evaluate
gas sensing properties, the device was placed in a test
chamber with gas inlet and quartz window (Fig. 58). The
device was illuminated by a solar simulator {(Newport 96000
Oriel 150W, AM 1.5) with an output intensity of 100
mW/cm?, as the light source. The electrical properties of
the sample were measured with a Keithley 2400 source
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meter. Synthetic air, nitrogen, oxygen and reducing gases
such as ethanol and methane were used as baseline and test
gases, respectively. The capacitance-voltage (C-V) measure-
ment (Agilent E4980A LCR meter, 1 MHz) was performed by
in reverse bias condition and in different atmospheres.
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Synthesis and structural analysis of ZnO nanorod arrays

The growth of ZnO nanorods is rationally influenced by the crystallinity, orientation, and thickness of
the ZnO seed layer. In addition the avoidance of other metal catalysts leads to minimize the
contamination on ZnQ nanorods as well as the n-ZnO/p-Si interface. Figure S1a shows the typical XRD
pattern of the post-annealed ZnO seed layer (at 500°C) deposited on p-Si substrate indicating the
enhanced crystallinity with a preferred growth orientation (002) plane (JCPDS: 80-0075). The top and
cross-sectional SEM images (Figs. S1b&ec) of the post-annealed ZnO seed layer show the uniform
coating with an average thickness of 20 nm.

Figures S2b&c show the SEM top- and cross-sectional view images of the nanorod arrays prepared after
20 h growth in a metastable supersaturated solution. The ZnO nanorods were vertically aligned with
uniform size of 150 nm, length of 3 um and areal density of ~ 20/ umz. The presence of aluminum-iso-
propylate could provide sustainable support for the preparation of long length and high aspect ratio
nanowires by preferential growth. As shown in Figure S2a, the XRD spectrum of the ZnO arrays shows
the strong characteristic diffraction peak (002) of the wurtzite ZnO (JCPDS: 80-0075). It confirms that
the as-prepared nanorod arrays are wurtzite ZnO with vertical orientation along the c-axis.

Structural and optical characterization of CdSi@n-ZnO

The particular and uniform assembly of CdS NPs on the ZnO surface can be shown in the cross-
sectional and top view SEM images (Fig. S3). TEM analysis (Fig. S4) also revealed the homogenous
decoration of CdS NPs (diameters, 10 -20 nm) on ZnO and the surface of ZnO was not fully covered by
CdS. This low coverage density (ca. 11 %) of CdS on ZnO allowed the partial uncovered surface of
ZnO which could expose and react with air or gas molecules. HR-TEM images in Figure S4 show the
coherent ZnO-CdS interface. The marked spacings of the crystallographic planes correspond to the
(100) and (200) of CdS. The XRD pattern of CdS@ZnO heterostructures showed no diffraction peaks
characteristic for CdS NPs, what is attributed to their small size and low coverage. However EDX
analysis showed the characteristic spectra of cadmium and sulfur and revealed a Cd/S ratio of 1:1 which

additionally confirmed the presence of CdS.
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The surface decoration with lower bandgap semiconductors like CdS NPs in our system extends the
bsorption spectra of the CdS@n-ZnO/p-8i heterostructures to visible light range. As shown in Figure
S5, the on-set of optical absorption of CdS@n-ZnO/p-Si sample started from 520 nm whereas the

spectrum of naked n-ZnO/p-Si sample is located at 400 nm deriving from the ZnO band gap.
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Figure S1. (a) XRD pattern of annealed ZnO seed layer. (b-¢) In plane and cross-sectional SEM images
of ZnO seed layer on p-Si substrate.
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Figure S2. (a) XRD pattern of ZnO nanorods on p-Si substrate and (b-c¢) in plane and cross-sectional
SEM images.
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Figure S3. (a-b) In plane and tilt-view SEM images of CdS@ZnO nanorods on p-Si substrate.

Figure S4. TEM images of (a) ZnO and (b) CdS@ZnO nanorods. The inlet shows the lattice fringes of
a CdS NP decorated on the ZnO surface.
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Figure SS5. Current-voltage characteristics of CdS(@n-ZnO/p-Si in dark and under solar illumination in

N3 atmosphere.
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Figure S6. UV-Vis optical absorption spectra of ZnO and CdS(@ZnCO grown on p-Si substrate.
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Figure 87. Scheme of the gas sensing zetup with integrated solar simulator.
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» Coaxial p-Si/n-ZnO core/shell nanowires (NWs) were produced.

» Heterojunction devices based on one single NW were produced by FIB nanolithography.

» These devices displayed photovoltaic and gas sensing properties.

» Non-linear [-V characteristic allowed us to tune their sensibility to gases by modulating the bias.
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Radial p—n nanowire heterojunction devices represent a favorable geometry to maximize the interfacial
area and charge carrier separation due to the built-in field established across the junction. This report
presents the functional characterization of a heterojunction device based on a single coaxial p-Sijn-ZnG
nanowire that was integrated in a circuit by FIB nanolithography to study the electrical properties.
Specifically, their photovoltaic and gas sensing performances were preliminary assessed. The gas sensing
response of the p—n heterojunction could be usefully modulated by controlling the bias currents through
the device, showing a complementary functionality of these nanoarchitectured devices.

2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxide nanowires are a broad class of materials which are
gaining a growing interest due to their potential in gas sensing,
optoelectronics and energy applications [1-3]. Although prelimi-
nary studies revealed promising outcomes, further research is
necessary in order to reach complete control on their properties [4].
Working into the direction of nanowire-based systems, the inte-
gration of active characteristics in a single nanostructure by
combinatorial materials architectures is a promising approach to
develop diodes, transistors or any other active element equivalent
to those employed in standard microelectronics [5]. Among all

* Corresponding author. Department of Electronics, University of Barcelona,
E-08028 Barcelona, Spain.
E-mail addresses: fhernandez@irec.cat (F. Hernandez-Ramirez), dprades@
elub.edu (].D. Prades), sanjay.mathur@uni-keeln.de (5. Mathur).

0254-0584/$ — see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016fj.matchemphys.2012.05.034

n-type metal oxide nanomaterials, ZnO is considered an excellent
candidate to obtain functional devices [6—8]. To date, the devel-
opment of ZnO nanosystems has been mainly focused on the use of
bare nanowires as, for instance, mere passive resistors, gas sensors
or building-blocks of battery electrodes [9], despite scme inter-
esting attempts to integrate them as active elements in new
technologies and systems [10]. In this context, ZnO-based hetero-
junctions have recently attracted much focus for highly sophisti-
cated electronic devices [11-15], such as p-Sijn-ZnO nanowire
heterojunctions that are seen as an interesting alternative to
overcome the pending issue of growing high quality and stable
p-type ZnO [16].

In fact, radial p-Si/n-Zn0O nanowires are expected to exhibit
superior performances compared to their conventional planar p—n
junction counterparts due to their favorable geometry that maxi-
mizes the junction interface area and the built-in field established
across it [17,18]. This is particularly interesting for any application
involving massive charge carrier separation processes, as for
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instance, photovoltaics [19,20]. Nevertheless, the electrical access
to the inner core of these nanostructures without shorting the final
device remains as a challenging avenue from a fabrication point of
view.

In this work, we report on the prototyping and characterization
of single coaxial p-5i/n-Zn0 nanowire heterojunction devices, the
study of their electrical response, and the preliminary assessment
of their photovoltaic and gas sensing properties, which up to date
has not been reported, to the best of our knowledge, on ZnO-based
heterojunctions at single nanowire scale. Actually, in most of the
previous devices the n—p junctions were formed at the interface of
a nanowire or nanowall with the underlying substrate [15,21], or at
the cross interface of two nanowires [22]. Here, these stand-alone
p-5i/n-Zn0 nanowire prototypes are considered to be useful tools
to achieve a good comprehension of the intrinsic phenomena in
p—n radial nanowires, since the statistical dispersion typical of
bulk-type systems is eliminated and contact effects are minimized
[2,4]; paving thus, the way to further and necessary developments
in this incipient research area, and showing the potential to inte-
grate heterostructures with modulated compositions, interfaces,
and complementary functionalities in a single nanoarchitectured
device.

2. Experimental

Silicon (51) nanowires were synthesized by a metal-assisted wet
chemical etching of p-doped (100) silicon wafers, following a pub-
lished procedure (see Supporting information} [23]. In a following
step, a zinc {Zn} layer was deposited on the Si nanowires via direct
current (DC) sputtering after removing the native silicon oxide by
etching. Annealing the ZnO—S5i structure in ambient air at 500 °C
for 1 h resulted in ZnO films. The phase composition of as-prepared
sample was characterized on an STOE-STADI MP X-Ray diffrac-
tometer operating in a reflection mode using CuKe (1.5406 A)
radiation. The micro- and nanostructures of the samples were
examined using field-emission scanning electron microscopy (FE-
SEM, FEI Nova NanoSEM 430).

