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€. MapTuw, a-p ¢is.-mat. Hayk, KuiBcbkuin HalioHansHUI yHiBepcuTeT imeHi Tapaca LlleBueHka
B.AlueHko, A-p TeXHiY. HayK, IHCTUTYT kocmiyHux gocnigxeHb HAH ta HKA YkpaiHn

CUCTEMU 3 AKTUBHUMU I4-MAPKEPAMMU
AnA ABTOMATUYHOIO CTUKYBAHHA KOCMIYHUX AMAPATIB

HAna ob6cnyzoeyeaHHsi cynymuukie Ha op6imi eumazaembcsi 30amHocmi G0 36/IUXKeHHS] i CMuKyeaHHs1 3 OONOMO20t0 6e3MifIomHUX KOCMIYHUX
anapamie, 3 eidcymHicmio abo MiHiManbHUM empyyYaHHsIM JH0OuHU. Malibymui exkcneduuii 3 AocnideHHs1 kocmocy 6ydymb noknadamucsi Ha
"iHmenexkmyanbHi" aeémoHOMHI ycmoiicmea, Ans sikux nompi6Hi dyxe cknadHi cucmemu mexHiyHo20 30py. lMosiea HogUX an2opummie KOMI'tOMepPHO20
30py i akmueHux Mapkepie npu3eede o0 HOBO20 MOKOJIIHHS cucmeM 36/IUXeHHS1 i cmuKyeaHHs1 8 Halibnuxyomy MalibymHbomy. Taki cucmemu 6ydyms
30amHi aeMmOHOMHO eusienaAMmu Yinbosuli cymymHUK Ha cmapmi OocmaHHIX emanie 36JIUXeHHSs, ouiHeamu (020 nesieH2, eiddanb ma iGHOCHY
opieHmayito npu 6ydb-sikoMy oceimsieHHi i 8 6yOb-sIKOMY (1020 MOJIOKEHHI.

Knroyosi crosa: 36nuxeHHs1 i cmuKyeaHHs1, MapKepHUll mexHiYyHul 3ip, akmueHi MapKepu.
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CUCTEMbI C AKTUBHbIMU NMK-MAPKEPAMW
AnA ABTOMATUYECKOU CTbIKOBKU KOCMUYECKUX ATMNMAPATOB

HAns o6cnyxueaHusi cnymHukoe Ha opbume mpebyemcsi cnoco6HOCMU K COUXEHUID U CMbIKOBKE C MOMOWbI 6ecrusiomHbIX KOCMUYeCKUX
annapamos, ¢ omcymcmeuem uslu MUHUManbHbIM 8Melwameribcmeom Yyesoeeka. Bydyujue akcneduyuu o uccnedosaHuro kocmoca 6ydym nonazamscs
Ha "umennexmyanbHble" agMOHOMHbIe ycmolicmea, O7isi KOmopbIX MPe6yMcsi O4YeHb CJIOXKHbIe CUCMEMb] MeXHU4Yecko20 3peHust. [losieneHue Ho8bIX
anzopummoe KOMIMbIOMEPHO20 3PEHUSI U aKMUBHbIX MapKepoe fpueedem K HOBOMY MOKOMIEHUIO cucmeM CONUXEHUS] U CMbIKOBKU 8 6nuxaliwem
6ydywem. Takue cucmembi 6ydym crioco6HbI a@MOHOMHO OGHapy)ueamp Uesiegoll CrlymHUK Ha cmapme rMoc/ieOHUX amaroe cO/uXeHusl, oyeHu8amb
e20 nesieHe, yoarneHue U OMHOCUMEsIbHYH OpueHMayuro npu s1r60M oceeweHuU U 8 JIF60M €20 MOIoKeHUU.

Knioyeenbie crioea: conuxeHUe U CMbIKOBKa, MapKepHOe MexXHUYeCKoe 3peHuUe, akmueHble MapKepbl.
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INFLUENCE OF THE ELECTROLYTE ON TRANSPORT CHARACTERISTICS
OF ION-SENSITIVE SILICON NANOWIRE FIELD EFFECT TRANSISTORS

We report on the effect of the electrolyte on transport properties of open-gated silicon nanowire (NW) field effect transistor (FET)
biosensor studied using noise spectroscopy. Exposing the Si NW FET to the electrolyte solution affects the threshold voltage, because
it shifts the potential of the top dielectric layer. Also electrolyte ions screen the effect of the gate dielectric traps on channel transport.
NWs of different lengths were used to exclude contact effects and show consistency of the measurement.

