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ABSTRACT: Inorganic conductometric gas sensors struggle to overcome limitations in high power consumption and poor
selectivity. Herein, recent advances in developing self-powered gas sensors with tunable selectivity are introduced. Alter-
native general approaches for powering gas sensors were realized via proper integration of complementary functionalities
(namely; powering and sensing) in a singular heterostructure. These solar light driven gas sensors operating at room tem-
perature without applying any additional external powering sources are comparatively discussed. The TYPE-1 gas sensor
based on integration of pure inorganic interfaces (e.g. CdS/n-ZnQO/p-Si) is capable of delivering a self-sustained sensing
response, while it shows a non-selective interaction towards oxidizing and reducing gases. The structural and the optical
merits of TYPE-1 sensor are investigated giving more insights into the role of light activation on the modulation of the self-
powered sensing response. In the TYPE-2 sensor, the selectivity of inorganic materials is tailored through surface function-
alization with self-assembled organic monolayers (SAMs). Such hybrid interfaces (e.g. SAMs/ZnO/p-Si) have specific sur-
face interactions with target gases compared to the non-specific oxidation-reduction interactions governing the sensing
mechanism of simple inorganic sensors. The theoretical modeling using density functional theory (DFT) has been used to
simulate the sensing behavior of inorganic/organic/gas interfaces, revealing that the alignment of organic/gas frontier mo-
lecular orbitals with respect to the inorganic Fermi level is the key factor for tuning selectivity. These platforms open new
avenues for developing advanced energy-neutral gas sensing devices and concepts.

Future environmental monitoring technologies require
sensing devices with minimal powering needs and selective
detection capabilities to enable their integration in mobile
devices or in the newly emerging miniaturized electronics.
Inorganic gas sensors (e.g. metal oxides, MOx) need an ex-
ternal power unit in order to provide two functions. First,
to generate the sensor read out signal which is derived by
applying a constant bias current and monitoring the re-
sistance changes upon exposure of different gases. Second,
to provide the activation energies necessary for the inter-
action of gas molecules with the oxide surface, since the
gas adsorption or desorption on MOx is an endothermic

processes '. Typically, thermal heating (in the range of 200-
500 °C) or non-equilibrium processes (light illumination,
UV or visible) are applied to provide the needed energies
for surface activation 23. Recently, we reported a promising
concept to realize self-powered gas sensors that are capa-
ble of detecting gases at zero power. It is based on using a
multifunctional singular heterostructure capable on one
hand of harvesting solar light (to drive the sensing signal
and to provide the needed activation energy) and on the
other hand of providing good sensing properties 4. In this
regard, n-doped MOx (such as ZnO, Sn0O,) are good candi-
dates to fulfill such requirements as they can form p-n
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junction solar cells with p-doped semiconductors (e.g. Si)
(for light harvesting). Also, they are among the highly ro-
bust gas sensors that have been intensively studied in lit-
erature and are commonly used in commercial applica-
tions 456, For example, in the TYPE-1 gas sensor that is
based on pure inorganic semiconductor heterostructures
(e.g. CdS/n-ZnO/p-Si), the self-powered mode of opera-
tion was achieved while showing the expected non-selec-
tive sensing behavior toward both oxidative and reducing
gases. The details of the sensing mechanism were dis-
cussed in a previous report 4. Here, the structural proper-
ties of the integrated sensing and powering units of this
approach are investigated. Moreover, the optical proper-
ties are studied to reveal the key factors governing the self-
powered sensing responses.