As-grown p-5i/n-Zn0O nanowires were mechanically scratched
from the substrate and sonicated in ethanol for 5 min to avoid
agglomeration. 100 L of this suspension were dropped onto a chip
with pre-patterned gold microelectrodes. Individual p-Si/n-Zn0O
nanowires were electrically contacted by direct Focused-lon-Beam
(FIB) platinum deposition, using a dual beam FB FEI-235 equip-
ment [24]. To gain access to the p-Si core, a pre-milling step of the
n-ZnO part was necessary. For this purpose, a 20 pA Ga* current
beam was selected for 20 s, which is a value low enough to mill the
shell without completely damaging the rest of the nanowire.
Finally, platinum (Pt) electrical contacts were fabricated with FIB
(in this step, ion beam current of 10 pA was chosen to deposit the

m ()

metal strips) (Fig. 1). This fabrication process is known to form
ohmic and reliable contacts between platinum and typical semi-
conductor materials, despite the undesired damage introduced in
the irradiated area [25—27]. EDX scans of the region beside the Pt
contacts were performed to identify eventual residuals of the n-
7Zn0 layer in the pre-milled area around the p-Si core contact.
Experimental results showed well-detectable amounts of Zn
around the n-contact, whereas no evidence of Zn was found within
the p-contact area (Fig. S3).

Electrical measurements were performed using a Keithley 2400
Source Meter Unit (SMU}. For gas sensing experiments, the devices
were placed in a customized chamber with an integrated heater;
the gas flow (>99.999% purity) was controlled by mass flow
controllers and the working temperature was never higher than
140 °C. The photovoltaic properties of the radial p—n nanowires
were characterized under standard conditions of 1-Sun
{100 mW cm 2} AM 15 illuminaticn, using a Newport 96000
Oriel solar simulator.

3. Results and discussion

XRD patterns of the as-prepared p-Sifn-ZnO nanowire arrays
indicated a predominant growth along the (100} direction flanked
by distinctive minor peaks in the 28 ~ 30°—40° range ascribable to
the wurzite phase of ZnO (Fig. S1). SEM images revealed Si nano-
wires aligned perpendiculary to the substrate, with ca. 80 nm
polycrystalline ZnO shell {Fig. 52}. After the device fabrication step,
final heterostructures were typically 20-30 microns long with
a diameter of 300 nm (Fig. 2}. It is worth to mention here that the
device processing steps, including the mechanical scratching of the
nanowire from its original substrate as well as the following
focused-ion-beam (FIB) processing steps (pre-milling, and elec-
trodes deposition), created surface defects as well as surface non-
uniformity, as it can be seen in the SEM pictures. In any case,
non-conformal coatings characteristic of the DC-sputter technique
used here for the deposition of ZnO shell also rendered non-
uniform surfaces, which might limit the perfermance of these
first devices. In future works, atomic layer deposition technique
(ALD) can be used for deposition of conformal and uniform ZnO
films [28].

Current-voltage ({—V) characteristics of p-Si/n-ZnO nanowires
under dark conditions at room temperature exhibited diode char-
acteristics indicative of the formation of p—n junctions in a single
nanowire (Fig. 3). Since no short-circuiting was observed between
the two electrical contacts, electrical current was expected to flow
mainly through the space charge region inside the nanowires.
However, a high reverse bias leakage current was always found,
which might be attributed to large interfacial recombination at the
p—n interface as a result of uncontrolled defects generated during

()

Fig. 1. Scheme of a p-5i/n-Zn0 nanowire device fabrication process: (I) The core-shell nanowire is positioned between two pre-patterned microelectrodes. (II) The n-Zn0O shell at
one end of the nanowire is removed by FIB milling, granting access to the p-Si core. (III) The core and the shell of the nanowire are contacted with FIB nanolithography to the pre-
patterned microelectrodes. Both the n-ZnO and p-Si parts are electrically accessible in the final device configuration.
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Fig. 2. a)General view of an p-Si/n-Zr0 coaxial nanowire device after the FIB fabrication process, b) High magnification image of the p-Si contact area. The removal of the ZnO outer

layer s clearly visidle. ¢) High magrification image of the n-ZnO contact area.

the wet etching process of Si nanowires, and the later IB milling
step [17.2729). Other phenomena like Zn diffusion into the Si
nanowires and change of their electrical behavior cannot be dis-
carded. Consequently, the diode response of these devices strongly
deviated from the ideal behavior and the electrical signal dramat-
ically degraded in reverse conditions.

To evaluate the characteristics parameters of these devices
further, an equivalent circuit formed from an ideal diode in parallel
with a standard resistor was used to model their responses (Fig. 3).
This later element was added to correctly reflect the above
mentioned leakage current. The rest of contributions arising from
cables and the metal-nanowire contacts were deliberately neglec-
ted to simplify the equivalent circuit. Thus, current [ through the
devices was given by the following equation,

v = rlg(e‘fi*fl‘)l 47;’—1 (1)

where [, is the reverse bias current, g is the elemental charge, V is
the applied voltage, kg is the Boltzmann constant, T is the working
temperature, 7 is the diode ideality factor and Ry is the resistor used
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Fig. 3. [-V curves from an p-Si/n-Zr0 panowire measured in dark and light conditions
and at room temperature. The reclifying responses were fitted to the equivalent model
shown in the inset (dashed line). A photogenerated current fp, and open vokiage Vi, of
1.0 nA and 1 mV respectively were observed under illumination (inset)

to take into account the deviation from the ideal situation intro-
duced by the leakage current. As shown in Fig. 3, experimental data
fitted well to Eq. (1) (r 0.998), being I, (6.2 =+ 09) nA,
n=(12.1+04)and Ry = (1.5 = 0.7) MQ. These values show that that
Ry is not large enough to avoid the reverse conduction through the
p-n junction in normal working conditions. Under illumination,
I-V curves recorded from these devices showed photovoltaic (PV)
properties, yielding a Voc = 1 mV and Iy, = 1.0 nA as mean values
for all the tested devices. To take into account the PV contribution,
a current source was added to the equivalent circuit (Fig. 3). Again,
experimental data fitted well (r -~ 0.9998) to the modified model
given by Eq. (2) (Fig. 3),

% [lg(‘e’% 1) lp,.] ,% (2)

where [; is the photocurrent contribution. It goes without saying
that Ve and I, values were still low compared to previous results
reported in the past [15,17,22]. It goes without saying that the
comparison of the efficiency of our devices with the other reported
Zn0 single nanowire devices, either positioned on different p-
substrates or p—n homojunctions, is not straightforward, since
there are many other parameters that affect the device perfor-
mance, such as the nanowire diameter, the crystallinity, the quality
of the p-n interface, the intensity of light illumination, among
others. The low efficiency of our devices is explained by the large
surface recombination in our heterojunction-based nanowires,
which might be aggravated by the surface roughness and the
polycrystalline structure of the ZnO shell. Moreover, defects created
during the synthesis and the later FIB processing are expected to
play a key role against [27,28]. For this reason, better design and
fabrication strategies are required to minimize these contributions,
which are currently undergoing.

On the other hand, the gas sensing characteristics of these
heterostructures showed that the p—n devices can be operated
under specific experimental conditions to maximize the response
to gases. For this purpose, some nanowires were exposed (o oxygen
and nitrogen atmospheres. Their non-linear [-V characteristics
allowed us to define a differential resistance at a given point of the
I-V curve which is calculated by,

ar_dv
rfl=ar (3)

Fas
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Fig. 4. Response of an p-8i/n-ZnD nanowire to a target gas of interest (oxygen). (a)
Dynamic response to different oxygen pulse concentrations as function of the selected
bias regime (inset) (b} Response to different oxygen concentrations as function of the
bias current through the device.

Therefore and similar to the standard response in conventional
resistive metal oxide sensors [30—32], here the differential
response S could be defined as,

rdlff Tgiff
S:T = 100 (4)
2
where rd and rif are the differential resistance in oxygen and
nitrogen respectwely. To validate the key role of the bias current
Iias in the gas response, the nanowires were exposed to different
oxygen cencentraticns and bias regimes of the p—n junction: (i}
reverse mode, (ii) slightly reverse mode, (iii) slight forward mode
and (iv) forward mode (Fig. 4a). The working temperature was kept
above 100 °C to support oxygen desorption. Stable and reproduc-
ible responses were always found, showing a direct modulation of
electrical density, as function of oxygen content in the air, without
any evidence of saturation (Fig. 4a). The oxygen sensing mechanism
in ZnO is well-known, and it is mainly related to the role of oxygen
vacancies and their compensation upon oxygen adsorption [29,31].
When S was plotted against f;s, it was clearly observed that the
optimum working condition (highest sensitivity) is found at
slightly reverse mode (ii) (Fig. 4b)}, since total probing current
through the devices is minimized. As a consequence, in these
conditions surface effect contributions and the associated carrier

exchange due to chemical reactions is maximized, compared to the
total carriers flowing through the device. On the contrary, if the
devices were operated in the medes (i}, (iii) and (iv} the response
was progressively diminished due to the large number of carriers in
the nanowire and their associated screening effect. From Fig. 4b, it
is clear that this description is particularly true in direct mode (iii &
iv), but it is also found in reverse mode if leakage current contri-
bution becomes important (i).