Key Words: silicon nanowires, open-gate, noise spectroscopy, electrolyte, biosensor.

Introduction. Silicon nanowire field effect transistors
(Si NW FETSs) are promising structures for the development
of new biosensors due to their property of directly
translating |interactions with target molecules into readable
signals [6], [5]. These structures are highly sensitive and
selective and are capable of real-time response and label-
free detection. However, there are several important
challenges, such as the stability and reproducibility of the
operation of such sensors in a liquid environment due to
the property changes of the thin gate dielectric when
exposed to an electrolyte for a long time [4]. In this
contribution, noise spectroscopy was employed to
characterize the performance of the Si NW FET biosensors
with the electrolyte solution (working as a top gate of the
NW FET structure) on top and also without it. The influence
of the electrolyte on transport was studied by changes of
the device transport and noise characteristics. The results
show that the electrolyte solution not only influences the
threshold voltage of the transistor, but also affects the
charge state of the surface traps.

Experimental Details. Transport and noise properties
were measured and analyzed in Si NW FETs with a width
of 500nm and a variety of lengths from 2 to 16um (Fig. 1A).
The nanowires were produced on the basis of silicon-on-
insulator (SOI) wafers using nanoimprint technology with
subsequent wet chemical etching of the NW structures.
The contacts to the NWs were highly As implanted, so the
NW represented a FET with inverted n-type channel. The

NW sensors were protected from the electrolyte by a thin
thermally grown SiO» passivation layer (10nm thickness).
The measurements were performed with phosphate-
buffered saline (PBS) electrolyte on top of the passivation
layer of the NW FET structure and without electrolyte (in
air) at different back-gate voltages, V.
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Fig. 1. (A) SEM image of a 500 nm wide silicon nanowire.
(B) Sketch of the measurementset-up
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The back-gate voltage, Vs, was applied to the
substrate of the silicon-on-insulator (SOI) wafer. The
schematic of the experiment is shown in Fig. 1B. The
potential of the drain, Vps, as well as the back gate, Vg,
was set against the grounded source. In all experiments
shown here, Vps, was set to a value of 100 mV to
maintain a linear regime of operation of the NW transistor.
In this regime, the differential resistance of the sample
equals the normal value of resistance, which makes it
much simpler to evaluate the normalized current noise
spectral density (NCNSD), S/P, using the measured drain
voltage noise spectral density.

It should be noted that the noise spectra and the |-V
curves were measured in a constant DC mode. The drain
voltage, Vps, and back-gate voltage, Vi, were applied using a
battery loaded with the sample and a load resistance.

Results and discussion. The transfer characteristics
of the Si NW transistors were measured in DC mode in air
and in electrolyte (Fig. 2).
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Fig. 2. Transfer curves of the 8um Si NW FET measured
in air (red curves) and in PBS (black curves) plotted
on linear scale(A) and on logarithmic scale(B)

The measurement set-up was as described above. The
drain current, Id, controlled by the back-gate voltage is
higher in air than in the electrolyte in overthreshold mode, at
Ve>Vr, (Fig. 2A) and higher in electrolyte than in air in
subthreshold mode, Vg>Vr. It should be emphasized that
each point of the transfer characteristics was measured at a
stabilized drain current. After the back-gate voltage was
applied, the drain current increased with time until it reached
a certain saturation value. The time between applying the
gate voltage and saturation of the drain current was around
20 min in the case of air and around one minute in the case
of electrolyte. The leakage current through the back-gate
electrode was negligibly small (below 0.1nA). Therefore we
suggest that such an effect is related to charging of the traps
located in the top dielectric layer through the back-gate
electrode [2]. The time constant of such a process is so large
because the traps are charged with extremely small currents
through the back-gate dielectric. The decrease of the
charging time in the electrolyte can be explained by the

effect of charge screening. In the presence of the electrolyte,
the charge accumulated in the top passivation dielectric is
immediately screened by the ions of the electrolyte solution.
Therefore the conductivity of the channel changes much
faster in the electrolyte, but the influence of the back gate on
the channel through the charging of top dielectric layer
decreases. The slope of the transfer curve is higher in air
than in the PBS solution (Fig. 2A). And this difference can
also be explained by charging the top dielectric layer through
the back gate and the screening effect in the electrolyte. In
the subthreshold region (Fig.2B), we can observe that the
subthreshold current in the electrolyte is higher than in air.