Besides the powering necessities, selectivity of inorganic
semiconductors remains a challenging issue that needs to
be addressed. As a result of their non-selective redox inter-
action with gas molecules, gas sensors based on pure inor-
ganic metal oxides show poor selectivity 3. Different bioin-
spired approaches have found their way into gas sensing
application due to the appealing analogies of both fields 78.
High selectivity toward a single gas species can be achieved
via the binding of the analyte gas with free organic func-
tional groups anchored on the sensor surface. In this re-
spect, modifying the inorganic semiconductors surface
with self-assembled monolayers (SAMs) has attracted an
increased interest in different fields of applications such as
biosensors, biomolecular electronics, and gas sensors 9.
This can be attributed to their rich and tunable functional-
ities which can provide a selective binding interaction be-
tween these organic receptors and target molecular species
54, The selective sensing using organic/inorganic inter-
faces was combined with the self-powering capabilities of
inorganic heterostructures to produce a selective/self-
powered gas sensor as recently reported by Hoffmann et al.
4. In this study, a self-powered organic/inorganic hybrid
sensor (SAM/n-ZnO/p-Si) was fabricated and was capable
of selective detection of NO, gas (TYPE-2 gas sensor). The
resurgent demand for selective detection of nitrogen diox-
ide is due to its severe impacts on human health and envi-
ronment 45, Herein, theoretical calculations of work func-
tion changes are investigated to understand the effect of
different SAMs on the TYPE-2 system. Moreover, the influ-
ence of the relative humidity on the response of such or-
ganic/inorganic hybrid sensor devices toward NO, gas is
studied.

This work is comparatively studying these two platforms
of self-powered gas sensors and is introducing new insights
into their self-powered sensing mechanisms.

EXPERIMENTAL SECTION

Fabrication of TYPE-1 gas sensor. The powering unit
of the TYPE-1 sensor is composed of n-ZnO NWs/p-Si sub-
strate junction which have been fabricated according to
previously reported procedures 4. Briefly, a thin film of ZnO
(20 nm) was first deposited on Si substrate by DC sputter-
ing using a Zn target (99.99 %) and high purity Ar gas
(99.999 %) followed by an annealing in Air at 500 °C for 1
h to produce a crystalline ZnO layer. Vertically aligned
ZnO NWs were grown on the ZnO seed layer coated p-Si
substrate by using a hydrothermal route at 75 °C for 20 h.
The products were washed with deionized water and fi-
nally annealed in air at 400 °C for 1 h. The sensing unit
(CdS/n-Zn0) is composed by functionalizing the surface of
ZnO with CdS nanoparticles (NPs) by using chemical bath
deposition; the surface coverage of CdS was controlled by
the deposition time. The gas sensing devices were fabri-
cated by using a transparent conductive glass (F:Sn0O,) as a
top contact and the p-side was contacted by silver paste as
back electrode 4.

Fabrication of TYPE-2 gas sensor. The powering unit
of the TYPE-2 sensor was made of a series of n-ZnO/p-Si
diodes as previously reported 4. By patterning a silicon-on-
insulator (SOI) wafer by photolithography, p-Si strips on
SiO2 were prepared. Then, ZnO NWs were site selectively
grown by a hydrothermal method (for 3 h at 9o °C) on a
ZnO film which was grown by a DC sputtering/thermal an-
nealing method (at 300 °C in air), as mentioned above. The
fabricated single diodes were connected in series by evap-
orating gold contacts using a photolithographic method.
The sensing unit is composed of ZnO NWs functionalized
with either [3-(2-aminoethylamino)propyl]-trimethox-
ylsilane or (3-mercaptopropyl)-Trimethoxysilane SAMs.

Fabrication of resistive gas sensor. A resistive gas sen-
sor was fabricated to study the effect of humidity on the
sensing unit of TYPE-2 sensor (i.e. organic SAM/ZnO
NWs). Briefly, a ZnO film was deposited on interdigitated
electrodes (IDEs) made of evaporated gold followed by
ZnO NWs growth and finally the devices were functional-
ized with [3-(2-aminoethylamino)propyl]-trimethox-
ylsilane by using the same procedure used for fabrication
of TYPE-2 sensor.

Gas Sensing measurements. The sensors were placed
in a gas sensing chamber with a quartz window for light
exposure and gas inlet and outlet. The precise control of
gas flow is determined via a flow control system while the
sensor signal was recorded by a sourcemeter unit by using
a LabView based software (National Instruments Inc.). The
sensing measurements were performed under self-pow-
ered conditions (i.e. no current applied, under room tem-
perature (23 °C) and under simulated solar illumination).