4. Conclusions

In summary, single coaxial p-Sijn-Zn0 nanowire devices have
been fabricated using FIB-assisted nanolithography technique.
Their p—n characteristics evaluated and modeled in dark and under
illumination showed photovoltaic characteristics. Moreover, their
use as gas sensors was demonstrated, showing that the sensing
response could be modulated by changing the bias current through
the device; with the maximum gas sensing response obtained at
low reverse values. This working principle could be applied to
many other one-dimensional p—n junction metal oxide nano-
structures and used to tailor their gas sensor responses.
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To fulfil the above discussed requirements for mobile sensing devices on reliable gas species
identification and low power consumption, the concepts described in sections 1 and 2 were
combined to realize a highly selective and self-powered sensor. Paper 5 describes the
resulting device starting from aspects of processing and study of the gas sensing
characteristics to the evaluation of the sensing mechanism. Following the concept
introduced in section 2, the sensor unit is based on p-Si/n-Zn0 diodes to generate the sensor
signal (Vo) under illumination conditions. In order to amplify the V.. signal even under low
illumination intensity, the device was designed with several (9, 16, 26) diodes connected in
series. To realize this configuration, photolithographic methods and a novel procedure for
site selective growth of n-ZnO NWs were applied. The resulting devices generated a very
high V.. signal of up to 1.84 V (26 diodes in series; Vocexp = 726 mV/diode) upon
illumination with simulated sunlight.

Simulations of the device band structure and optoelectronic response upon illumination
could describe the characteristics of the p-Si/n-ZnO solar cell. The p-Si bulk was identified to
be the exclusive light absorbing material. A shunt resistance of about 30 Q0cm? at the p-Si/n-
ZnO interface was found to reduce the experimentally observed V. in comparison to the
theoretical value (Vocidgea = 0.479 mV/diode).

Organic methoxysilanes were used to bind to the surface of n-ZnO NWs and to form a
functional SAM surface for sensor-gas interactions, as it was discussed in section 1. In order
to study the influence of functional organic groups of the SAMs on the gas sensing
characteristics, amine and thiole terminated methoxysilanes were used. The successful
immobilization on the n-ZnO surface was proven by spatially resolved Auger spectroscopy
indexing the characteristic atomic components. Sensing experiments showed a high
selectivity towards NO; in comparison to other typical interfering gases (SO, CO, NHz).
Notably, a contradictory signal directions for amine and thiole functionalized sensors were
observed, proving the crucial influence of the organic functional groups on the senor
characteristics. Both sensors were capable of detecting low NO; concentrations down to
250 ppb. In case of amine terminated devices the linear increase of response with increasing

NO; concentration further allowed for quantitative gas sensing.
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DFT simulations of the NO,-SAM geometries for thiole and amine terminated sensors
revealed diverging binding characteristics with stronger binding energy (Eg) in the amine
case (Eg =-0.44 eV) compared to thiole functionalized NWs (Eg = -0.22 eV). Furthermore, the
observed diverging energetic changes of the SAM frontier orbitals upon NO; binding could
give a possible explanation for the experimentally obtained contrary responses of amine and
thiole functionalized sensors.

Summarized, this paper contains the following aspects on the development of a selective

self-powered sensor:

= Fabrication of a sensor system consisting of multiple diodes in series by using
lithographic methods and site selective growth of aligned n-ZnO NWs.

=  Evaluation of the electrical device characteristics via impedance spectroscopy

= Realization and evaluation of amine and thiole terminated SAMs on n-ZnO NWs

= Evaluation of the gas sensor characteristics in terms of selectivity and sensitivity

= Theoretical evaluation of the sensor-gas binding interactions and consequent
variations of the electrical structure within the SAMs in terms of their ionization

potential and electron affinity.
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Low power consumption and reliable selectivity are the two main requirements for gas sensors to be
applicable in mobile devices.!"! These technological platforms, e.g. smart phones or wireless sensor
platforms will facilitate personalized detection of environmental and health conditions, and hence
becoming the basis of the future core technology of ubiquitous sensing. Even today, health control as
well as environmental monitoring is relying on immaobile and complex detection systems with very
limited availability in space and time. Recent works have shown promising concepts to realize self-

powered gas sensors that are capable of detecting gases without the need of external power sources to
1



85

3 Results and Discussio

ADVANCED
Submitted to MATE RIALS

activate the sensor-gas interaction or to actively generate a read out signal.*~"! These sensors
drastically reduce power consumption compared to conventional semiconductor gas sensors and
additionally reduce the required space for integration. All these attempts so far were based on purely
nano structured inorganic metal oxide sensor materials that provide a good sensitivity towards
different gases due to their high surface-to-volume ratio. However, due to their non-selective sensing
mechanism based on oxygen vacancy-gas interactions, these purely inorganic sensors cannot
accomplish a meaningful gas selectivily.“'51 High selectivities towards single gas species have been
recently reported via modifying the inorganic surface of nanostructured semiconductors with a defined
organic functionality.”” Theoretical simulations based on ab-initio density functional theory (DFT)
for a system composed of SnO, NWs modified with a defined self assembled monolayer (SAM)
elucidated the reason for the high selectivity of such gas sensor: the energetic position of the SAM-gas
frontier orbitals with respect to the NW Fermi level have been identified to be the crucial factor to
ensure an efficient charge transfer upon gas-SAM binding interactions and thus to sense or
discriminate a certain gas species.” The high flexibility of organic surface modifications in terms of
functional groups as well as their sterical and electronic structure possibly might enable the targeted
design of various specific gas sensors. However, all organic surface modified sensor systems so far are
based on compact conductometric or field effect transistor (FET) sensor concepts that still require a
remarkable amount of energy to generate a sensor signal (e.g. by applying a source-drain current). Up
to date, none of the semiconductor based gas sensor systems could accomplish both, the self-
powered/low powered sensor operation and highly selective gas detection within a single and compact
device.

In this work, we present a semiconductor based gas sensor concept that combines the two substantial
requirements of mobile gas sensing in a singular sensor device: self-powered operation combined with
high gas selectivity. Beyond the combination of self-powered sensing and high selectivity, also a high
sensitivity could also been demonstrated for the exemplified target gas nitrogen dioxide (NO,). The
sensor reported here was capable of detecting NO, concentrations in the sub ppm level with a very
high selectivity which is a crucial detection region since NO; is considered to be one of the major
threads for human health and already toxic at very low concentrations (ppb level)."") NO, is released

2
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in urban and industrial environments by various combustion processes and can produce ozone,
respiratory ailments" T and is suspected to cause cancer."”! For all these. the here presented technology
could depict an approach for the much sought-after wide spread sensor networks to monitor densely
populated areas to improve the ambient air quality.

Figure 1a schematically shows the production process of our self-powered and selective sensor device
based on nanostructured p-Si/n-ZnO diodes. After patterning of a p-Si layer on SiO; via reactive ion
etching (RIE), photolithographic methods were used to deposit layers of 20 nm ZnO selectively on the
p-Si sidewalls that served as a seed layer for site selective growth of n-ZnO nanowires to form p-Si/n-
Zn0O heterojunctions (Figure 1b and ¢ ). X-ray diffraction spectra revealed a good crystallinity and a
disproportionate peak attributed to the ZnO (002) facet indicated an oriented growth direction along
the c-axis (Figure S1). Under illumination with solar light (AM1.5), an open circuit voltage (V) is

induced by the build-in potential at the p-n heterojunctionp"3‘I4I

that is used as a self-generated signal
for the sensor. To ensure a strong and measurable V. signal even under low illumination conditions,
every device contained several diodes connected in series by evaporated gold contacts (9, 16 or 26
diodes; see Figure Ic). This configuration resulted in a linear increase of the measured V. signal
proportional with the number of diodes in series under light, with an average contribution of Ve, =
72 £ 6 mV/diode (typical value for p-Si/n-ZnO diodes)™ and leads to measured values of 0.65 V 9
diodes), 1.35 V (16 diodes) and 1.84 V (26 diodes) respectively (see Figure I¢ and Figure S2 in
supporting information).

