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Abstract

Suspended-Gate Polysilicon Thin Film Transistorselg SGTFT, are fabricated at a maximum temperatfire o
600°C on glass substrate. When using sub-microajg; figh field effect induces large shift of thansfer
characteristics due to any charge variation inti@egap. The device is used in measurements of miffefent
solutions with high sensitivity (~250 mV/pH), 4 &% the theoretical Nernstian response and the wsiliad
given by the known transducers. This high sensjtivitn-reached until now, is explained by the charge
distribution induced by the high applied field. Aipption of the device is extended to DNA recogmnitiwith
high and rapid answer. Whatever the applicationTSGis sensitive to charge variation. Selectivityh dze
insured by the detection principle that is basedhencouple DNA/complementary DNA in the case of AON
recognition or antibody / antigene in the caserofgins.

Keywords: electronic detection, suspended-gate TFT, serigitiH measurements, NDA recognition,
charge detection

. Here, application of this device is extended to the

1 Introduction detection of solution pH first. High sensitivity is
Suspended-gate-field-effect-transistor based ssnsoshown when sensing pH of different solutions. The
are extensively investigated since ever the work ofery high pH sensitivity, some times the theordtica
Janata [1]. Different variations of the structureNernstian response, is then explained for the tiimst
(Hybrid SGFET [2], Floating Gate FET [3]) were by highlighting the field effect. Next, applicaticsf
introduced to improve the performance. All thesethe device in DNA recognition with enough rapidity
structures use the work function variation asiéigrs and sensitivity is demonstrated.
parameter. Then, their sensitivity is limited to the
Nernstian response. We show here the possibility to Polysilicon air-gap TFT process
increase highly the sensitivity by introducing eldi
effect as additional parameter. The structure of the air-gap thin film transistdist

o ) . to be dipped in different solutions is shown in Uty
Used device is a completely polycrystalline silicon1 The fabrication process includes 8 masks and the

air-gap Thin Film Transistor that we realized maximum temperature is 600 °C, which is compatible
previously. The device fabrication uses a lowyith glass substrates.

temperature surface micro-machining process [4]. _ ) )
Besides the low temperature advantage, the imgortafiirst, the substrate, Corning 1737, is covered with
particularity of the process is the possibilityftothe ~ 500nm thick Low Pressure Chemical Vapor
gap at any value that can be much lower than 1ipm. Deposition (LPCVD) silicon nitride deposited at 600
such low gap, the field effect due to the app“mbg °C. .Th|S film acts as dlfoS!On and Contam|nat|0.n
voltage is so important that it can influence tharge  Parrier. Then a 350 nm thick layer of silicon is
distribution in the ambience and then the adsamptiodeposited by LPCVD at 550 °C and 90 Pa. The first
phenomenon and the work function variation. 200 nm of this layer is deposited undoped by using

o ) ) _only pure silane gas and successively without
This air-gap TFT device was used in gas deteCt'OBreaking the vacuum, just by switching on the
with very high sensitivity. Depending on the activegihorane opening valve, the last p-type doped 180 n
layer, oxidizing as well as reducing gas were detec  5re deposited. This structure iis situ crystallized
The shift of the transfer characteristics was 2VXor nder vacuum in the deposition reactor at 600°@ Th
ppm of NG and 6V for 100 ppm of NHwith short  goped up-layer is plasma etched to define sourde an
response time [5]. drain regions.
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Then 70 nm thick silicon dioxide and 45 nm thick3 Results

silicon nitride films are successively deposited in

order to passivate the channel. Silicon dioxide is3 1 Air-gap TFTs as pH sensor
deposited at 450°C by Atmospheric Pressure CV

(APCVD) and silicon nitride as previously. I?Drewous structure is checked as pH sensor. Fotlowe

procedure consists first on plotting transfer
There after, 500 nm thick polycrystalline germaniumcharacteristics of transistor that atipped in highly
sacrificial layer is deposited by LPCVD at 550°C andde-ionised water (DI). Then transiste& dipped in
patterned to form the regions of the drain and @®ur solution with a fixed pH and transfer charactecisti
contacts and the bridge anchors. Next, 45 nm thicls replotted. There after, transistor is rinsed ih D
silicon nitride film is deposited as previously. i¥h during 5 minutes. Afterwards, transistor is dipjirea
layer and the previous silicon dioxide / silicottridie  solution with another pH and transfer charactessti
stack of layers are patterned simultaneously tanopeis plotted. The procedure is then renewed for chffie
the drain and source windows. Then, 500 nm thiclpH values.