DFT simulations. The interaction between the thiol
and the amine SAM with single NO, gas molecules was in-
vestigated by Density functional theory (DFT) calculations,
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Figure 1. (a-c) Sketch of ZnO seed layer on p-Si substrate, cross-sectional and in plane (inset) SEM image, and the XRD pattern of
annealed ZnO seed layer. (d-f) Sketch of ZnO NWs/p-Si substrate, cross-sectional SEM images of ZnO NWs (inset: In plane SEM
and TEM images of ZnO NW), and XRD pattern of ZnO NWs. (g-i) Sketch of CdS/ZnO NWs, cross-sectional SEM images, and
TEM images (the inset shows the lattice fringes of a CdS NP decorated on the ZnO surface).

which were carried out by using the Vienna Ab initio sim-
ulation Package (VASP) 78, For the plane wave basis set
an energy cut off of 400 eV was employed. A maximal force
of 0.01 eV/A was used as convergence criterium for the
ionic relaxations. Since local and semilocal density func-
tionals suffer from the absence of long-range correlation
effects 9, the semilocal Perdew-Burke-Ernzerhof func-
tional 2° was combined with Grimme’s DFT-D2 correction
2 in order to account for long-range dispersion forces
which can be of high importance in the case of otherwise
weak chemical interactions.

RESULTS AND DISCUSSION

Self-powered and non-selective gas sensors (TYPE-1
Sensor)

Among the MOx family, ZnO possesses multifunctional
merits and it can be synthesized via facile wet chemical
routes. The growth of highly oriented and well aligned ZnO
NWs directly on their device substrate is crucial for many
applications. This can be achieved by using a ZnO seed
layer, see Fig. 1a, to promote heterogeneous nucleation and
growth of ZnO NWs during the hydrothermal growth.
However, the orientation of ZnO NWs is rationally influ-
enced by the crystallinity, orientation, and thickness of the
ZnO seed layer 22 The cross-sectional SEM images of the
post-annealed ZnO seed layer show the uniform coating
with an average thickness of 20 nm (see Fig 1b, where the
inset shows the top-view SEM image of the seed-layer).

Figure 1c shows the typical XRD pattern of the post-an-
nealed ZnO seed layer (at 500 °C) deposited on p-Si sub-
strate indicating the enhanced crystallinity with a pre-
ferred growth orientation along the (002) plane. Figure 1e
shows the SEM top- and cross-sectional view images of the
NWs arrays prepared after 20 h growth in a metastable su-
persaturated solution. ZnO NWs were vertically aligned
with uniform size of 150 nm, length of 3 pm and a real den-
sity of ~ 20/pum?2. As shown in Figure 1f, the XRD spectrum
of the ZnO arrays shows the strong characteristic diffrac-
tion peak (002) of the wurtzite ZnO (JCPDS: 80-0075). It
confirms that the as-prepared NW arrays are wurtzite ZnO
with vertical orientation along the c-axis.

After fabricating the n-ZnO/p-Si heterojunction (the
powering unit), the gas sensing element was realized by
uniform assembly of CdS NPs on the ZnO surface as can be
seen schematically in Figure 1gj and in the cross-sectional
SEM images (see Fig. 1th). HR-TEM analysis (Fig. 1ij) also
revealed the homogenous decoration of CdS NPs (diame-
ters, 10-20 nm) on ZnO and the surface of ZnO was not fully
covered by CdS. This low coverage density (ca. 1 %) of CdS
on ZnO allowed the partially uncovered surface of ZnO to
react with gas molecules. HR-TEM images in Figure 1i show
also the coherent ZnO-CdS interface. The marked spacing
of the crystallographic planes correspond to the (100) and
(200) of CdS (see the inset of Figure 1i).

The surface decoration with lower bandgap semiconduc-
tors like CdS NPs in the TYPE-1 sensor extends the absorp-
tion spectra of the CdS@n-ZnO/p-Si heterostructures to
visible light range.
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Figure 2. (a) UV-Vis optical absorption spectra of ZnO and
CdS@ZnO grown on p-Si substrate. (b) Photoluminescence
spectra of ZnO and CdS@n-ZnO systems. (c) Schematic of the
band alignment of CdS/ZnO heterostructure. (d) Sketch of the
TYPE-1 gas sensing device based on CdS@n-ZnO/p-Si system.