Figure 1d shows the band diagram of the Au/p-Si/n-ZnO/Au system in equilibrium (see supporting
information for further details). While the band gap of ZnO (E, 7,0 = 3.37¢V) makes it unsuitable for
photovoltaic conversion in the visible range, only the Si serves as a photon absorber. By design, the
depleted region of the heterojunction (depletion width X = 0.646 pm) mainly extends within the p-Si
(Xsi = 0.637 um), according to the impurity concentrations of the here used materials (N, =
1.355-10" em™ for p-Si)and assuming a typical value of Ng = 1-10"" em™ for n-ZnO produced by this

15161 Under these conditions, the theoretical V. in an ideal heterojunction has been estimated

method.!
to be Vi heoridea = 479 mV/diode, which relates to the built-in potential formed between the ZnO

conduction band and silicon valence band under non-biased conditions (see supporting information).

3
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The discrepancy to our experimentally observed values (V. = 7246 mV/diode) can be explained by
a significant current leakage due to defect induced carrier recombination at the p-n interface. This

N1 and sputter

effect is typically found in Si-ZnO junctions owing to the large lattice mismatch
effects during the dry etching process of silicon. In fact, simulations (see Figure S4.a) predict

Ve theor leakaze = 68 mV/diode considering a shunt resistances of around 30 Qcm? to account for these
effects (to be compared with values around 1 kQem” for a commercial solar cell ).'") Furthermore, the
band diagram shows that the back contact is not ohmic, as the ZnO bands bend 0.59 eV at the ZnO/Au
interface. This limits the forward current of the p-Si/n-ZnO structure but will not substantially affect
the V., as no current is flowing under open circuit conditions.

For the organic modification of the n-ZnO NWs, two different methoxysilanes were used to form
SAMs on the surface of the n-ZnO NWs, owning amine ([3-(2-aminoethylamino)propyl]-
trimethoxylsilane 1) and thiole ((3-mercapto-propyl)trimethoxysilane 2) functionalities respectively.
The successful immobilization of the amine 1 and thiole 2 terminated SAMs on ZnO NWs was
investigated via high resolution Auger spectroscopy (spatial resolution < 20 nm). Characteristic carbon
and oxygen signals were detected for both devices. Nitrogen and sulfur signals for the amine and
thiole functionalized devices respectively documented the as expected organic surface character of the
sensor devices (see Figure S5).

To measure the sensing characteristics of the devices functionalized with amine and thiole SAMs, the
respective substrate was placed in a sensing chamber and illuminated through a quartz window to
generate the monitored V. signal. All measurements were performed with samples composed of 16
diodes in series, as they offered the best compromise in terms of signal value and noise level. The test
gases were diluted in dry synthetic air (blend of 21% O, and 79% N») and applied via a mass flow
controller system into the sensing chamber. Figure 2a shows the response of an amine functionalized
sensor towards different concentrations of NO, (250, 500, 750 ppb). Although the V. signal showed a
relatively high noise level, a linear increase of the response (AV,.) with increasing NO, concentration

could be observed. The AV, values were calculated as:
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AVM,("/o)={@—1]-IOO (1)
oc,air
where V. . is the measured sensor signal and V., the baseline value measured in pure synthetic air
atmosphere. Even the lowest value of 250 ppb could be detected with a signal response of

AV, = 7.5% and the V. increased by 23.5% with the introduction of 750 ppb NO; (see Figures 2 and
c). For all concentrations, a full signal recovery was observed after switching back to pure synthetic air
(typical recovery times were about 5 minutes). The results proof that the device is capable of detecting
NO, in self-powered operation at low ppb values, which is the above mentioned critical range for
environmental monitoring.""” From the observed linear sensing characteristic of the amine
functionalized sensor, the detection limit for NO; can be approximated as [NO;] i, = 170 ppb with a
signal to noise ratio of 2. In sharp contrast to the amine modified device, the response of the thiole
modified device was observed to be negative. An even higher absolute response of AV, =-9.8%
towards 250 ppb of NO, was achieved for this device. In any case, the increase of sensor response for
the thiole modified samples did not proceed linear with the NO, concentrations and reached a
saturation value of AV, = -12.8% for 500 and 750 ppb. This characteristic is suitable for highly
sensitive NO, detection, while a quantitative sensing could not be realized at concentrations >250 ppb
by using the thiole SAM. Remarkably, the inverted sensor signals for the two different organic
functionalities prove that the critical gas-surface interactions of the sensor device and consequent
electrical modulations are guided by the nature of the SAM molecules. The fact that no response
towards NO, was observed for devices without SAM modification further indicates that the gas-sensor
interaction is solely subsiding by gas-SAM interactions in case of modified samples (see Figure S6),
as the incident light (out of the UV range) is not activating direct interaction between ZnO and the
surrounding gas atmosphere.m Since the illumination with light in the visible range (e.g. natural
sunlight) is sufficient to facilitate gas desorption processes for fast response and recovery processes of
SAM modified gas sensors,” the organic groups furthermore ensure a sensing operation without the

need of external thermal or UV-light energy that is usually required for the activation of the inorganic
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surface of traditional gas sensor systems and consume a major fraction of the total required energy in
conventional sensor systems.

In order to assess the selective sensing capabilities of our devices, we compared the response towards
NO, to common interfering and combustion gases (SO,, NH; and CO) of significantly higher
concentrations (2.5 — 25 ppm). Figures 3a and b display that the response of the amine functionalized
sensor towards all referenced gases is significantly lower than in case of presence of low NO,
concentrations. For 2.5 ppm of SO, a measurable response of AV, = 5.0% was observed. The
response per ppm of 2.0 %/ppm was remarkably lower than it was observed for NO, (31.3 %/ppm).
The response of the amine terminated sensor towards 25 ppm of NH; and CO were just above the
noise level with AV . = 1% (0.04 %/ppm). The same measurements for the thiole modified sensor
revealed a relatively low negative response of AV . = -3.4% towards 2.5 ppm of SO, (-1.35 %/ppm)
and an increase of the measured V. by 4.5%, when 25 ppm of NH; were introduced (0.18 %/ppm)
(see Figures 4b, ¢, and Figure S7). No signal change was observed after the introduction of 25 ppm
CO. The high response towards low concentrations of NO; (-39 %/ppm for 250 ppb; -17.1 %/ppm for
750 ppb) and a lower signal noise qualifies the thiole modified sensor to be suitable for the selective
detection of tiny NO, concentrations. Nevertheless, the quantitative sensing ability and a higher
response at concentrations above 500 ppb, combined with a very high discrimination of other
interfering gas species qualifies the amine functionalized sensor to be more adaptive in real
applications. Besides these promising findings, the stability of the SAM functionalized sensors is still
challenging. After exposing the sensors to sequential pulses of NO, for about 8 hours under constant
illumination, the sensing response was found to be lowered to about 80% of the initial values. This
effect could be attributed to photcatalytic cleavage caused by UV-induced charge transfer from the
covalently bound semiconductor substrate or direct UV-induced degradation of the organic SAM.P
Therefore, our ongoing investigations are focusing on the understanding of such degradation processes
as well as their suppression via less harmful operation conditions, e.g. by restricting the incident light
spectrum to the visible spectrum. Such illumination energy would be sufficient to facilitate the

adsorption/desorption processes of the sensor and still could be absorbed by the p-Si/n-ZnQ junction to
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generate the sensor signal. Thus, higher illumination intensities could be used to improve the moderate
dynamic performance of the sensors, just following the strategy observed in a previous work!".

In order to better understand the SAM-gas binding interactions and to evaluate variations of the
sensing characteristics between amine and thiole terminated species, theoretical DFT calculations were
performed. In order to determine the most stable binding geometries of NO, for both the amine and
thiole groups 115 different SAM-NO, configurations with random initial positions and orientations of
the NO, molecule were relaxed (Figure S8). The thus obtained most stable binding geometries of NO,
with the amine and thiole SAMs respectively are illustrated in Figure 4a. For the amine SAM, NO,
preferably adsorbs near the secondary amine group, where the highest occupied molecular orbital
(HOMO) of the SAM is located. For the most stable amine-NO, geometry the binding energy Ep
amounts to -0.44 eV and a considerably high covalent character of the NO,-SAM binding was
observed. Here, more negative values of Eg mean stronger binding.

In case of the thiole SAMs the thiole-NO, binding energy is found to be considerably weaker (Eg = -
0.22 eV). For the most stable geometry NO, adsorbs near the sulfur atom, where the HOMO of the
thiole SAM is located, and additionally forms a weak hydrogen bond with one of the OH groups
(Figure 4a). For the thiole-NO, system some degree of hybridization of the SAM and gas frontier
orbitals was also observed and indicated a considerable covalent binding character (Figure S8b).
However, here dispersion forces play a more dominant role as compared to the amine case, hence the
portion of covalent binding interaction is lower compared to the amine-NO, system (see supporting
information for further explanation).

