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ABSTRACT

We report the formation of a self-assembled three-dimensional network of tetragonal SnO
nanoslabs by simple thermal evaporation at 500°C directly onto Pt interdigited electrode-patterned
Si3N4/Si substrates, followed by the complete transformation into a stable rutile SnO, network
through thermal annealing at 700 °C for 2.5 hours. No catalyst or vacuum environment was required
in such synthesis. The chemical gating effects of such network device were tested with various
concentrations of NO, gas. At operating temperatures of 300 °C orders of magnitude change in
nanoslab conductance was observed even for sub-ppm concentrations of NO,. By studying the
dependence of sensor response on NO, concentration we deduce that at these operating temperatures
the key kinetic mechanism involves the binding of NO, molecules to surface O-vacancies of the
SnO; slabs. We develop analytical equations relating sensor response to partial charge transfer
between the analyte and exposed SnO, surfaces and show that our experimental observations are in

quantitative consistency with charge-transfer values obtained from first-principles computation.

KEYWORDS: SnO; nanoslab; three-dimensional network; thermal evaporation; chemical gating;

NO; gas sensing; flat band condition



Solid state n-type semiconductors, metal oxides in general, and tin dioxide (SnO,) in particular,
have been widely exploited as gas sensors. The sensing mechanism relies on interactions between
adsorbed gas molecule (adsorbate) and the semiconductor surface. The adsorbate acts as extrinsic
surface states and the electron exchange between the surface states and the bulk takes place within a
surface layer with thickness of the order of the Debye length Ap. If the adsorbate has oxidizing
(reducing) character it tends to capture (release) electrons. If the size (thickness) of the
semiconductor is comparable to ~ Ap, most of the conduction electrons can be possibly captured from
(released to) the surface by the extrinsic surface states, which can lead to the orders of magnitude
conductance change.'® This reaction, termed as chemical gating, can be compared to the electrostatic
gating in field effect transistor (FET), which exhibits orders of magnitude of conductance change
under electrostatic gate voltage modulation. Conventional gas sensors have the capability of
detecting parts per million (ppm) concentrations of gaseous species. However, chemical gating
effects enable us to detect down to parts per billion (ppb) concentrations of analytes, a typical

requirement for the next generation sensors.

For sensors based on quasi zero-dimensional (0D) ultrafine SnO; nanocrystals, dramatic change
in electrical conductance has been reported when the size of a nanoparticle less than 10 nm.>""!
However, sensors with ultrafine grain size are known to exhibit poor long-term stability. Grain
coalescence inevitably occurs during the high temperature cycles of calcination or sensor operation.®*

12 Such structural instability has impeded the widespread application of sensors based on quasi-0D

nanocrystalline materials.

Various authors have reported that nanostructures with higher dimensions are much more stable

under high temperature conditions. Fabrications of monolayer quasi-one dimensional (1D)
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nanostructured semiconductor sensors have been extensively investigated in various ways such as

14-1
% surface-

nano-patterning of thin layer,” direct lateral growth using pre-patterned catalyst,
programmed monolayer assembly,'” and dielectro-phoresis.'®"® Most of the above-mentioned
techniques, however, involve many detailed, expensive steps such as nanolithography, pre-deposition
and patterning of the catalyst, introduction of a self-assembled monolayer, or utilization of

microchannels. For commercial feasibility of gas sensing applications, it is very important to develop

processes involving simple, easy and minimal fabrication steps.

Recently, Quasi-1D,*** 2D,*** and three-dimensional (3D)’ semiconductor nanosenors
fabricated by the drop coating technique have been reported. In such a method, the nanostructured
sensing material is first dispersed in liquid to form a suspension. Then, the suspension is drop-coated
onto the interdigitated area of the electrodes. Even though the technique is simple and cost-effective,
uniform dispersion is difficult due to strong van der Waals forces. Thus, agglomeration of
nanostructures is inevitable,”* which leads to low sensitivity, slow response, and more importantly

poor reproducibility.