As shown in Fig. 2a, 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. Moreover, the photolu-
minescence (PL) of ZnO and CdS/ZnO systems on p-Si
substrate were measured at room temperature with a 375
nm laser diode. Figure 2b exhibits PL spectra of ZnO and
CdS-decorated ZnO NWs, where the spectra are domi-
nated by the near band edge emission of ZnO at about 390
nm. The ZnO NWs show a very low defect-related PL peak,
however a broad defect luminescence at around 565 nm
appears in the CdS@ZnO sample. This broad peak, which
is usually assigned to ZnO surface defects in the literature,
can be attributed to the surface etching of ZnO during the
chemical bath deposition (CBD) of CdS. This effect arises
because of the amphoteric nature of ZnO which can be dis-
solved by the highly basic CBD solution used for the CdS
deposition 3. Additionally, no PL emission related to CdS
NPs (with a narrow band gap of 2.4 eV) is observed alt-
hough the absorption measurement shows an increase of
absorbance in the CdS/n-ZnO system. This implies an effi-
cient electron transfer from the CdS NPs to the ZnO NWs
which is facilitated by the proper band alignment of the
type II heterojunction between CdS and ZnO (see Fig. 2c)
24, whereby the lower conduction band edge of ZnO favors
an effective charge separation.

The TYPE-1 device design is shown schematically in Fig.
2d, where the built-in p-n junction is capable of directly
harvesting the incident sunlight (simulated sun spectrum;
AM1.5, 100 mW/cm™) and transforming it into an electrical
signal which is the open circuit voltage (Vo). Figure 3a
shows the dependence of the open circuit voltage changes
of CdS@ZnO/p-Si system on the surrounding atmosphere
under solar illumination. As can be seen, the open circuit

voltage is decreasing upon oxygen exposure, while it is in-
creasing in 1000 ppm ethanol. In other words, the open cir-
cuit voltage acts as a self-generated sensor signal that is
sensitive and quantitatively correlates to the surrounding
gas.
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Figure 3. (a) Self-powered sensing responses of TYPE-1 sensor
toward oxidizing (O.) and reducing (1000 ppm ethanol) gases
under solar illumination (b) Environmental dependence of Np
of ZnO in the CdS@n-ZnO/p-Si system recorded under solar
illumination.

The details of this new sensing mechanism, based on the
change of open circuit voltage (AV,.), were explained else-
where 4. To elucidate the difference of the current sensing
mechanism from the well-known conductometric sensing
behavior, two experiments were performed with and with-
out applying constant current, respectively. If a constant
current is applied to the sensor, the sensing mechanism is
the same as for simple conductometric (n-type) gas sen-
sors, in which the resistance increases (i.e. change of re-
sistance, AR) with oxidizing gas. This effect can be deduced
to the enlargement of the surface depletion zone and it can
be monitored by the increase of voltage >52°. However,
when no current is applied (self-powered mode), the sens-
ing mechanism becomes different since the higher re-
sistance is not influencing the signal. In such case it was
found that the change of effective donor density within the
n-ZnO material, caused by the interaction with the gas, is
arbitrative for the final sensor response. In oxidizing at-
mospheres, electrons are removed from the n-ZnO and
cause a reduction of the effective donor density within the
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material. Consequently the build in potential (V) [28] of
the p-n junction (n-ZnO/p-Si) is reduced and can be mon-
itored by the decrease of open circuit voltage (Vo) or vice
versa in case of reducing gases such as ethanol. Figure 3b
shows the measured changes of the donor density of
CdS@ZnO/p-Si system for different gases 4. Under dark
conditions, the donor density Np remained constant (ca.
1.20 X 10* m3), not shown here. Under illumination, the
donor density is clearly sensitive to the different gas spe-
cies (see Figure 3b). The donor density of ZnO was calcu-
lated from the slope of 1/C? vs. voltage curve obtained from
the capacitance-voltage (C-V) measurements of the
CdS@n-ZnO/p-Si NWs heterojunction.

