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ABSTRACT

Polycrystalline silicon nanowires are synthesizethg a classical fabrication method
commonly used in microelectronic industry: the sidk spacer formation technique. Assets of
this technological process rest on low cost litlapdyic tools use, classical silicon planar
technology compatibility and the possibility to gey direct patterning numerous parallel
nanowires with precise location on the substrateu@ded and suspended polycrystalline silicon
nanowires with a curvature radius as low as 150rerirdegrated into resistors and used as gas
(ammonia) sensors. Results show potential useeskthanowires for charged chemical species
detection with an increase of the sensitivity wile increase of SINWs exchange surface with

the environment.

INTRODUCTION

Semiconducting nanowires are currently attractingicim attention as promising
components for future nanoelectronic devices suemanowire field effect transistors [1],
photonic and optoelectronic devices [2], and asmit& or biological sensors [3-5]. As their

surface can be sensitive to charged species cothlwith their high surface to volume ratio,



silicon nanowires (SINWSs) are the subject of ineemesearch activities for high sensitivity
chemical sensor fabrication. The first applicatirSiNWSs in biological and chemical molecule
sensor was reported by Lieber's group in 2001 I8]addition, because SINWs synthesis is
compatible to the established Si technology, enasn@search efforts to design and develop
new generation of high performance biological amengical sensors by incorporating the
SiNWs as the functional sensitive units are pertamtmndeed, SiINWs based sensor integration
will allow a lower manufacturing cost, in additido the advantageous electronic features of
embedded detection and signal processing in silieohnology. The intrinsic reliability of the
well-known semiconductor CMOS (Complementary Médide Semiconductor) process also
guarantees a reproducible and reliable diagnosis.

SiNWSs can be prepared by one of two approachep;dtovn“ and “bottom up”. In a
bottom up strategy the individual base elementsnfat molecules...) of the system are linked
together to form larger subsystems. Synthesis mistimost developed are layer-by-layer self
assembly [6], Vapor Liquid Solid (VLS) and Solidquid Solid (SLS) growth techniques [7,8],
and use of matrix template [9]. The main drawbackshese synthesis methods for a 3 D
integration are the difficulty in control of sized positioning of the nanowires. In this case,
nanowires need to be selectively collected and pudaiied to be assembled in a planar layout.
The “top down” approach starts from bulk materesl scales down the patterned areas. In this
way, several advanced nanopatterning techniquee dereloped such as e-beam [10], atomic
force microscopy (AFM) [11,12], deep UV [13] andneamprint lithographies [14,15], to obtain
SiNWs. The main drawbacks of these advanced ligqgc tools with nanometer size resolution
rest on the high cost generated, and more genénallipw throughput capability unsuitable with

mass production.



In this study, we present a direct patterning teqinn to get SiINWs planar arrays by
conventional optical lithography, compatible wittetexisting planar CMOS silicon technology.

Such SiNWs are promising active building blocksdas (ammonia) sensors.

EXPERIMENTAL DETAILS

Spacer polycristalline SINWSs fabrication

The key fabrication steps of the polycrystallinecen NWS are illustrated in figure 1. At
first, a dielectric film A is deposited and pattedninto islands by conventional UV lithography.
Then, a polycrystalline silicon layer is depositeg low pressure chemical vapor deposition
(LPCVD) technique and plasma etched by anisotropactive ion etching (RIE). Accurate
control of the polycrystalline silicon layer RIEtealeads to the formation of nanometric size
sidewall spacers that can be used as nanowiresfeBisility of these polyscrystalline silicon
NWs with curvature radius as low as 50 nm was presly demonstrated [16]. This method

allows the fabrication of parallel SINWs network

SINWSs based devices fabrication

Two types of devices used as gas (ammonia) sersmersfabricated as illustrated
schematically in figure 2: grounded or suspendddW& based resistors. For each type of

resistor, the fabrication of spacer polycrystallBi®&l\Ws follows step described in the figure 1.



Next, a highlyin-situ doped polycrystalline silicon layer is deposited LIBCVD technique at

550°C in the amorphous state and crystallized byntlal annealing at 600°C and patterned by

Substrate

Figure 1. Fabrication of polycrystalline silicon NWs by thielewall spacer formation technique
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Figure2. Grounded (a), suspended (b) SiINWs based resistors

RIE to form electrical contacts. The last step udels electrodes patterning using thermally

evaporated aluminium (fig. 2 (a). For the suspen8idd\Ws based devices wet etching of the



SiO, sacrificial layer (film A in fig. 1) allows the spended SiNWs formation anchored between

two highlyin-situ doped polycrystalline silicon electrical contaftg. 2 (b))

Electrical measur ements

Performances of SiINWs based resistors are chamedemeasuring static electrical
characteristics I-V using a probing tester and &dil Technologies B1500A semiconductor
device analyzer. The resistance (R=V/I) is deducesh the slope of the linear I-V curves for
each resistor. R-values are then reported as undti time for devices under exposure to gas.
Prior to measurements, devices are submitted tdyhdjluted hydrofluoric acid (2 %) agueous
solution to remove the native oxide on the SiNWdage in order to promote chemical species
adsorption. Then, SINWs based devices are put atwacuum chamber. The electrical
measurements are carried out at room temperatureghenpressure is monitored at 500mbar
regardless of the gas flow (ammonia) injection.