In this letter, we report for the first time the in situ fabrication of a standing 3D network of SnO,
nanoslabs by a very simple and cost-effective thermal evaporation technique. We also establish the
theoretical models necessary for the analysis of the sensing response to NO, gas. This enabled us to
deduce the key chemical gating mechanism, and helped achieve quantitative consistency between the
observed sensing behavior and the partial charge transfer previously computed by first-principles

Density Functional Theory (DFT).



For the fabrication of the 3D network of sensors, we first formed 100 nm thick Pt interdigitated
electrode (IDE) on Si3N4/Si (001) substrate by e-beam evaporation. In situ growth of tin sub-oxide
(SnO) nanoslabs was then carried out by thermal evaporation directly onto the substrate maintained
at 500 °C in air. After the synthesis, post-thermal annealing was performed at 700 °C for 2.5 hour in
an Ar environment. Figure 1a shows a schematic diagram of the sensor device. The plan-view field-
emission scanning electron microscopy (FE-SEM) images of SnO nanoslab networks on the Pt IDE-
patterned substrate are shown in Figures 1b,c. These two images illustrate that the interconnected
standing SnO nanoslabs are packed only in the region between the Pt electrodes. From the images,
the lateral, the vertical, and the thickness dimensions of a nanoslab can be estimated to be ~1 um, ~1

um, and ~100 nm, respectively.

The X-ray diffraction (XRD, RIGAKU D/MAX-2500) data were analyzed using a standard
diffractometer with Cu Ka radiation in the #-26 configuration. The structural characterization of tin
oxide was also carried out by transmission electron microscopy (TEM, FE-TEM FEI TM G2 F30)
equipment. The as-synthesized tin oxide sample was identified as tetragonal SnO structure with a
lattice constant of a = b =3.796 A and ¢ = 4.816 A as determined by XRD and TEM. However, upon
annealing at 700 °C the XRD pattern changed. The new pattern, as shown in Figure 2a was in clear
correspondence with a rutile SnO; structure with space group P4,/mnm, and lattice parameters a = b
=4.738 A and ¢ = 3.188 A.*® The high-resolution TEM (HR-TEM) image of Fig. 2b also reveals a
single crystalline phase with a rutile structure having no planar dislocations. The corresponding fast
Fourier transformation (FFT) pattern (Figure 2b inset) further indicates that the SnO, nanoslab has

the (101) face primarily exposed with preferred growth directions along [010] and [101]



respectively. The composition of the SnO, (101) surface can vary depending on the equilibrium

conditions with the gas phase.”’

In the following we investigate the sensing response of the (101) surface with a specific analyte,
i.e., NO,, one of the most frequently studied oxidizing gases. In the literature, NO, detection
experiments by SnO, sensors have mostly been performed in air.'* ' ' *® In such case, the NO, is in
competition with O, in adsorbing onto the surface of SnO,, which complicates the analysis of the
oxidation kinetics. To eliminate oxygen in our study, we mixed the test gas with N, to achieve the
desired concentration and maintained the flow rate at 1000 standard cubic centimeter per minute
(sccm) using a Bronkhorst High-Tech B.V. mass flow controllers (EL-FLOW series). The
conductance of the device was measured by using an Agilent digital multimeter (model No.34411A)
and a Keithley electrometer (model No. 6517A). The device shows non-linear current-voltage (I-V)
characteristics at room temperature due to the back-to-back Schottky-like configuration. However,
Ohmic behavior has been reported to become predominant over 200 °C.* In order to minimize
influences from the Pt/SnO, contact we performed the NO, sensing experiments at 300 °C. Results of
the conductance change of the nanoslab sensor upon cyclical exposure to NO, at different
concentrations are shown in Figure 3. Noticeable drop in conductance is discernible even at NO,

levels as low as 500 ppb, with significant drops at higher concentrations.