boron doped polysilicon and 45 nm thick silicon

nitride films are successively deposited and patter e —_—
to form the gate (bridge). The boron doped film is Source !
amorphously deposited by LPCVD at 550°C and then |
post-crystallizedn-situ at 600°C. Gate———— =

Afterwards, 500 nm thick aluminium film is deposite
and patterned to form the source, drain, and gads.p
The contacts wires are insulated using a photoresist
Then the sacrificial germanium layer is easily wet e o 3
etched using hydrogen per oxide,(4). Moreover,  rigre 3: Scanning Electron Microscope up-view of
its etch selectivity versus all other materialsduge

! g the structure
the process is very high.,&, does not etch any more o _
silicon, SiQ, and SiN,.. A scheme of the cross- Figure 4 shows transfer characteristics, draina®ur
section of the final SGTFT structure is shown incurrent Id versus gate-source bias Vgs, plotted at

figure 2. Figure 3 is a Scanning Electron Microscopdlifferent increasing pH values. Parallel shift ot
up-view of the structure characteristics is observed. Threshold voltagehisf t

p-type transistor decreases when pH value increases
This is consistent with a decrease of Eharges
content at high pH.

pH=11.4/10.1/7.6/4.6/3 , 22
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Figure 4: Transfer characteristics at different pH
value increasing from 3 to 11.4
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Figure 2: Schematic Cross Section of SGTFT
Structure used in liquid detection
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7,5 Q 1 eOX
Vi =¢MS+2¢F+%—7C jxp(x)dx N
707 S=255mV/pH €ox 0
6,5 | at 1ds=100pA where ®ys is the difference between the work
< function of the gate material and the semiconduictor
Y 6,0 | ¢r is the Fermi level position in the semiconductor
? versus the mid-gap, £ is the space charge in the
55 | semiconductor, C is the total capacitance betwien t
gate material and the semiconductog, & the
50 | thickness of the insulator that is the stack ofgaip,
' ‘ ‘ ‘ ‘ ‘ SisN4 and SiQ here,p(x) is the charge in the insulator
2 4 6 8 10 12 at a distance of x from the gate.

pH Any variation of the ambience in the air-gap letda
Figure5: Gate voltage at a drain current Ids of ~ Variation of the total charge in the insulator aad

100pA as a function of pH. The slope of the linear Possible variation of its distribution. Moreovemse
plot gives a sensitivity of 255mV/pH chemical reactions at the inner surface of the gzap

) ] occur leading to a variation dfys.
The gate voltage Vgs that gives a drain current Ids

value of —100 pA is plotted as a function of pH in Usually only the last variation is considered i E .
figure 5. It varies linearly with pH. The slope tfe ~ However when a high field due to the very low gap i
linear plot gives a sensitivity of 255mV/pH. This Present, the distribution of the charge in the @méx
sensitivity is well higher than the usual Nernstianvaries leading to a variation qf(x). Moreover the
response. It may be remember that the Nernstighigh field can influence the adsorption by pusttimg
theoretical sensitivity is 59 mV/pH at 20°C. charges on the surface.

Then, present sensitivity is more than 4 times thédll these effects lead to a variation ®f;s but also of
Nernstian sensitivity. In comparison, the usuakgla the last term in the V expression. Then, ¥
electrode pH meter or the known ISFET (lonvariation can be very large if the effects of ahhiigld
Sensitive Field Effect Transistors) present aare considered.
sensitivity just lower than the Nernstian value.