At first, a flow of nitrogen is injected continudysnto the chamber and the current
measurement as a function of time is started. Aftercurrent stabilizes, a flow of ammonia is
injected with the chosen ratio of MMil,. After a certain period of time exposure, the gase
injection is cut off. Then, the mixture gas of MM, is evacuated to get back to the environment
at the initial state. During the whole period of aserement, the mixture of gas NN, is
exchanged all the time whereas the concentratidheofjases is constant. This means that the
dynamic protocol is suitable to detect a certaincemtration of gases flowing through a fixed

space.



The potential use of SINWs as sensitive units tanama detection is checked by

measuring the detector responsg,defined as:

A (1)

where R (1) and R(lg) are the resistance (current) values for deviceleunitrogen and reactive

ambient respectively.

DISCUSSION

Figure 3 shows SEM pictures of grounded and sulgakrpolycrystalline silicon
nanowires with a 100nm curvature radius. Thankmtaccurate control of the etching rate of the
polysilicon waste, the sidewall spacer formationthrod allows fabrication of SINWs array
network. These results highlight the feasibilitytbis technological step with a precise control

on size, orientation and good mechanical robustiteshe suspended polycrystalline SINWSs.
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Figure 3. SEM pictures of: (a) grounded (after [16]), (h)spended spacer polycrystalline

SINWSs.



Such nanowires are then integrated into the fatiwicaf electrical resistors used as gas
(ammonia) sensors. The feasibility of the electricesistors based on the two types of
polycrystalline silicon nanowires is first demormséd by I-V curves plotted in the figure 4. The

lower current level for the suspended SiNWSs bassistors could be explained by a possible
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Figure 4. I-V characteristics of grounded and suspendeycpgdtalline SINWs based resistors.
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Figure 5. Variations of the detector response versus tim#eu controlled ammonia (350ppm)
exposure test. The pressure adjusted in the chamB®0mbar, and measurements are carried

out at room temperature, for a bias voltage of 0.5V



etching excess of the SINW during the 15 min dora8iQ sacrificial layer wet etching, using a
buffer hydrofluoric acid aqueous solution. Suchhitg excess may reduce the SINW radius
curvature and thus leads to the increase of thetaese of the suspended SiNW.

The sensitivity of the SiINWs to ammonia specieseigorted in the figure 5 for the
measurement of detection responsg,with a bias voltage of 0.5V at room temperatlwpon
exposure to ammonia electrical resistance decrdassmuse ammonia species act as donor of
electrons (reducing agents) at the SiINWs surfacg Ms the ammonia gas molecules adsorption
occurs at the SINWSs surface, electrons are tramsfeto the SiNWSs crystal core. Such
interactions induce significant changes in theieesrtransport along the nanowires and thus for
SiINWs electrical resistance in different possiblemalative ways. First, as the SiNWs
conductance can be modulated by an applied vo[tag€el8], positively charged gas molecules
(electron donors) bonded on SINWSs surface can nabeliheir conductance by changing the
volume of the conductive layer. In this case, amiamomay act as chemical gates. In other words,
it means that the Fermi level of the Si nanowiresshifted reducing the sample electrical
resistance.

The higher chemical response for the suspended brasestors is related to the higher
exchange surface of the SiINWs with the environmienthis case, for a constant gas mixture, a
higher exchange SiNW surface allows a higher nunatbdronded ammonia molecules on the
SiNWs surface leading to a higher electrons comagah taking part to carriers transport into

the SiNWs.



CONCLUSIONS

Based on this nanospacer method, 2D polycrystaBihdV arrays can be fabricated, at
low-temperature (<600°C), by direct patterning teghe using classical lithographic tools,
compatible with established silicon technology. iRssshow that such SiINWs can be used as
potential sensitive units for integrated gas (amiaosensors applications operating at room
temperature. Such SiINWs based sensor integratibralldw a lower manufacturing cost, in
addition to the advantageous electronic featuresmdfedded detection and signal processing in
CMOS silicon technology.

In addition, thanks to silicon surface functionation possibilities, such results offer a

great potential for further developments of intégdaSiNWSs based (bio)chemical sensors .
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