Based on these SAM-NO, binding geometries, we investigated the positions of the energy levels of the
SAM and the most stable SAM-NO, systems to get an idea about the change of the electronic structure
of the functional groups due to gas adsorption and the differences between the thiole and amine system
with respect to the affinity to transfer charges between the SAM-gas system and the ZnO NW. Since
the bonding of the amine and the thiole SAM to the ZnO NW in each case occurs most likely via the
silicon atom which in both cases has the same chemical environment locally, we chose the average
electrostatic potential in the core region of the Si atom of each SAM as common energy reference.
Interestingly, we found that NO, adsorption leads to a downward shift of the HOMO by 0.52 eV in the

7
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thiole case and, in sharp contrast, an upward shift of 0.13 eV in the amine case (Figure 4b). For both
systems the LUMO level of the SAM-gas system is much lower than in the NO, free case. This low
LUMO level is mainly derived from the NO, LUMO. The DFT calculations thus show that the
electronic structure of the SAM-NO, system indeed depends on the specific choice of the SAM and is
strongly altered by the NO, adsorption (shift of the HOMO and LUMO energies). Moreover, the
relatively low position of the thiole-NO, LUMO (high electron affinity (EA) of the system) and the
relatively high position of the amine-NO, HOMO (low ionization potential (IP) of the system) indicate
a rather electron acceptor character for the thiole-NO, system and a rather electron donor character for
the amine-NO, system®"**!. This is consistent with the experimentally observed reversed signals of
V. of the thiole and amine functionalized NWs. This relative change of the electron donor and
acceptor character of the organic functionalities upon NO, binding (change of HOMO and LUMO
energies) could directly influence the electronic structure of the SAM/n-ZnO system and thus,
macroscopically result in a change of the sensor signal (AV,.). However, further studies are needed to
better understand the mechanism of the consequent interactions at the SAM-NW interface and the

consequent change within the electronic n-ZnO structure.

In conclusion, we demonstrated a selective and self-powered gas sensor, capable of detecting low NO;
concentrations in the ppb range without the need of an external power source. The sensor signal (V)
was generated by micro-fabricated p-Si/n-ZnO diodes upon visible light illumination. The selective
sensing qualities were introduced by functionalization of the n-ZnO surface with amine as well as
thiole terminated organic SAMs. Furthermore, the use of an organic SAM facilitated the gas-surface
interaction without the need of heat or UV activation, as it is required for bare inorganic gas sensors.
Detailed DFT simulations of the SAM-NO, binding interactions and subsequent changes of the
organic surface group frontier molecular orbitals indicated that the nature of the chemical SAM
structure directly determines the gas response of the hybrid material. The contrary relative changes of
the ionization potential (IP) and electron affinity (EA) upon NO, binding for amine and thiole
terminated SAMSs correlate well with the experimentally observed sensing results. Therefore, this work
gives an insight into the complex sensing mechanism of inorganic-organic hybrid gas sensors and

8
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shows the feasibility of transferring chemical signals from specific organic-gas interaction into active

electronic signals solely driven by visible light.

Experimental Section

Preparation of serial p-Si/n-ZnQO diodes: The p-Si stripes on SiO, where prepared by
photolithographic patterning of a SOI wafer (Boron doped, R = 1-20 Qcm) and subsequential reactive
etching (RIE) using a mixture of SF¢/O; (129/9 scem) as process gas (T = -95°C, p = 1.5Pa). For the
site selective growth of ZnO NWs, the etched substrate was again photo lithographically patterned and
a 20 nm Zn film was deposited via DC sputtering (99.9999% Zn target, Ar), followed by a resign lift-
off an annealing at 300°C in air to form a ZnO seed layer. ZnO NWs were grown by immersing the
seeded substrate into a 1:1 solution of zinc nitrate (Zn(NO;),-6H,0; ¢ = 0.025mol/L) and
hexamethylenetetramine (¢ = 0.025mol/L) and stir the solution for 3h at 90°C. After refreshing the
solution, the substrate was stirred for another 3h at 90°C. Subsequently, the substrate was removed
from the solution, sonicated for 5 s and rinsed for 30 s in deionized water. The Gold contacts were

evaporated using photolithographic methods to connect the fabricated single diodes in series.

Preparation of SAM functionalized p-Si/n-ZnO sensors: The as-prepared p-Si/n-ZnQ substrates were
cleaned in oxygen plasma for I min to remove surface contaminations and provide oxygen groups on
the surface for the condensation reaction. Subsequently, the sample was immersed in a 1% ethanol
solution of [3-(2-Aminoethylamino)propyl]trimethoxylsilane 1{ABCR GmbH) or (3-
Mercaptopropyl)trimethoxysilane 2 (Sigma Aldrich), and was stirred for 3 h. After removal, the

sample was subsequently rinsed with ethanol and dried in a vacuum oven for 1 h at 60°C.

Gas sensing experiments: The SAM functionalized p-Si/n-ZnO sensors were electrically contacted via
wire bonding and placed in a gas chamber with gas in-, outlet and a quartz window for external
illumination. The gas flow was controlled by a flow control system (Gometrics MGP-2) and the V
sensor signal was monitored by a SMU (Keithley 2400 SourceMeter) that was controlled by self-
programmed LabVIEW software (National Instruments Inc.). A Newport Oriel Soll A 94021A solar
simulator (150 W Xenon arc lamp; AM1.5 spectrum) was used for the illumination of sensor devices
through a quartz window of the sensing chamber. Light intensities were measured with a calibrated
reference cell (Newport). I/V characteristics of the sensor were performed with illumination intensities
of 100 mWem™ and gas sensing experiments with an intensity of 30 mWem™ All gas sensing

experiments were performed at room temperature.
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DFT simulations: All calculations were performed within the PBE framework with the Vienna ab-
initio Simulation Package (VASP).™ Here, we used the PAW method and pseudopotentials ****! an
energy cutoff of 400 eV and Gaussian smearing with a width of 0.1 eV. For relaxations a force cutoff
of 0.01 eV/A was used. Dispersion forces were taken into account by using the semi-empirical DFT-

D2 method of Grimme!*!

as implemented in VASP. The geometries of the amine and thiole
functionalities have been relaxed in simulation boxes of the size 13x13x20 A’, For the evaluation of
the electronic structure properties such as the energy level positions static calculations in simulation
boxes with the dimensions 30x30x30 A® were used in order to suppress spurious interactions between
neighbouring images. The projection of the HOMO of the SAM-NO, system onto the molecular
subsystems was performed by a preceding projection onto spherical harmonics centered around the

corresponding atoms of the subsystems and the subsequent summation of all contributions.

Supporting Information
Supporting Information is available online from the Wiley Online Library or from the author.
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Number of Diodes

Figure 1. (a) Schematic description of the device fabrication. Higher magnification of a singular p-n
unit composed of p-Si p-trenches. In a subsequent step the n-ZnO nanowires surface was modified by
adding a SAM of functional groups. (b) Scanning electron microscope (SEM) image of a singular p-
Si/n-Zn0O diode (scale bar: 10 pm). (¢) Equilibrium band diagram of a single p-Si/n-ZnO diode
including the Au contacts on both terminals (see Figure S3 for more details). d) Linear behaviour of
the measured V. with increasing number of diodes under illuminated conditions (simulated sunlight;
AMI.5). This is due to the series association of the photodiodes. Upon absorption of light in the
depleted region of each one of them, electrons (solid green circles) drift to the n-ZnO part while holes
are extracted though the p-Si (open green circles).
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Figure 2. Response of the sensors in a self powered operation towards different concentrations of NO,
with a) amine and b) thiole terminated SAM functionalizations. ¢) Diagram of the AV, response
versus different NO, concentrations for amine and thiole functionalized devices. d) Molecular
structure of the amine ([3-(2-aminoethylamino)- propyl]trimethoxylsilane 1) and thiole ((3-mercapto-
propylitrimethoxysilane 2) terminated SAMs,
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Figure 3. a) Responses of the amine functionalized sensor towards NO; in comparison to interfering
species (S0, NH:, CO) and b) summary of the sensitivity values. ¢) Comparative responses of the
thiole functionalized sensor and d) summary of the sensitivity values.
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Figure 4. a) Most stable geometries of a NO, molecule adsorbed at the thiole and amine functionality
respectively. The charge densities of the HOMO wave functions are shown as green isosurfaces. The
isosurfaces are drawn at a value of 0.075 ¢/A”. In both cases the HOMOs are hybrids of the HOMO of
the organic functionality and the NO, LUMO. In the amine case strong mixing between the amine
HOMO and the NO; LUMO occurs whereas in the thiole case the HOMO of the combined system is
dominated by the thiole HOMO. b) Energy levels of the HOMO and LUMO of the functionalities
without adsorbed NO, and with adsorbed NO,. The averaged electrostatic potential from the core
region of the Si atom of each functionality was used as reference potential. The HOMO level of the
isolated thiole functionality was set to 0 for convenience.
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Highly Selective and Self Powered Gas Sensor Enabled via Organic Surface Functionalization of
p-Si/n-ZnO Nanowire Diodes

