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VERILOG_A IMPLEMENTATION OF NANOWIRE JUNCTIONLESS
ISFET COMPACT MODEL AND READ-OUT CIRCUIT DESIGN

In this paper, we implement nanowire (NW) junctionless (JL) ISFET model in
Verilog-A hardware language. The Verilog-A implementation would allow the NW ISFET
integration with signal processing circuits. The simulated by the code pH values are
compared with the corresponding data from COMSOL simulations, and a good agreement
is observed. The readout circuit based on amperometric switched- capacitors schemes is
designed. The readout circuit has introduced good linearity in pH values range from 3 to 7.

Keywords: Nanowire, ISFET, PH-sensor, readout circuit.

Introduction. Since the first application of lon-Sensitive Field Effect
Transistors (ISFET) as bio-chemical sensors [1], the technological evaluation of
ISFETSs has passed from planar to 1D (e.g. nanowire) geometries [2-4]. Nanowire
(NW) geometry is very attractive for sensor applications as the high surface to
volume ratio and comparable to biomolecule sizes, result in very high sensitivity
[2,3]. The fabrication of NW does not require complicated technologies making the
NW-based sensor production more reliable and commercially attractive [3,4].

In line with experimental realization of these new generation of ISFETs, the
compact analytical modelling is essential for the device optimization. A uniformly
doped NW ISFET can be treated as junctionless (JL) NW ISFET and this modeling
approach has been presented in [5,6]. The ISFET model is based on JL NW FET
model presented in [7], which was later explicitly formulated in [8]. The developed
NW JL ISFET model allows an accurate description of the influence of physical
and geometrical parameters on device pH sensitivity [9]. In this paper, we
implement the explicitly formulated NW JL ISFET model introduced in [6] in
Verilog-A, to run it in circuit simulator and present readout circuit design for the
first level realization.

Methodology: Implementation of JLNW ISFET Compact model in a
circuit simulator. The SIMetrix simulator core is chosen for our simulations, since
it gives the possibility of coding and modeling in real time. This tool gives
flexibility to make modifications in the code, and to use the same model again. The
software offers simulation languages, such as PSPICE, HSPICE, and Verilog-A,
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etc [10]. We implement the model in Verilog-A hardware language as it is less
error prone, support for buses, optional parameter range checking; always-faster
evaluation speed required in the NR loop, always-lower memory footprint is required.

1. Analytical explicit model. For the sake of clarity, at first, we will
introduce the NW JL ISFET model main equations in an analytical form. The
semiconductor NW charge and current calculations are based on the NW JL FET
model presented in [7,8], and generalized for NW JL ISFET in [5,6]. The NW JL
ISFET structure and band diagram are presented in Fig. 1.
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Fig. 1. The structure of the NW JL ISFET (a), and the energetic diagram of vertical cut (b)

The relationship between the bulk pH in electrolyte and the gating potential
on the oxide surface (®g) is given by the following equation:

Vs* . Ce‘:b_vs*_sc
2.3 (pHzpc — pH) =$—:ULTarcsmh( ir(P6—Ves )=Q ),

qNg6

(1

where Q. is the total charge density in the semiconductor, @; = V5" + @y, where
®,, is the potential drop across the electrolyte (see Fig. 1(b)), and V™ is the effect-
ive gate voltage applied to the reference electrode inserted in the electrolyte. All
other parameters in equations (1)-(3) are well defined in [6].

The increase of pH in the bulk electrolyte causes the depletion of the
semiconductor channel, consequently, for pH > pHypc, the JL ISFET will operate

in depletion if Vos* < Vpp, where Veg = Uy - In (IZL—D) Once the device operates in

1

depletion, we can use the explicit charge [8]:
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By substituting (3) into (2), the bulk pH is explicitly defined for a given ®g,
whereas @ will be defined from the drain current equation by substituting the
drain current value measured by the sensor.

The explicit drain current equation for the NW JLFET is:

_mR N 1\, 2|"P_ 1 3P, (Qa 'p
IDep(CDG: VD, VS) L u {(Scsi 4Cox) Qsc Vs 12Q4Csi Qsc Vs + (ZCox + 2 UT) Qsc Vs
Vp
_ 0sc)?
UrQulin(1+ Qd) VS}. A3)

The Verilog-A code of NW JL ISFET model starts with the initialization of
“disciplines.vams” and "constants.vams" libraries, then constants such as geometrical
and physical parameters, as well as variables used in the model are defined. Finally
the main part of the model starts. For clarity, two pieces from the model code are
presented in Appendix 1.