(@ 1.8
R T W
154 %o . AN~ 3x10
0- - - 0 — o

o i - 19 CdS/ZnO
=
En 0.9 ° N2

0.6 0,

0-3'}—a+ B &2 Zn0

|

0 200 400 600 800 1000 1200

Time (S)
(b)
100 °
—@—N, {24
90 o 02 .
120
804
3 116 =~
e~ 704 E
E 112 =
% 601 _ _ @ 8
>° o s “
s0{ 9 8
a0y - - e 14
o
30 T r r T 0
85 90 95 100 105

Intensity (mWem™)

Figure 4. a) Evolution of Np of CdS@n-ZnO/p-Si and n-
ZnO/p-Si devices after switching off the solar light. (b) Light
intensity dependence of Vi of CdS@n-ZnO/p-Si system in N,
and O, gases and their relative change (AV,.).

To gain a deeper understanding of the sensing mecha-
nism, we studied the dynamic decay behavior of Np of
CdS@n-ZnO/p-Si in comparison to the bare n-ZnO/p-Si
systems in order to identify the role of CdS in the sensing
mechanism. 1/C? versus applied potential curves for both
samples in nitrogen and oxygen atmospheres were meas-
ured at different time scales once the solar simulator was
switched off (t = o s). Figure 4a summarizes the evaluation
of Np at both systems indicating the different Np changes
of CdS@n-ZnO/p-Si and n-ZnO/p-Si systems in N, and O,
atmospheres. The change of donor concentration of bare
n-ZnO/p-Si is very small and stabilized at 2.5 x 10" m™3 (i.e.
insensitive to variation in the gas atmosphere). Whereas,

the change of Np in CdS@n-ZnO/p-Si is more significant
(~ 2-3 x 10® m? and it is different in N, and O, atmos-
pheres. It is known that the excited electron (e™) of CdS is
injected into the conduction band of ZnO under illumina-
tion. Once the light is switched off, the charge recombina-
tion between e™ in ZnO and hole h* in CdS will take place.
However the interaction between e™in ZnO and adsorbed
oxygen species (e*~ + 0, (g) © 03 (aq)) Will possibly hinder
the kinetics of charge recombination in O, in comparison
to that in N, atmosphere and hence these high energy
photo-induced electrons will contribute and enhance the
sensing response as already observed in the sensing exper-
iments. The here observed behavior is in agreement with
the previously depicted sensing mechanism implying the
key role of the optical sensitization of CdS/ZnO interface
to achieve the sensing response 4.

In classical thermally activated gas sensors, the signal re-
sponse to gases is modulated by the operation conditions
of the sensor due to the temperature dependence of gas
adsorption on the sensor surface?”. Here, the sensing re-
sponse modulation in relation to the intensity of solar light
has been also investigated. Figure 4b shows the relation be-
tween incident solar light intensity and the open circuit
voltage (V,.), as well as the relative change (AV,.) in N, and
O, atmospheres. As shown, the V. value in N, increases
linearly with the incident light intensity. In this case, the
increase of V,. only depends on the rise of photoelectrons
injection from CdS to ZnO and the consequent change in
the current, since in principle there is no interaction be-
tween ZnO and N, (the donor density Np of ZnO is not
modulated by this gas). This situation is very similar to pre-
vious reports on CdS/ZnO solar cells, where there is usu-
ally a proportional increase of the open circuit voltages
with both the light intensity and/or the CdS decoration
density 2#29. On the other hand, in O, atmosphere the V.
value drops with higher light intensity values. Due to the
increase of injection rate of photoelectrons from CdS to
ZnO with higher light intensity, more electrons will react
with the oxygen to form the adsorbed oxygen species
which will result in a reduction of the effective net donor
density in ZnO (Np) and consequently result in a decrease
of V,.. According to the previous assumption, the reduc-
tion of donor density of ZnO under oxygen is modulated
by the incident light intensity and thus the change of do-
nor density (ANp) is expected to increase (i.e. AV, in-
creases) also with increasing the light intensity. The meas-
ured change of open circuit (AV,.) values at different light
intensities is constituent with the proposed model, and
AV, is found to increase with higher light intensities.

To this end, the TYPE-1 gas sensor is a self-powered sen-
sor but it has a non-selective sensing response toward both
oxidizing and reducing gases. Therefore, the TYPE-2 sen-
sor is complemented with selective capabilities to over-
come the poor selectivity issue. Moreover, the drawbacks
of TYPE-1 device design such as long response times and
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low open circuit voltage was considered and improved in
the TYPE-2 devices.