As mentioned above, all measurements were
performed at low drain voltages (100mV). In such a regime,
the subthreshold current is not related to transport through
surface states, but is mainly defined by diffusion [1]. The
increase of the subthreshold current in PBS solution can
again be explained by screening of the potential of the top
dielectric layer by ions in the electrolyte. In the
subthreshold mode, negative overdrive gate voltages are
applied to the sample, and screening of the negative
overdrive potentials by ions in the electrolyte means
shifting the surface potential to zero, which, in turn, leads to
an increasing drain current. The curves measured in air
and in PBS solution coincide within the close vicinity of the
zero overdrive gate voltage. This means that screening
does not occur in this point and that the zero overdrive gate
voltage is close to the flat-band point. Therefore we can
conclude that introducing PBS on top of the NW transistor
affects transport in the transistor through screening of the
surface potential of the top dielectric layer [3].

Behavior similar to that described above is also
registered in the samples with different channel lengths.
The drain current with the same value of the overdrive
gate voltage, Ve—Vn, is plotted versus the channel length
of the device in Fig.3.
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Fig. 3. Drain current through Si NW FETs measured in air
(red curves) and in PBS (black curves) plotted versus
chanel length at drain voltage of 100 mV in subthreshold
mode (A) and in overthreshold mode(B)

The drain current is well scaled with the length of the
sample (Fig. 3A in air and Fig. 3B). Contact resistance
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can be estimated from the dependence of the drain
current on length by linear approximation (Fig. 3A in Air).
The value obtained is in the range between 8 and 12
kOhm for different measured chips, which is much lower
than the device channel resistance, even when it is
opened. Only Si NWs with shorter channels (4 and 6 ym)
are affected by the contact resistance (Fig. 3A in Air). In
the case of the PBS solution on the surface of the Si NW
biosensor, the subthreshold current is higher than in air
and vice versa — the overthreshold current in PBS is
lower than in air. Subthreshold current in PBS (Fig. 3A) is
no longer scaled with length. This may be due to the fact
that the current in the subthreshold region is strongly
affected by the electrolyte, which influences the surface
potential of the gate dielectric.

The influence of PBS on transport in Si NW FET is
also confirmed by noise measurements. Fig. 4 shows the
normalized current noise spectral density (NCNSD), S/P,
at subthreshold and overthreshold voltages measured in
air and PBS. In the subthreshold region, NCNSD in the
device decreased when PBS was introduced into the
sample. This decrease can be partially explained by the
changing of the subthreshold current. This current
increased by a factor of 3 (Fig. 2b at an overdrive gate of
-0.2V) after submerging a sample in PBS. Therefore, the
NCNSD, S/ has to decrease by approximately one
order of magnitude, but from Fig. 4A we can see that the
value of NCNSD is more than one order of magnitude
lower in PBS compared to that as in air.
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Fig. 4. Normalized current noise spectral density (NCNSD),
S/I", at sub-threshold (A) and overthreshold (B) overdrive gate
voltages measured in air (red curves) and PBS (black curves)
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This is possible only if the exchange between the Si
NW channel and the traps in the gate dielectric is affected.
Thus, this decrease of NCNSD can be explained by the
changing of the surface charge state in the sample's top
dielectric due to PBS electrolyte adsorption and the
screening effect as well as only a partial contribution of the
increased subthreshold current. In the region above the
threshold, submerging the sample in PBS results in a small
increase in the amplitude of fluctuations in the sample. The
lower value of the current at Vs-Vr = 1.0 V in PBS only
partially influences the normalized noise level behavior.