By measuring the sample, we fix the measured current, therefore, in SIMetrix
simulator the drain current value is considered to be known. We have validated pH
values calculated at a given drain current by the circuit simulator with the
corresponding data from COMSOL simulations. The comparison is illustrated in
Fig. 2, and indeed very good agreement is observed. The difference between the
data from these simulations is less than 0.01 for PH range from 3 to 8.

50.0
40.0 Vg=0.5V, Vd=1V
T 300t
t
g
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At © COMSOL data
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00 o ¢
1 1 L 1 1 L L 1 ]

PH

Fig. 2. Current dependence on pH calculated from COMSOL and SIMetrix
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2. Readout circuit for NW JL ISFET. The next step is to design a readout
circuit for the NW JL ISFET. There are different readout circuit types: (i) potentiometric;
(i) amperometric; and (iii) impedance-based [11, 12]. Amperometric techniques
require three electrodes, namely “working” (sensor), “reference”, and “auxiliary”
electrodes, consequently as we use three-electrode configuration (reference, drain,
and source), the amperometric measurement configuration is the correct choice.

A classic switched-capacitors reset mechanism, that also performs
correlated-double sampling circuit, we choose as a reference for designing our
amperometric measurement circuit [11, 13].

The designed readout circuit is presented in Fig. 3. The circuit consists of the
following blocks: 1) NW_JL ISFET model configuration circuit; 2) The first stage
current amplification; 3) The second stage current amplification; 4) Current to
voltage converter circuit. We have used two stage current amplification circuits,
namely 3 LM7171 op-amps, which are known as very high speed, high output
current, and voltage feedback amplifiers [14]. For simplicity, op-amp voltage
supply sources are not shown here.

Ref] | D
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Referencet  drain
—pH

LM7171BINS

100k
de

sourc R7

1k
att J a4 J X
| irf540ns u. | irf540ns u.

500m 200m
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= RF1K49003 =

b) = =

Fig. 3. (a) Sub-circuit block of JLFET, (b) Amperometric switched-capacitors circuit
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The sub-circuit, illustrated in Fig. 3 (a), consists of: Reference (Ref), Drain
(D-) and Source (S) electrodes and (pH)-solution pH value. In Reference and Drain
pins we set 0.5V and 1 V DC power supplies respectively. The first block (U2 block)
simulates the NW JL ISFET model written in Verilog-A. The measured drain current
is given to dc output pin of U2 -NW_JLFET block (see Fig. 4 (b)). The calculated
PH value is set to pH pin.

In addition, we calculate the circuit output voltage versus the output current
in dc pin. The current data correspond to pH values varying from 3 to 7. The
calculations are presented in Fig. 4. It is seen that the designed circuit exhibits a
good linearity.
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Fig. 4. The circuit current to output voltage conversion

Conclusion. The analytical compact model of the NW JL ISFET has been
implemented in Verilog-A, and the measuring circuit of ISFET has been designed.
The sensing readout circuitry of ISFET has been developed on the basis of
switched-capacitors amperometric schemes. The pH sensor circuit exhibits good
linearity.

Acknowledgements. The work was supported by the Science Committee of
RA, in the frames of the research project Ne 21T-2B321. In addition, the authors
would like to acknowledge Seed Funding Grant (UNIGE).

402



Appendix 1.
Here are presented two main pieces of Verilog_ A code.

//Libraries are called and the main parameters are already defined.

for (i=0; i<20; i1i=i+1)
begin
k=0;
for (i=1;i<Z000; i=i+1)
begin
fsms = S—0.5*tanh (0.2 * (FIG—V(source)-VT)/UT)
fsmd = S—0.5%*tanh (0.2 * (FIG-V{drain)-VT)/UT)
QDeps = —RD*Cn + QDa* sgrt
(
QDepd = —QD*Cn +
|QDa* sgrt(l—c*{1/{(QDa* (1+Cn) ) *Csi*UT*1n
Tdep = pi*R/TLS1 * u * ((1/(5*Csi)—
FIG =FIGE — SE-—-4;
I{drain)<+ Idep;
if (abs(Idep-ID)<0.c*pow(l0,-nm})
begin
k=k+_ ;
o = 0.072;
Voceff = V({Referencel) - By
PH = -
if (k==1)
begin
Sstrobe ("FIz=",,FIG) ;
/fSstrobe ("flatband=", ,VFB):
Sstrobe ("ID=",,Idep) ;
Sstrobe . sPH) ;
$strobe ("none",, ) ;
end
end
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/I equations are shown in short form

for (i=0; i<20; i=i+l)