Martin W. G. Hoffmann, Leonhard Mayrhofer, Lorenzo Caccamo, Olga Casals, Francisco
Hernandez-Ramirez, Gerhard Lilienkamp, Winfried Daum, Michael Moseler, Andreas Waag Hao

Shen and J. Daniel Prades

A. Crystallographic analysis of n-ZnO NWs grown on p-Si substrate
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Figure S1. a) Logarithmic and b) linear plot of the XRD spectrum from ZnO NWs, showing the
characteristic reflections of hexagonal ZnO, and of the prominent ZnO (002) reflectance that 1s
indicating an aligned growth along the c-axis, respectively
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B. Electrical characterization of sensor devices
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Figure S2. I-V diagrams of p-Si/n-ZnO devices with a) 9, b) 16 and ¢) 26 diodes in dark conditions
(blue) and under solar illummation (AM1.5). The dotted line depicts the V, values at I = 0 4. d)
SEM image of a sensor chip with devices of 9, 16 and 26 diodes.
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C. Equilibrium band diagram of the heterojunction structure

Erae S .-
s Sy aavs047 v
; fy
Q6,51  qr=4.05 QY o=442
E

AE=037 Hnao=059

Au p-Si n-ZnO Au

Figure 83. Detailed band diagram of one single p-8in-Zn0O heterojunction including the two Au metal

contacts.
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potential (I;) -equation (2)-, the depletion width in the p- (¥g) and n-region (¥z,0) -equations {4) and

{5)-, and the bending of the energy bands (4 @y and 4¢2,0) -equations (6) and (7)- [1], where

calculated using the values shown in Table $1 for the impurity concentrations of the p- (/) and n-type
(M) materials, the intringic carrier concentration (#;), the work function (), the electron affinity (%),
the band gap (Z,), the equivalent density of states of the conduction band minimum (/) and valence

band maximum (), and the dielectric constant () of each material.
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Table S1. Electron structure properties of p-Si and n-ZnQ.
Si ZnO
N, (em™) 1.35-108 1.0-10"2]
n; (em™) 1.45-10"1] 4.00-10M1]
q¢ (V) 4.939[1] 4,424 [2,3]
qy, (eV) 4.05[1] 4.42[3]
E, (eV) 1.12[1] 337[4]
N(em™) 2.8-10"[1] 3.7-10% 5]
Ny(em™) 1.0-10%[1] 7.2:10"7[6]
€ 119[1] 8.656 [7]

The band bending of ZnO at the ZnO/Au interface was calculated using equation (8), where
Gés, = 5.1V [8] and g, = 4.424 oV (see Table S1) are the work function of gold and ZnO,

respectively:

AAbs|, = Aba— t )= 0.5%V ®
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D. Simulation of the optoelectronic device response
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Figure S4. (a) Simulated and experimental I/'V diagrams of a p-Si/n-ZnO heterojunction with and
without illumination considering interface leakage. For reference, the predicted I'V curve for an ideal
p-Si/n-Zn0O heterojunction is alse given. (b) Simulated spectral response of the p-Si/m-ZnO

heterojunctions represented as the normalized short circuit current as a function of the incident photon
wavelength.

The electrical behavior of one single p-Si/m-ZnO hereojunction was simulated with PC1D (v5.9), one

of the most widely used semiconductor simulators for modeling crystalline solar cells [9].

Our devices were modelled as 1D structures of 10 pm and 2.2 pum in length for the Si and ZnO parts
and a cross section of 7000 um’, in accordance with the real geometry. Each semiconductor was

described by the values given in Table S1. As for the illumination, an AM1.5g source with

100 mW/em® of intensity was selected.

The simulations of the band structure in equilibrium lead to results fully consistent with the band

diagram shown in Figure S3.
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First, the I-V characteristic of an ideal heterojunction was calculated, showing remarkable differences
with the experimental data. Specifically, a theoretical open circuit voltage in ideal conditions of
Voctheorideat = 479 mV/diode was obtained, in big contrast with the experiments (Vocexp = 720
mV/diode) (see Figure S4.a).

Then, non-ideal effects were included to obtain a more realistic picture of the device performance. In
order to account for the leakage current at the p-n interface, attributed to a significant amount of defect
induced carrier recombination [10,11], a shunt resistor in parallel with the structure was

considered [12]. Such model successfully predicts the experimental data, with and without
illumination, for shunt resistance values of 30 QYem’. In these conditions, the shape of the I-V curve at
low voltages is more linear and the open circuit voltage is reduced down to

Voctheorleakage = 08 mV/diode, in accordance with the experimental estimations.

Finally, the spectral response of the device was also modelled, taking into account the light absorption
properties of both materials [4]. Figure S4.b shows the spectral response of the device as the
normalized short circuit current at wavelengths ranging from 200 to 1200 nm. This result proves that
the structure is suitable for operating in the visible range. In fact, additional calculations of the
photogeneration rates along the 1D device axis show that visible photons are collected to generate

electron-hole pairs only in the Siregion, as expected from its bandgap (Eq5 = 1.12 eV [1]).
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E. Analysis of the organic surface functionalities

a
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Figure S5. a) Auger spectra for amine and thiole modified ZnO NWs showing nitrogen and sulphur
signals respectively as well as carbon and oxygen signals for both samples. b) SEM image of a p-Si/n-
ZnO device with depicted measurement area on ZnO NWs. (scale bar: 5 um)
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F. Supplementary data on sensing experiments
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Figure S6. Monitored V. signal of an unmodified sensor device during a pulse of 500 ppb NO,
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Figure S8. Absolute response values of a) amine and b) thiole functionalized sensors towards NO,,

SO, NH; and CO.
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Table S1: Summary of sensitive and selective properties for different state of the art NO, sensors in comparison
to the sensing device (amine terminated) of this work.

material N(()ll);l(:)n < (“l/fl* |S|(/‘§,];m selective poiveelzfl:e 4 | souree

This work 250-750 75 30

SAM-3nO, NWs** 250-750 850 3400

mod. graphene 1,000-30,000 25 25

PANI-PEO/PVP 125-1,000 <2 <12

mod. graphene 200,000 25 <<1

In, O3 NWs 5-1,000 2 400

SnO; NW 500 1 <1

WO,/MWCNT 500 2.2 <1

S1 NWs 20-20,000 10 500

* absolute sensitivity; related to the lowest given NO, concentration in the particular source

¥ recent work presented by our group
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G. Simulation of SAM-gas binding energies and respective HOMO projections
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Figure S8. Projection of the HOMO of the SAM-NQ; system onto the NO, molecule and the SAM molecules
versus the binding energy for all 115 relaxed investigated SAM-NO, systems. a) The hybridization of the
HOMO of the amine-NO, system strongly correlates with the binding energy. This means that for geometries
with strong amine-NO, binding the HOMO extents over both subsystems. With decreasing binding strength the
HOMO more and more completely localizes on the amine. b) Also for the thiole-NO, system we find that
hybridization can occur, as the HOMO extents over the NO, and the thiole molecule for the strongest binding
energies. However, also relatively stable configurations do not necessarily show strong hybridization and a
localization of the HOMO is found to be majorly on the thiole (dispersive forces are predominant). The
covalent character of the thiole-NO; binding interaction, thus, is less dominant than in the amine-NO; system.

For the most stable of the considered geometries of the NO,-amine system the site projected HOMO
indicates a considerable hybridization of the amine HOMO and the lowest occupied molecular orbital
(LUMO) of the NO, when forming the HOMO and LUMO of the combined SAM-NO; system (Figure
S&a). Figure 4a shows the charge density associated with the HOMO of the most stable amine-NO,
system that extends over the LUMO of the NO, molecule and the HOMO of the amine functionality.
From the strong correlation between this hybridization of amine and NO; frontier orbitals and the
binding energy of the different relaxed amine-NO, geometries we conclude that the amine-NO,
binding has a considerable covalent character. Yet, if dispersive interaction forces are neglected, [Eg| is
only reduced from 0.44 eV to 0.29 eV for the most stable configuration.

In case of the thiole SAMs the thiole-NO, binding energy is found to be considerably weaker (Eg = -
0.22 eV). For the most stable geometry NO, adsorbs near the sulfur atom, where the HOMO of the
thiole SAM 1s located, and additionally forms a weak hydrogen bond with one of the OH groups,
Figure 4a. In the thiole case also some degree of hybridization of the SAM and gas frontier orbitals is
observed (Figure S8b). However, here the correlation between binding energy and hybridization is less
strict than in the amine case. Dispersion forces play a more dominant role here compared to the amine

case. Disregarding dispersion forces [Ep| is reduced from 0.22 eV to 0.12 eV for the most stable thiole-

10



3.3 Combination of Selective and Self-Powered Sensing 110

NO, geometry, thus, the portion of covalent binding interaction is lower compared to the amine-NO,
system.