Self-powered and selective gas sensors (TYPE-2 Sen-
sor)

TYPE-2 self-powered sensor devices, shown schemati-
cally in Figure 5a, are based on a similar powering unit used
in the TYPE-1 sensor, which here is a nanostructured p-
Si/n-ZnO diode that transfers solar light into an electronic
signal. The details of the device fabrication process were
reported before .
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Figure 5. (a) Schematic representation of the TYPE-2 sensor.

(b) The linear relation between measured V,. and the number
of diodes under illumination (simulated sunlight; AM1.5).

Similar to the TYPE-1 sensor, the produced V. at the p-n
junction serves as a self-generated signal of the gas sensor.
However, in order to enhance this self-generated signal
and to make it easily measurable in case of low natural light
illumination conditions, a number of diode devices were
connected in series to increase the measured V. signal,
which is found to be linearly proportional to the number
of diodes connected with about 72 + 6 mV/diode average
Vo (see Figure sb).

After fabricating the powering unit, SAMs are used to
construct the sensing element of TYPE-2 sensing devices as
reported previously 4. One of the important advantages of
SAMs is that they can couple the external environment to
the electronic (current-voltage responses) and the optical
properties of their underlying structures 3°. Functionaliza-
tion of semiconductor surfaces takes place through bind-
ing of SAM tail groups to the MOx surface via a condensa-
tion reaction such that the exposed terminal functional
groups of the SAM can interact with the molecules present

in solution or gas phase *3°. Figure sa shows two types of
methoxysilane based SAMs that are used for surface mod-
ification of ZnO NWs, namely amine ([3-(2-aminoethyla-
mino)propyl]trimethoxylsilane) (amine functionalized-
SAM) and thiol ((3-mercapto-propyl)trimethoxysilane)
(thiol functionalized-SAM).

The selective response of the amine functionalized and
thiol functionalized sensors, respectively, toward NO, in
comparison to other common interfering gas species such
as SO., NH; and CO (tested at significantly higher concen-
trations (2.5-25 ppm)) were reported previously 4. As ex-
ample, the sensing responses (AV,.) toward NO, and SO,
(self-powered mode and under solar light illumination) of
the amine functionalized SAM and thiol functionalized
SAM are shown in figure 6a. The amine functionalized sen-
sor device selectively detect NO, under self-powered oper-
ation with an increase of Vo upon exposure to NO,. On the
other hand, the thiol modified ZnO NWs showed a selec-
tive negative response toward NO, gas with a decrease of
Voc. The observed inverted sensor signals for the two sen-
sors with different SAMs functionalities validates the criti-
cal role of the gas-SAM surface interactions of the sensor
34 Moreover, the TYPE-2 sensor not only provides a selec-
tive gas response in a self-powered operation but also a
faster response time compared to TYPE-1 sensors. This can
be attributed to the more efficient gas diffusion favored by
the open surface provided by the device design of TYPE-2
Sensor.

Through investigating the SAM-NO, binding geome-
tries and positions of the energy levels of the SAM and the
most-stable SAM-NO, systems reported elsewhere 3,
DFT calculations indicated that the lowest unoccupied
molecular orbital (LUMO) level of the SAM—-gas system for
both cases (amine and thiol) is much lower than in the
NO.,-free case (see Fig. 6b). Additionally, the relatively low
position of the LUMO of thiol-NO, and relatively high po-
sition of the highest occupied molecular orbital (HOMO)
of amine-NO, implies a predominantly electron-acceptor
character for the first system and a predominantly elec-
tron-donor character for the second one which explains
the experimentally observed reversed signals between the
two functionalized sensors 4. Furthermore, theoretical cal-
culations revealed a large difference in the surface dipoles
induced by amine and thiol functionalized SAMs as shown
in Figure 6c,d. In the case of the amine functionalized
SAMs, the work function of the system is reduced by 0.9 V
with respect to the water terminated MOx surface (see Fig-
ure 6¢), whereas in the case of the thiol SAMs it is increased
by 1.4 V (see Figure 6d). This further confirms that different
functionalization - in this case Amine- and Thiol-SAMs -
can drastically change the electronic structure of the sen-
sor surface.