H begin

if (k<C.1l) n=n+l;
k= 10 *k;

L end

for (i=1;i<2000; i=i+l)

H begin
] fsms = 0.5=-0.5%tanh (0.2 * (FIG-
a) famd = 0.5-0.5*%tanh (0.2 *
QDeps = -QD*Cn + QDa* sqgrt
3 (
] QDepd = -QD*Cn + QDa* sqgrt(l-
3| Idep = pi*R/LSi * u * ((1/(5*Csi)-
Av = 0.072;
VGeff = V(Referencel, source)
- Av;
H PH = -

FIG =FIG - SE-4;
if (abs(Idep-ID)<l*pow(l0,-n))

H begin
kl=kl+1;
if (k1=1)

] begin

- end

//PH= PH+0.5;

L end
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L.} GAUUSUL, U.E. GUUSUL, d-U. UULLGU

VUULALUMUSPL UL-ULSNRUUSPU ISFET UNYSLE VERILOG-A PLUSNRULC
B4 wurMusni, ceusk LUvUQONRUL

Ppujuiwugyt) b twinjupuhtt wb-wignidughtt hnbtwqquynit qupnughtt npwub-
qhunnph dnnbih hpugnudp Verilog-A 1kqny: Unnkjh Verilog-A hpwgnudp pnyp E wiwhu
hntwqquynit wpwuqhunnph wqpupwh dowldwh upbdwutph dhljuig hunbgpoud:
Uwnwugws pH wpdbputpp hwdbdwnygt) tih COMSOL Unphjuynpdut hwmdwwwnwuiw
nfjuukph htwn, b tuundl] E wdjuiubph juyd hwdwdwjinipnit: Luwpjuwgsyty t pupbtpg-
dwt ujubdw’ hhdtws wdybkpuswthhy wbigwnhs Ynunttuwnnpibpny ujubdwbph Jpu: Co-
phpguwt ujubdwi gnigupbpty b juy gdwyunipeinit pH-h 3-hg 7 wpdtpubph dhowljuypnud:

Unwhgpuyhl punkp. twlinjup, hntiwqquynit IS, PH — wnhy, pupbpgnn onpu:

H.J. E3AKSH, A.9. ECASH, K-M. CAJJIE3

PEAJIM3AIIAA KOMITAKTHOM MOJIEJIA HAHOITPOBOJIOYHOT' O
BECIIEPEXOJHOTI'O ISFET HA SA3BIKE VERILOG-A U
INPOEKTUPOBAHHUE CXEMbI CYUTBIBAHUSA

Peaym3oBana MojieNb HAHOPOBOJIOYHOTO OECIICPEXOTHOTO HOHHO-YYBCTBUTEIBHOTO
TpaH3HuCTOpa Ha s3bIKe Verilog-A, 4To MO3BOJISIET MPOBOAMTE €r0 UHTEIPUPOBAHHE CO CXE-
Mamu 00paboTku curHaioB. ComocTaBiieHUe MOTyUYeHHBIX 3Ha4YeHui pH ¢ cooTBeTCTBYIO-
My aaaeiMu pacuetoB COMSOL nokazano xoporiee coBnaaenue. CrpoeKTupoBaHa
CXeMa CYMTbhbIBaHUA Ha OCHOBE aMIICPOMETPHUCCKUX CXEM C INEPEKIOYACMbIMHU KOHJACHCA-
Topamu. JlaHHAs cXxeMa CUMTHIBAaHHMS 00ECHEeUMBACT XOPOIIYIO JTMHEWHOCTh B JHAIAa30HE
3Hauenuit pH ot 3 1o 7.

Knroueevie cnosa: HaHOTIPOBOIIOKA, HOHHO-UYYBCTBUTENBHBIN TpaH3UCTOp, pH-ceH-
COp, CX€Ma CUUTHIBAHHS.
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