Figure 4 shows a low resolution cross-TEM image of a SnO, nanoslab network prepared by
focused ion beam (FIB). As shown in this image, the SnO, nanoslabs synthesized in our experiments
were mostly standing rather than lying. In an all-standing configuration, the NO, binding occurs on
both sides of the slab. Thus, the gating characteristics should be comparable to a Fin- FET, where the

channel potential is controlled more tightly than its planar counterpart.’® Given that the length L and
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width W of the nanoslabs (~1um) are much larger than the depth D (~100 nm), each slab can be
approximated as a 1D-layered (lamellar) structure. Solving the 1D Poisson equation with appropriate
boundary conditions yields the relation AE/(ksT) ~ [D/(N845)]* (see Supporting Information) where AE is
the potential energy difference between the center and surface of the nanoslab, and Ap the Debye
length. When AE is comparable with the thermal energy, it leads to a homogeneous electron
concentration in the slab, which in turn results in the flat band case. *' This happens for Ay 2D/ J8
~ 35 nm. Such Debye lengths are indeed attained at our experimental temperatures of 7 ~300 °C. In
the inert gas (N,) environment, the nanoslab behaves like a quasi-conductive element, while upon
exposure to NO, almost all the electrons in the nanoslab are free to move to be captured by surface
acceptors, leading to significant conductance drops. The schematic diagram explaining the operation

of the SnO; nanoslab network NO; sensor is shown in the Figure 5.

For an n-type semiconductor gas sensor, the response S to an oxidizing gas is generally defined
as R/ R, -1 = G,/G -1, where R, and G, denote the initial resistance and conductance value
respectively. For G, > G, S~G,/G. The sensor response as a function of NO, concentration is
plotted in Figure 6. Under flat band condition, such response is known to assume a power law
behavior.>**** Our data nicely fits the model S=K vo, " Cro, » where K o, 1S @ proportionality

constant, Cy,, is the NO, gas concentration, and the exponent a ~ 0.69.

We now develop a theoretical model to relate exponent y to electronic charge transfer from the
SnO, surface to an adsorbed NO,. Let us assume a NO, molecule adsorbed (physisorbed or
chemisorbed) onto an available surface site S,uo.c On the (101) surface with a net withdrawal of S

electrons from the surface. Such process can be represented as:



NOE* + " +S . = NO, (1)

unocc

where NO, s represents a surface-adsorbed NO,. By using the mass action law one obtains:

kads ’ PN02 ’ nsﬂ ) [Sunocc] = kdes '[NOZ,S] > (2)

where n; is the electron density at the surface (and is a function of the surface concentration of
adsorbates) , PNO2 is the gas pressure in the chamber, &, and kg are reaction constants, and [...]
denotes surface density. Note that under the flat band condition, #, is the homogeneous concentration
of electrons throughout the whole SnO, nanoslab. The surface coverage of adsorbed NO, is defined

as@ =[NO, ;1/[S,, ], where [S,,,]=[NO, s ]+[S is the total density of surface binding sites for

unocc]

NOa,. Thus, eq. (2) can be written as:

kog * Pro, -0 -(1-60) =k, -0, 3)

ads

If n, is the electron density for the pristine material (i.e. 8= 0), the condition of electrical neutrality

yields the relation: S-6-[S,,].area + n, -volume = n, -volume , where area and volume relate to total

tot

exposed (101) surface area and the total volume of the nanoslab respectively. In terms of surface

adsorbate coverage () the charge neutrality condition can be re-written as:
0 = (n, -volume).(1-n_ /n,)/(p-[S,,l.area), 4)

Since the SnO, slabs were not doped with impurities, the main source of the bulk conduction
electrons are O-vacancies. As the bulk O-vacancies are shallow donors, essentially one electron is
given up by each bulk O vacancy. Thus, we can assume that the bulk conduction electron density
is the same as the density of bulk O-vacancy [Vy5]. Since all these electrons can be potentially taken

up by surface adsorbate sites (see discussion on Debye length above), significant drops in



conductance can occur only when f.[S,, ].area = (n,.volume). Under these conditions, eq. (4)

tot

implies that:

O=1-n/n, (5)
Inserting eq. (5) into eq. (2) under conditions of large conductance drops, i.e., n, >> n;one obtains:

1 1

ns z{(ka’es .nb)/kads}@ P]\;OI:7 (6)
Since Cy,, * Py, , it follows from eq. (6) that the sensor sensitivity S ~n, /n, o Cy, S , which

implies that response exponent y is related to the charge transfer £ through the equation:

1
o=—-:
1+

(7)

Our experimental value of a = 0.69 (see Fig. 6) corresponds to a charge transfer = 0.45. Such a
large charge transfer is usually indicative of a strong binding, e.g., as in chemisorption. Such strong
binding is also consistent with the fact that after each desorption cycle the nanoslab conductance

does not restore fully to its original pristine value before the introduction of any adsorbate (see Fig.