However, the effect of such work function changes at the
device level is not fully understood at the moment and will
be further explored in the future.
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Figure 6. (a) Relative changes of open circuit voltage (Self-powered sensing response) towards NO, and SO, of amine and thiol
functionalized TYPE-2 sensor; (b) Relative alignment of the HOMO and LUMO levels of the amine and thiol functional groups
with adsorbed NOz. The adsorption geometries with strongest bonding are shown together with the charge densities of the cor-
responding HOMO or LUMO level. We mention here that the LUMO levels of the NO2 free functional groups are approximately
3-4 €V higher in energy and thus cannot contribute to charge transfer between SAM and ZnO nanowires; The work function
changes of the amine (c) and thiol (d) functionalized SAMs/ZnO systems were calculated from the electron potential averaged in
the directions lateral to the surface. The vacuum potential of a (10-10) ZnO surface with an adsorbed monolayer of water.is used

as reference and set to zero.

It is worth to mention here that the response toward NO,
in case of Thiol-SAMs TYPE-2 sensor is constituent with
the observed response of the TYPE-1 sensor upon exposure
to an oxidizing gas, however, the Amine-SAMs TYPE-2
showed an opposite response towards NO,, which is differ-
ent from their response behavior using a resistive sensor
approach (Amine/ZnO, see Figure 7). Therefore, on a mi-
croscopic level, the development of a comprehensive un-
derstanding of the sensing mechanism of such complex
system will require additional substantial considerations
on a device level in correlation to the surface and interfa-
cial interactions of these sensors. For example, the kinetic
and thermodynamic factors of SAM/SAM interactions,
their geometrical arrangements, their macroscopic proper-
ties (e.g. wetting), and the nature of the MOx surfaces (e.g.
surface defects) and the influence of the work function
changes on the heterojunction interfaces need further in-
vestigations.

The interaction of organic surfaces with humidity is a
key issue that can influence their reliable use in real life
environmental applications. The effect of relative humidity
(R.H.), measured at 23 °C and 1 atm, on the organic/inor-
ganic hybrid sensor is studied. Here, a traditional conduc-
tometric sensor of amine functionalized SAM/ZnO was

fabricated for this purpose as a simple model for under-
standing the effect of humidity on the sensing responses
(the change of resistance in this case) and to avoid any
complications that can arise from the different interfaces
of the p-n junction. As can be seen from Figure 7, the re-
sponse of the sensor device towards 100 ppb NO, gas is
changing depending on the amount of relative humidity
(R.H.) accompanying the analyte gas. Such enhancement
of the sensing response toward analyte gases in presence of
R.H. with a faster recovery time were reported before 3 3
33, This indicates a cross sensitivity of the gas sensor toward
humidity which might result from the change of the chem-
ical environment due to the adsorbed water at the organic
interface. Besides such interfering effect of humidity, the
sensor devices showed a good stability against humidity up
to 50% (R.H.). however,_beyond this RH. limit the re-
sponse was-affected showing instability. Moreover, above
70% R.H. the sensor signal is unstable and longer measure-
ments lead to its total degradation, which might indicate
the degradation of the SAMs on the surface of the sensor.
Therefore, more experimental and theoretical investiga-
tions are needed to elucidate the humidity interaction
mechanisms with the hybrid sensors to enable tailoring
their surface properties for a better humidity resistance
and minimal interfering with the sensor response.
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Figure 7. The change of resistance of a conductometric gas
sensor based on amine functionalized SAM/ZnO NWs system
towards 100 ppb NO, with different relative humidity meas-
ured at 23 °C and 1 atm.

The general self-powered sensing mechanism:

The term self-powered gas sensors refers to sensing de-
vices that include a built-in powering unit and an active
sensing surface in a single heterostructure, where the pow-
ering unit is capable of harvesting the energy required for
both the sensing signal generating and the surface activa-
tion solely from environment. The self-powered sensing
mechanism mainly relies on the change of open circuit
voltage (AV,.) upon interaction with the surrounding am-
bient. The sensing response can be described by the follow-
ing steps: firstly a surface interaction with gases and sub-
sequent changes in the metal oxide which is influencing
their p-n heterojunction interface and consequently the
open circuit voltage (AV,).