3.2.2 Experimental evidence of the field

3.2 Field effect as main origin of the effect on the sensitivity
high sensitivity To illustrate, the effect of the high field on thel p
o o _ sensitivity, SGTFTs are fabricated by using 0.8 pm
3.2.1 Qualitative description of the field air-gap that is larger than the previous 0.5 pm. one
effect Figure 6 shows the linear plot of Vgs versus pH for

To understand the origin of the very high sensitivit IS SGTFT. The sensitivity, 90 mV/pH, is much
the effect of the field between the gate and thdOWer than the previous 255 mV/pH. Then, the large
semiconductor can be considered. Due to the low gafi€!d effect can occur only with very high fieldsitle

500 nm here, electrical charges in the air-gap ar@it higher air-gap leads to large decrease of the
submitted to very high field. Particularly, posgiv S€nSitivity. Then, the beneficial effect of the higtid
charges, Hifor example, accumulate on the bottom ofO" the sensitivity is experimentally evidenced.

the bridge when negative gate voltage is applied. ) .

Desertion of H from the surface of the silicon nitride 3-2-3 ~ Experimental evidence of the effect of
gate insulator leads to reduced voltage needed to the new charge distribution induced
create the channel of the p-type transistor. Them, t by the high field.

effect of the field is_ to reduce_ the threshold ag_&. In" In the previous qualitative description paragraipie,
usual ISFET, the field effect is very low. Solutittt  high sensitivity was explained from both the
is initially neutral on any point, stays neutralnl®  adsorption as in usual ISFET and the effect of the n
charges that can be in vicinity of the silicon idier  charge distribution induced by the high field. ét i
adsorb and then shift the threshold voltage. possible to separate experimentally these botleisffe

So, in the present device, shift of the thresholtage ~ PY USing salt solutions that do not change the pé a
is due to the field effect that induces new chargdl0 not introduce an adsorption at the surface. Salt
distribution in the air-gap and also to the chargesolutions of KCI and NaCl and basic solution KOH
adsorption at the surface of silicon nitride. are prepared with exactly the same concentratibn. p
does not change when using salt solutions as K€l an
The threshold voltage % of SGTFT can be NaCl. When plotting transfer characteristics of
expressed by: SGTFT that is dipped in these solutions, only eftéct
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the field on the charge distribution will be obsmty 3.3  Air-gap TFTs as biological sensor
In the presence of KOH, pH change and then bott&.

effects of the new distribution of charges insitie t Ir-gap T.FT.S are then aple to detect_ any charge
gap and of the adsorption will be observed. Figure variation inside the gap with high sensitivity, sem

shows the transfer characteristics of SGTFT dipped itimes the usqal value, thanks to the high fiel@airrit
DI water and in solutions of KCI. NaCl and KOH ¢an be considered as generic structure to sense any
with the same concentration. ' chemical product that is linked to charge variatiaa

R an example, we show here that it can be used as
biological sensor, particularly, in specific DNA
(Desoxyribo Nucleic Acid) sequence detection. DNA
detection becomes now a major scientific and
economic priority.

DNA recognition is based on the couple DNA-
complementary or not complementary DNA that
induces charge variation. Then our charge sensitive
757 air-gap TFTs (or SGTFT) can be used in this
application.  Specificity is insured by the
7.0 1 hybridisation.

9.0
85 S=90mV/pH

8.0

Vgs (V)

65 | To detect the charge variation induced by the DNA
s . s . presence, DNA have to be bounded to the inner
2 4 6 8 10 surface of the gap. This needs to functionalize the

pH silicon nitride surface. So, B, surface is activated
by diving transistors in a solution of glutaralddly
Then, it is ready to bound DNA.

Figure 6: Gate voltage as a function of pH for 0.8 um
air-gap SGTFT. The slope of the linear plot gives a
sensitivity of 90mV/pH An amino-substituted oligonucleotide, ODN, is
I . - : ._grafted on this functionalised surface. Transfer
Similar shift of the charactensﬂcs is shown N characteristics  of SGTFT, dived in Phosphate
presence c.)f KCI or NaCl with th.e same concentrationg, o re Saling(PBS) solution, are plotted to detect
Th's shift is only .due FO j[he distribution of 'cha'sge the grafted ODN. The presence of the grafted ODN is
!nduced by the f"?'d. inside the gap.n¥/shift is . confirmed by the positive shift of the SGTFT transfer
induced by the variation Of. the last te”*? of ecprat characteristic (Figure 8). Positive shift of P-type
(1). Same charge content gives same shift. transistors means presence of negative chargesthat
With same concentration KOH solution, extra shift i ODN charge in this case.
observed. It can be due to the pH of KOH and tleen t
the charges that adsorb at the surface of silicide
(first term in equation (1)). Then in presence @HK
the shift is due to both the charge distributiod &me
adsorbed charge. Both origins contribute to then hig
pH sensitivity of the present device.