The difference in NCNSD cannot be explained only by
the difference in current. In this case, the current in air is
approximately 3.25 times higher than in PBS (Fig. 2A),
which means that without any other factors NCNSD should
be at least an order of magnitude lower than in PBS. Our
results show that exposing the nanowire samples to PBS in
overthreshold mode decreases NCNSD only slightly.
Therefore as in subthreshold mode, the overall excess
noise in the Si NW channel is lower when we expose it to
the electrolyte, in spite of the fact that the
transconductance is lower in PBS than in air.

Conclusion. Transport properties of silicon nanowire
field effect transistors exposed to air and to the electrolyte
solution were investigated and compared utilizing noise
spectroscopy. The results were obtained under quasistatic
conditions in DC mode. It has been shown that the
submerging of the nanowire samples in PBS affects the
current in the NW channel by screening the charges, which
accumulate in the top dielectric layer due to coupling
between back and front gate. The investigated nanowire
structures show good reproducibility in parameters. The
devices of different lengths show similar behavior with the
electrolyte and air on top. The produced Si NW FETS are
well scaled with length and have contact resistance in the
range of 10 kOhms, which is much lower than channel
resistance. The noise measurements show that the
electrolyte influences transport properties in the Si NW
channel not only by screening surface potential, but it may
also change the charge state of the traps in the top
dielectric layer. As a result of such influence, the value of
the excess noise is much lower in PBS than in air in the
subthreshold region.
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BMJIUB ENEKTPONITY HA ENIEKTPO®I3UYHI XAPAKTEPUCTUKU
IOHHO-4YYTNUBUX NMNONbOBUX TPAH3UCTOPIB HA BA31 KPEMHIEBUX HAHOHUTOK

HocnidxeHo ennue enekmponimy Ha enekmpodizuyHi enracmueocmi iOHHO-4Yymueux MosIbO8UX MpaH3ucmopie Ha 6a3i KpeMHieaux HaHOHUMOK 3a
J0IMoMoz200 WYMOBOI CreKMpPOoCKonii. 3aHypeHHs1 Mo/1b08020 MpaH3ucmopa Ha 6a3i KpeMHieeuXx HaHOHUMOK 8 PO3YUH esleKkmposimy npu3eodums Ao
3cyey Mopo20eol Harpyau mpaH3ucmopa 3ae0siku 3MiHi MomeHyiany eepxHbo20 wapy dienekmpuky. Takox iOHU enekmposimy ekpaHyomb U8 nacmok
8epxHb020 Wapy OiesleKmpuKy Ha mpaHcrnopm & KaHasi mpaH3ucmopa. s sukmoYeHHs1 KOHMakmHux eghekmie ma nidmeepdxeHHs1 docmosipHocmi
eKnepumeHmy 6ys10 npoeedeHO 8UMIPO8aHHS MPaH3UCMOpIie 3 Pi3HOI O0BXKUHOIO KaHarly.

Knroyoei cnoea: kpemMHiegi HaHOHUMKU, 8iOkpumuli 3ameop, ulymoea CreKmpocKonisi, eniekmponim, 6ioceHcop.
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BIMUAHUE SNEKTPOJINTA HA SNIEKTPOPUINYECKUE XAPAKTEPUCTUKHN .
MOHHO-YYBCTBUTEIbHbLIX MOJIEBbIX TPAH3UCTOPOB HA BA3E KPEMHMEBbIX HAHOHUTEU

HUccnedoeaHo enusiHue 351eKmposiuma Ha 3rekmpoghusudeckue ceolicmea UOHHO-YyecmeumesbHbIX MoJIe8bIX MPaH3UucmMopoe Ha 6a3e KPeMHUe8bIX
HaHoHuUmeli ¢ nomMowibto wiymoeoli criekmpockonuu. [Moz2pyxeHue noseso2o mpaH3ucmopa Ha 6a3e KpeMHUesbIX HaHOHUMel 8 pacmeop a/leKmponuma
npueodum K CMeujeHUIo MopPOo208020 HalpsKeHUs] mpaH3ucmopa 611a2o0apsi U3MEHeHUK NMoMmeHYuana eepxHe2o0 cJsiosi Quanekmpuka. Takxe UOHbI
3/1eKMpPOoIUMa 3KpPaHUPYom e/usiHUE JI08YWEK 8ePXHE20 C/1051 QUINIeKMPUKa Ha MPaHCIopm & KaHane mpaH3ucmopa. [l UCKITFoYeHUS] KOHMaKMHbIX