For the TYPE-1 sensor (non-selective interaction), ZnO
acts as the active sensing surface that interacts with gases
via redox interactions causing a change of the effective do-
nor concentration (ANp) of the MOx when enough activa-
tion energy is provided. The relation between the donor
concentration (Np) and the built-in potential Vy; at the p-
n junction interface are expressed by equation 134

Voc @V = l (NZnONSL) [1]

where Np, Na and N;are the donor, acceptor and intrinsic
doping level, that corresponds to the free carrier concen-
tration in the impurities ionization regime, k, T and q are
Boltzmann constant, absolute temperature and electron
charge, respectively.

However, for the TYPE-2 sensor, the self-assembled
monolayer acts as the active sensing element while ZnO
acts as a charge collector. The surface adsorption and the
reaction of gas molecules with TYPE-2 sensor result in dif-
ferent band alignment of molecular orbitals of Gas/SAM
depending on the type of the SAMs at the organic/inor-
ganic interface. This will result on different donor or ac-
ceptor characters of the Gas/SAM and leads to subsequent
different changes at the p-n heterojunction interface. The

under visible light illumination

Reducing gases

X T
20 | "2
Care | No exposed sensing
W oirfoce (o Zn0)
B C

Oxidizing gases

Vo

Pure inorganic sensor

EtOH v oz
et @R g ‘J,VLOX
E ’A L ; “'& ‘
o ).; e, % 3
@, o
) e
z"° W dve o8 ZnD AV, we
(b) ‘
SAM/gas HOMO at higher position SAM/gas LUMO at lower position
n
Q NOy
g - Evaoum 0% N;ZQ - — EVacuum
AE &0 S o
g |2 |— [N o« z
£ & . EFermi o 7 o, @ - EFermi
g8 (Sammon) < ¢ o™ 3 : (SAMIMOX)
HE W | —
E A B € D
<. | Bare ZnO: No response NO charge transfer
2 o o g S :;so:o
g X [ AVl - Ao T LI 2
= 2r o St R .
H 4 s bl BRermi
. o % g (SAMMOX) g
Inadequate activiation g - o
under visible light illumination — L

{i:SAM sensing element
21Zn0 charge collector

—__'HUMO Gas/SAM

— LOMO Gas/SAM

Figure 8. Schematic representations of the possible sensing
scenarios in case of (a) TYPE-1 sensor and (b) TYPE-2 sensor.

The self-powered sensing response towards gases can be
defined as the (relative) change of open circuit voltage ac-
cording to equation 2 *:

gas

AV (6] = (5 -

oc

1) X100  [2]

where Vo gsis the sensor response in the analyte gas and
Vocrerthe sensor response in the reference gas) such as syn-
thetic air).

Conclusions

Two different self-powered gas sensors with either a
broad detection range toward oxidizing and reducing gases
(based on inorganic heterostructures, TYPE-1 sensor) or
with high selectivity towards NO, gas (organic/inorganic
hybrid structures, TYPE-2 sensor) are comparatively pre-
sented here. For both sensors, the (relative) change of open
circuit voltage at the p-n heterojunction upon gas exposure
act as the self-powered sensing signal. The TYPE-1 sensor
is capable of detecting different gases due to the change of
the effective donor density of ZnO upon redox interaction
with gases. The presence of CdS improves the sensing re-
sponse through the high energy photo-induced electrons
injected at the CdS/ZnO interface. In the TYPE-2 sensor,
the surface modification of n-ZnO surface with amine or
thiol terminated organic SAMs favored selective sensing of
NO, gas. Theoretical calculations revealed a large differ-
ence in the surface dipoles induced by amine and thiol

8



functionalized SAMs. This can explain their different sens-
ing behaviors toward NO, gas. These two systems combin-
ing self-powered operation and gas sensing capabilities (ei-
ther selective or non-selective sensing) in a singular hetro-
junction device opens new avenues for developing minia-
turized and maintenance free smart gas sensors.
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