Next, hybridisation with non complementary DNA

(5nM concentration) is checked by its effect on
transfer characteristics. Transfer characteristiesdo

not shift as shown in Figure 8; that means that no
charge variation is induced by the add of non
complementary DNA. Hybridisation does not occur
with non complementary DNA.

-2,5x10*
So hybridisation with complementary DNA (5nM
-2,0x10™- concentration) is checked. Figure 8 shows larg¥ 0.4
positive shift of the transfer characteristics, uoed
1 5x10™- by the hybridisation of complementary DNA. The
< present shift is very large in comparison with poag
= _4 results obtained using ISFETs [6,7]. Typically, The
2 -1,0x10 shift is in the range of one hundred or less mV nhe
. using such ISFETS.
5.0x10 Hence, present SGTFT structure is shown as very
0.0 sensitive and direct DNA transducer.

The present example of DNA detection opens the way
to use the SGTFT device in protein detection. The
detection principle of protein is based on antiypéd

Figure 7: Transfer characteristics when SGTFT is anti-gene reaction. In this understanding, it milsir
dipped in DI water, and in solutions of NaCl, K&l o to DNA recognition where charge variation can be
KOH. These 3 solutions have the same concentratiorfletected.
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5 [4] Mahfoz-Kotb H., Salaun A.C., Mohammed-
-3,0x10 Brahim T., Bonnaud O. “Air-Gap Polycrystalline
5| % activated SiN, Silicon Thin-Film Transistors for Fully
-2,5x1077 o grafted ODN Integrated SensorsEEE Trans. Electr. Dev.
non comp. DNA Lett. 24, pp.165-167 (2003).

_57
-2,0x10 comp. DNA [5] Mahfoz-Kotb H., Bendriaa F., Salaiin A.C., Le
Bihan F., Mohammed-Brahim T., Morante J.R.

-5
= -1,5x10 “Polysilicon based Surface Micromachined Gate
=1 1.0x10°- Thin  Film Transistor”, Proceedings of
~HUX v Eurosensors XIX, Barcelona (Spain), September
5.0x10° 5 11-14 (2005).

/ gh [6] Souteyrand E., Cloarec J.P., Martin J.R., Wilson
0,0- 53 ,/-""f C., Lawrence I., Mikkelsen S., Lawrence M.F.
“Direct Detection of the Hybridization of

-1 | -2 | -3 A4 | -5 | -6 Synthetic Homo-Oligomer DNA Sequences by
Field Effect”, J. Phys. Chem. B 101, pp 2980-

Vgs(v) 2985 (1997)

Figure8: Transfer characteristics when SGTFT is [7] Pouthas F., Gentil C., Cote D., Bockelmann U.
dipped in PBS after activation of:8i, by “DNA Detection on transistor arrays following
glutaraldehyde, after grafting of ODN, after mutation-specific  enzymatic amplification”,

hybridisation trying of nom complementary and Appl. Phys. Lett. 84, pp 1594-1596 (2004)

complementary DNA. Positive shift shows the
presence of negative charge.

4 Conclusion

Suspended-Gate TFTs with sub-micron gap showed
their ability to detect with very high sensitivigny
charge variation inside the gap. This sensitivity is
some times the usual value given by the known
transducers.

Through different experiments, this high sensitivity
explained form charge distribution inside the gap d
to the high field effect. New distribution contriies
to the shift of the transistor characteristics. bter,
the high field increases the eventual adsorptiothet
surface by pushing or removing charges.

pH sensitivity reached 250 mV/pH that is 4 times th
usual theoretical Nernstian response or the
experimental response of the known pH meters.

DNA recognition with high and rapid answer is
proven. It opens the way to other biological
applications as protein detection.
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