aghgpekmoe u nodmeepxAeHUs1 OOCMOBEPHOCMU SKCrepUMeHmMa 6binu MPoeedeHb! U3MEPEHUSI MPaH3UCIMOPO8 C PasuyHol AnuHol KaHana.
Knroyeeble crioga: KpeMHUeeble HaHOHUMU, OMKPLIMbIL 3ameop, WyMoeasi CIeKMPOCKONUS, 3/1eKmposium, 6UOCeHcop.
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REMOTE MEASUREMENT OF POLARIZED RADIATION PARAMETERS

In this work a method for measuring the polarized radiation parameters by determining its ellipticity angle and azimuth of
polarization ellipse is describes. It is proposed to additionally mechanically modulate the polarization plane of the analyzed radiation,
pre-calculating the modulation amplitude. This method allows measuring relative Stokes vector components of radiation with highly

accuracy in the entire optical range.

Keywords: polarized radiation, Stokes vector components, remote measurement

Introduction. Polarization is a fundamental physical
characteristic of the radiation, which is conditioned by
electromagnetic nature of light. Its measurement, followed
by a theoretical analysis is a powerful diagnostic tool. The
polarization state of light carries information not just about
the characteristics of separate particles but also about the
surface of the objects. Polarization methods of analysis
have been used particularly in medicine [1, 2, 5], during
studying material surface [4], in aerospace remote sensing
[3, 8]. Increasing the accuracy of determining the Stokes
vector components of the polarized radiation is an
important and urgent problem.

In [6] authors proposed a photopolarimetric method for
determining the polarized radiation parameters. The basis
of this method is the measurement of the ellipticity angle
and the azimuth of the polarization ellipse of optical
radiation by Stokes polarimeter with the modulation of the
polarization plane of analyzed radiation by Faraday cell.
The active element of a Faraday cell is transparent in the
near-infrared range yttrium iron garnet. Additional
modulation of the polarization plane of the radiation
increased the accuracy of the ellipticity angle and the
azimuth of the polarization ellipse measurement, and,
consequently, the relative values of the Stokes vector
components. However, using the yttrium iron garnet as an
active element of Faraday cell limits the application of the
proposed Stokes polarimeter by IR range. Additionally, the
domain structure of yttrium iron garnet partially depolarizes
passing light radiation that reduces the accuracy of the
determination of the Stokes vector components.

In this work the Stokes polarimeter is described, in
which instead of a magneto-optical Faraday cell is
proposed to use a mechanical modulation of the
polarization plane. This Stokes polarimeter will allow to
provide studies of radiation in the entire optical range
without significantly reducing the accuracy and sensitivity
of measurements.

Description. Block diagram of proposed Stokes
polarimeter is shown in Fig. 1. To determine the azimuth of
the polarization ellipse L and the ellipticity angle ® one
needs to make two measurements.

While measuring the azimuth of the polarization ellipse
A the most transmission plane azimuths of analyzers 1

and 2 are set to -6 and B+6 angles respectively

(Fig. 1, a). The angle 6 is pre-calculated so that the signal-
to-noise ratio at the output of photodetector was maximal
[7]. The switch 5 converts the voltage into an alternating
electric signal by passing signals in turn from the two
photodetectors 3 and 4.

2 4

)

3 5

9

Fig. 1. Block diagram of Stokes polarimeter:
1 - N4 phase plate; 2, 3 — analyzers; 4, 5 — photodetectors;
6 — switch; 7 — amplifier; 8 — synchronous detector;
9 — ammeter (indicator)

Intensities of radiation at the output of the analyzers will
be given by:
lour, = %(lq +k,)x[1+(1-2Gd) pcos 2wcos 2(2 —B+6) ] ;
lour, = é(k1 +k,)x[1+(1-2Gd) pcos 20cos2(h-B-0)]

where [ is the total intensity of the incident radiation; k.,
k, are the principle transmittances of polarizing prisms;
Gd is polarization defect of prism, p is the polarization

degree of the analyzed radiation.
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