3).

In order to relate such binding to specific atomistic mechanisms, we refer to the existing

literature. For instance, binding energies of NO, to the (IOi) surface of SnO, (which is chemically
equivalent to the (101) surface for a rutile structure) and corresponding charge transfers for various

configurations were computed by Maiti et al.** using DFT. Table 1 summarizes the computed

binding energy and charge transfer for important adatom structures resulting from NO, to the (101)
surface of SnO,. The computed charge transfer of 0.51 el due to the binding of NO; to a surface O-
vacancy corresponds well to 0.45 el charge transfer observed in our experiments. This would also be

consistent with our high operation temperature of 300 °C at which a large concentration of surface O-
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vacancies is likely regardless of the method of synthesis. However, for direct comparisons of

charge transfer between experiment and theory one needs to exert caution, given the dependence of
computed charge transfer on the exchange-correlation functional and the partitioning schemes
employed.*® In addition, one needs to identify the amount of charge transfer due to the capture of
conduction electrons as discussed here, versus that due to reorganization of valence electrons due to

local chemical re-bonding, which mandates further analysis.

Finally, we also performed the above analysis on the mechanism in which NOj is formed by two
NO, molecules through a disproportionation reaction on the (101) surface.” For this mechanism we
obtain the relation a =2/(1+ f)(see Supporting Information). This cannot explain the observed
value of a with any reasonable value of the charge transfer, and the vacancy mechanism appears

more likely for the sensing response of our nanoslabs.

In summary, we have synthesized 3D networks of standing SnO, nanoslab gas sensors by
employing a simple and cost-effective thermal deposition process for the first time. From
observations of orders-of-magnitude conductance drops and theoretical calculations it was confirmed
that the sensor acts as conductance switch in which a flat band condition is reached at 300 °C through
double chemical gating by NO,. The observed relationship between the sensor response and the NO,
gas concentration was explained by assuming chemisorption of NO, molecules at a large number of

O-vacancy sites on the predominantly exposed (101) surface of the SnO; nanoslabs.
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TABLES

Adsorbed Site Adatom Binding Energy Net Charge
Structure (kcal/mol) Transfer (el)
Oxygen-Vacancy [NO]» 41 4 051
[NO2]i 11.2 -0.17
Defect Free Surface [NO:] 13.8 -0.17
[NOs], 14.3 -0.30
[NOs], 25.5 -0.41

[---]n indicates n single bond(s) to an adsorbed site.

Tablel. Summary of the computed binding energy and charge transfer for important adatom
structures resulting from NO, to the (101) surface of SnO,.
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Figure 1. (a) The schematic diagram of the SnO, nanoslab 3D network sensor device. (b) Plan-view
FE-SEM image of the SnO; nanoslab 3D network synthesized on Pt IDE pattern. (c) Enlarged image

of the area within the frame shown in (b).
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Figure 2. (a) XRD patterns of a post-thermal annealed SnO; nanoslab. (b) HR-TEM image of a post-

thermal annealed SnO, nanoslab. The inset shows an FFT pattern of the image.
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Figure 3. The conductance dependence of a SnO, nanoslab network sensor upon cyclic exposure to

NO,; gas with different concentrations at 300 °C.
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Figure 5. Schematic diagram explaining the chemical gating of the standing SnO, nanoslab network
sensor. (a) Before the exposure to NO, gas, the nanoslab network acts as conducting channel. (b)
After the exposure to NO, gas, the network turns into fully depleted region of carriers due to the

influence from the adsorbed NOx adatom structures.
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