In the thiole case also some degree of hybridization of the SAM and gas frontier orbitals is observed
(Figure S8b). However, here the correlation between binding energy and hybridization is less strict
than in the amine case. Dispersion forces play a more dominant role here compared to the amine case.
Disregarding dispersion forces |[Ep| is reduced from 0.22 eV to 0.12 eV for the most stable thiole-NO,
geometry, thus, the portion of covalent binding interaction is lower compared to the amine-NO,

system.
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Conclusion

Within the here presented thesis, a device novel concept for selective sensing of NO, without

the need of external energy input was developed. The realization of the thesis outline

required an interdisciplinary approach involving fields of chemistry, physics and electrical

engineering. It was demonstrated that the specific unification of functional inorganic

(hetero) materials with defined organic functionalities can lead to powerful hybrid devices

with performances far beyond their singular units. It was described, that the understanding

of the observed sensing characterizations of these hybrid devices cannot be described by a

consideration of isolated inorganic and organic stakes. Moreover, an understanding of the

complex aggregated system from SAM-gas binding and electronic modulations within the

inorganic as well as organic structures are needed to understand the sensor-gas interaction

mechanisms that can lead to selective gas sensing properties.
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Fig. 4.1: (left) Summary of sensing responses observed for the SAM-NW hybrid sensor and (right)
DFT simulations of the charge transfer dynamics upon NO,-SAM binding.

Section 1 described the concept of a selective sensor based on SAM modified inorganic NWs.

An extraordinary sensing performance in terms of selectivity and sensitivity towards NO;

could be achieved when compared to known semiconductor based systems. For the first

time, the underlying mechanism of sensor-gas binding interactions and consequent charge

transfer sequences between the organic and inorganic components were analysed via DFT

methods and revealed a consistence of experimental and theoretical evaluations. The
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finding that the energetic positions of SAM-gas frontier orbitals with respect to the NW-SAM
Fermi Energy (Ef) is the crucial factor to enable selective sensing could lead to a new rout of

sensor development.

Light, CdS@ZnO
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Fig. 4.2: (left) Schematic illustration of the self-powered sensor deice based on an CdS@n-ZnO/p-Si
heterostructure and (right) sensing response towards different concentrations of methane under
self-powered sensing conditions.

The self-powered sensor concept described in section 2 was realized by a photovoltaic
CdS@n-ZnO/p-Si heterostructure with a functional overlap of n-ZnO NWs as n-type material
of the p-n junction and active sensing component. Furthermore, the use of CdS nano
particles (NPs) on the ZnO surface enabled the activation of the sensor upon visible light
illumination. The sensor showed quantitative sensing responses towards oxidizing and
reducing gas species without the need of an external energy source. Other than conventional
gas sensor concepts, the signal generation of the sensor and surface activation of the
sensitive material was solely driven by the absorbed visible photons within the p/n junction
(signal generation) and CdS NPs (surface activation). Mechanistic studies revealed the
change of the charge carrier density (Np) within n-ZnO, induced gas-surface interactions, to

be responsible for the observed change of the self-generated sensor signal (AV).

Based on the concepts and findings described above, a new sensor device was designed
unifying the capabilities of selective gas sensing and self-powered operation in a compact
micro structured setup. Moreover, the new self-powered device platform was used to study
the influence of the chemical nature of the SAM termination (amine and thiole
functionalities). Both sensor types showed very high selectivity and sensitivity towards NO;
down to concentrations required for human health safety. As it could already be expected

from the findings of section 1, the experimental results proved that the organic functionality
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Fig. 4.3: Schematic illustration of the selective and self-powered gas sensor with graphical
presentation of gas responses, as well as of the SAM-gas binding geometries for thiole (left) and
amine (right) terminated sensors.

determines the sensor characteristics. The contrary response was further reflected by DFT
analysis of the SAM-gas binding interactions and consequent modulation of the energetic

positions of the frontier molecular orbitals.

The finding and developments presented within the here presented thesis describe a new
approach of sensor development. The introduction of active hybrid materials with organic
SAMs as well defined and flexible receptor components opens new possibilities for the
design of selective sensor units. Crucial parameters for selective gas interactions are not
only specific binding interactions, but also the electric modulation of the organic and
inorganic components. These complex interconnections facilitate the discrimination of
interfering gas species, but also complicate the precise forecast of the actual sensor
characteristics. It could be evaluated that theoretical DFT methods are a powerful tool to
predict or understand experimentally observed sensor-gas interactions. Thus, the
experimental development of hybrid gas sensors should go along with the support of

theoretical methods to achieve an efficient development of selective gas sensors.
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Outlook

Two major requirements on gas sensors could be achieved by the sensor concepts

developed within this thesis:

= High selectivity and

= Low power consumption

These properties are of basic importance for the application in widespread sensor networks
and mobile devices and the here presented realization could give an outlook on prospective
developments within sensor technologies. However, the non-finite diversity of organic
molecules that could be bound to inorganic surfaces opens a wide field of studies and
improvements about the chemical and electrical influence of the organic surface groups on
sensor-gas interactions. The here presented studies (see section 1 and 3) could describe that
terminal functional groups of the SAM have crucial influences on the binding geometries and
bond strength to the respective gas species. Furthermore, these parameters as well as the
probability of an efficient NW-SAM charge transfer are determined by the electronic
structure of the organic molecule, described by the energetic position and geometries of its
frontier orbitals.

Therefore, further studies and developments should analyse the influence of functional
terminal SAM groups as well as modulations of the organic backbone of the singular
molecules. Here, the influence of electron density and polar groups (e.g. carbonyl, hydroxyl
or imine groups) will be a major focus of following investigations. Another promising
approach would be the mixture of gas receptor SAMs with strongly electron withdrawing
SAMs, as perflourinated methoxysilenes. Hereby, a direct electronic modulation of the
inorganic material could be achieved via surface transfer doping (modulation of Ef), and
thus, allows for the setting of the selective sensor properties. All these examinations will

require detailed and reliable DFT systems.
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Furthermore, environmental operation in a commercial sense will additionally makes high

demands on sensors in the fields of

= Sensor lifetime
= Signal quality and

= Device design

Critical parameters for ensuring higher sensor lifetime are the illumination conditions
during sensing operations. On one hand, the introduced energy ensures fast response and
recovery characteristics during sensing operations (see section 1). On the other hand,
continuous illumination in particular within the UV-range, is promoting the decomposition
of the organic SAM as well as irreversible SAM-gas reactions and thus, can lead to a reduced
sensor lifetime. Taking into account these considerations, light sources and illumination
routines have to be adapted in a way that high energy photons can be excluded and pulsed

on/off light sequences reduce the duration of incident light.

Fig. 5.1: (left) Schematic illustration and (right) SEM image of the gas sensor platform with
integrated GaN based pLED.

At the same time, the sensor system must keep a compact design to allow the integration
into electronic platforms. A current work is engaged with the integration of gallium nitride
(GaN) based pLED structures (A > 420 nm) with resistive hybrid sensor units. This platform
will allow the full control of the illumination source and enables minor power consumption
(LW range) due to the direct proximity to the sensor (um distance). The integration of a self-
powered sensor unit into the uLED platform would additionally reduce the power demand
of the system, as the pLED illumination would allow for fast sensor response and recovery

processes, as well as the sensor signal generation (V).
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B: Resum en catala

El control efectiu dels impactes ambientals a I'entorn de les zones urbanitzades és un
desafiament clau per garantir la salut humana i la preservaci6 dels sistemes biologics. 12 Es
preveu que les xarxes de sensors d'amplia distribucié amb alta resoluci6 local han de jugar
un paper important cara aquests problemes creixents. Pel que fa a la monitoritzacié de
gasos en aquest context, s'exigeixen sensors amb alta especificitat de deteccid i baix consum
d'energia. Fins al moment, no es disposa d'una tecnologia de sensor de gas que unifiqui
ambdos requisits i, per tant, s6n necessaris noves aproximacions dins d'aquest camp de la
tecnologia. 3 Per tant, l'objectiu de la present tesi és explorar i desenvolupar un nou
concepte de sensor de gas que unifiqui aquests dos requeriments: alta especificitati baixa

demanda d'energia.

Els materials inorganics nano estructurats han mostrat un gran potencial per a aplicacions
de detecci6 de gasos, tots ells amb altes sensibilitats. A més, la mida compacta dels
dispositius disponibles, la robustesa i els seus baixos costos de produccié els fan molt
adequats per a la integracié en plataformes electroniques. Toti aquests aspectes positius, la
seva aplicaci6 en xarxes de sensors esta sent obstaculitzada per la seva deteccid no selectiva
de gasos i I'alta demanda d'energia que requereixen per poder funcionar. La superficie del
material inorganic , com pot ser un Oxid metal:licc experimenta interaccions
d’oxidacié/reduccié inespecifiques amb les molecules de gas perqueé cal activar amb fonts
d'energia externes (per exemple escalfant-los). 6-8

En els ultims 10 anys s'han desenvolupat biosensors altament selectius, sempre en mitjans
aquosos, mitjancant la modificaci6 de la superficie dels materials semiconductors inorganics
amb grups de receptors organics, com per exemple anticosos!® o ADN de cadena senzilla
(ssDNA). 4142 Les parelles corresponents antigen-anticos sén conegudes des de fa temps
amb aplicacions en el camp de la biotecnologia. El seu tis ha permés I'obtencié de deteccions
especifiques a través d'interaccions selectives d'uni6 entre les dues parts. En paral-lel s'han
pogut desenvolupar demostradors de sistemes de sensors basats en aquest principi:
materials hibrids inorganics-organics detecten molécules especifiques en fase gas.21.2345 En
part, aquests sistemes han mostrat resultats prometedors en termes de selectivitat, pero

I'enfocament de disseny del receptor organic encara seguia sent basicament empiric.
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Les monocapes organiques auto-acoblades (SAMs) tenen potencialment un efecte
modulador de les propietats electriques dels materials semiconductors, quan aquestes
s'uneixen a la seva superficie. 30 Resultats recents mostren que la posicié energética dels
orbitals de frontera SAMs respecte del nivell de Fermi del semiconductor extens (Er) és un
dels factors determinants per garantir la transferéncia de carrega eficient a través de la
interficie organica-inorganica. 2532 Tot i aix0, el coneixement dels mecanisme d'interaccid
electrica a les interficies organiques-inorganiques i per extensi6 el processos de detecci6
associats en sensors hibrids ha estat limitat. La seva comprensi6 en termes d'interaccions
d'unié entre gas i sensor i la dinamica de transferéncia de carrega consegiients sén per tant
un requisit pendent i necessari per assolir un complet control de la detecci6 selectiva de

g4asos amb aquests sistemes.

Per altra banda, la recerca en sistemes de sensors autonoms es concentrava fins ara en la
juxtaposicié d’'unitats independents que recol-lectaven energia i d’altres de detecci6 5560.62.63,
Ja que els sensors de gas convencionals basats en semiconductors requereixen d’'una font
d’energia externa (en el rang dels mW) per a l'activacié de la seva superficie i la generacio
de senyal, els components de recollida d'energia ambiental miniaturitzats no sén suficient
per poder alimentar aquest tipus de dispositius. Cal doncs, unificar I'aprofitament de
'energia i la unitat de deteccié activa amb I'objectiu de reduir la mida dels sistemes sensors

autonoms, fentviable la seva integraci6 en plataformes mobils.

Resultats i Discussio

La Seccié 1 de la tesi descriu el concepte d'un sensor selectiu basat en nanofils inorganics
modificats amb SAM. Es demostra com s’aconsegueix una extraordinaria millora en termes
de selectivitat i sensibilitat cap al NO; si es compara amb els sistemes basats en
semiconductors coneguts. Per primera vegada, s’ha analitzat a través de métodes DFT el
mecanisme subjacent en les interaccions d'uni6 del sensor de gasos i les seqliéncies de
transferencia de carrega entre els components organics i inorganics, revelant una gran
consistencia entre les avaluacions experimentals i tedriques. La principal troballa d’aquest
treball és que les posicions energetiques dels orbitals de frontera SAM-gas respecte a
I'energia de Fermi del semiconductor sén el factor determinant per permetre la detecci
selectiva de gasos. Aquest concepte pot conduir a una nova tendéncia en el

desenvolupament de sensors.



133 Appendix

Els sensors autonoms descrits en la Secci6 2 es van realitzar mitjangant una
heteroestructura CdS@n-ZnONW/p-Si. En aquest cas, els nanofils actuaven simultaniament
com a element constitutiu de la unié PN i com a component de deteccié de gasos. A més, 'tis
de nanoparticules de CdS en la superficie de ZnO va permetre l'activacié del sensor
mitjancant llum visible. Aquests sensors van mostrar respostes quantitatives cap a la
presencia de gasos oxidants i reductors, en abséncia de cap font d’alimentacié externa. El
principal avantatge en el funcionament d’aquest dispositiu es que la generacié del senyal del
sensor i l'activacié de la superficie del material es deguda Unicament als fotons visibles
absorbits en la unié p/n (generaci6 del senyal) i en les nanoparticules de CdS (CdS NPs)
(activacié de la superficie). Estudis addicional han identificat els canvi de la densitat de
portadors de carrega (Np) dins del n-ZnO i les interaccions de gas-superficie induides, com a

principals responsables de la variaci6 observada del senyal del sensor (AV,).

En base a tots els resultats anteriors, s’ha dissenyat un nou dispositiu microelectronic per tal
d’unificar les capacitats de deteccié selectiva de gasos i l'operacié d’autoalimentacié
energetica. Els resultats es presenten i discuteixen a la Seccid 3. A més a més, s’ha utilitzat la
nova plataforma de dispositiu autonom per estudiar la influéncia de la naturalesa quimica
de la terminacié SAM utilitzada (amina i funcionalitats tiol). Tots dos tipus de sensors han
demostrat tenir una selectivitat i sensibilitat molt alta cap a NO, a les concentracions
necessaries per a la seguretat de la salut humana. Com ja es podia esperar dels resultats
presentats a la Secci6 1, els experiments han demostrat que la funcionalitat organica
determina les caracteristiques ultimes del sensor. Analisis DFT de les interaccions d'uni6

SAM-gas expliquen tedricament aquest comportament.

En resum, els desenvolupaments presentats a aquesta tesi descriuen un nou enfocament de
cara al desenvolupament de sensors de gasos. La introduccié de materials actius hibrids
amb SAMs organics i components flexibles del receptor obren noves possibilitats per al
disseny d'unitats de dispositius altament selectius. Els parametres crucials per a les
interaccions selectives de gas no sén inicament especifiques de les interaccions d'unio, sind
també de la modulaci6 eléctrica dels components organics i inorganics. Aquestes
interconnexions complexes faciliten la discriminacié de les espécies de gas que interfereixen
entre elles, pero també compliquen el pronostic precis de les caracteristiques reals del
sensor. S’ha pogut mostrar com els métodes teorics DFT sén una poderosa eina per

entendre les interaccions observades experimentalment en els sensors de gas.
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Conclusions

Aquesta tesi ha desenvolupat un concepte nou de dispositiu per a la deteccié selectiva de
NO; sense la necessitat d'aportaci6 d'energia externa. La seva realitzacid ha fet necessari un
enfocament interdisciplinari que involucra camps de la quimica, la fisica i 1'enginyeria
electronica. S’ha demostrat que la unificacié d'(hetero) materials funcionals inorganics amb
funcionalitats organiques ben definides permet obtenir dispositius hibrids interessants. S’ha
descrit com el funcionament d’aquest tipus de sistemes requereixen de la interaccié

conjunta de els diferents elements.

Resumen

Las tecnologias de sensores de gas basadas en la utilizacién de semiconductores presentan
limitaciones importantes tales como pobre selectividad y alto consumo de energia. Por
tanto, se hace necesaria la exploracién de nuevos dispositivos capaces de satisfacer estos
dos requerimientos para que puedan ser integrados en plataformas méviles. En esta tesis se
presenta una tecnologia de sensores altamente selectivos y auténomos desde un punto de
vista energético, incluyendo su evaluacién experimental y el analisis de los mecanismos
fisico-quimicos subyacentes. Se han fabricado materiales nanohibridos basados en
nanohilos (NW) inorganicos, funcionalizados con monocapas autoensambladas (SAMs). En
la disertacién se presenta la extraordinaria selectividad y sensibilidad de estos materiales:
los estudios tedricos son consistentes con los experimentos y permiten identificar la
estructura electrdénica de los orbitales moleculares de frontera SAM, que es el parametro
determinante para poder garantizar una interaccién eficaz entre el sensor y los gases.
Ademas, se presenta un nuevo concepto de sensor auténomo sobre la base de una
heteroestructura p-Si/n-ZnONW que responde exclusivamente a la luz solar eliminando la
necesidad de fuentes energéticas adicionales. Los cambios de tension en circuito abierto
(AVoc) que se utilizan para controlar la presencia de gases siguen una correlacién directa con
la densidad de portadores de carga (Nq) en el nanohilo de n-ZnO. Finalmente, se presenta el
uso de técnicas de microfabricacion en el disefio de un dispositivo que integra los conceptos
de selectividad y autonomia energética, capaz por tanto de detectar concentraciones de NO2

habituales en aplicaciones de seguridad (ppb) sin utilizar fuentes de energia externa. Su
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tamafio reducido, la demanda reducida de energia y su robustez convierten esta tecnologia

en altamente prometedora para ser integrada en futuras plataformas moviles.



