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Abstract

A simulation based novel and unique approach of controlling and modulating the threshold voltage sensitivity
of a short channel surrounding gate MOSFET biosensor is investigated for improved biosensing applications.
Different results show that the biosensor with symmetric doping is more sensitive to charged and neutral
biomolecules when compared with the asymmetric doping. Threshold voltage sensitivity and subthreshold
slope sensitivity of 4.5 and 0.44 have been obtained which shows the significance of doping attributed
sensitivity. It is so find that sensitivity increases on increasing drain to source voltage because of stronger
horizontal electric field across the channel. A remarkable percentage change due to the doping variation
shows the improved biosensing action in terms of threshold voltage change and subthreshold slope change.

Introduction

Field effect transistors are an important invention in the field of electronics having numerous variants used in
different applications[1-6]. One of the applications which is extensively explored is biosensing[7, 8]. A good
biosensor must be highly sensitive to the biomolecules. The change in the threshold voltage and subthreshold
slope signifies high sensitivity. This change primarily occurs due to the filling of cavity with the biomolecules
which changes the potential and electric field profile in the channel. Zahra Ahangani et. al[9] and Cong Li et.
al[10] have discussed the sensitivity of biosensors in terms of threshold voltage change along with different
parameter variations. Although, not much related work have been done in past[11-15]. Recently, Yogesh
Pratap et. al[16] and Avik Chakraborty et.al[17] have reported surrounding gate MOSFET biosensors for the
detection of biomolecule species using the different sensing metrics.

This paper gives a brilliant insight of the doping attributed sensitivity pattern in the proposed biosensor. Here,
the proposed biosensor is a surrounding gate MOSFET (SG-MOSFET) with an I-shaped oxide layer and the
sensitivity metrics considered are threshold voltage (V;) and subthreshold slope (SS). The I-shaped oxide layer
offers a better fill factor than its counterpart. Ensanur Rehman et. al[18] has discussed the effect of
biomolecule position and fill factor on the sensitivity of a MOSFET based biosensor. The current work and
study can be generalized for similar structures of SG-MOSFET based biosensors.

First section briefly explains the literature review of the work that has been done in the past. Second section
explains the device structure and methodology used. In the last section, the important results and graphs have
been discussed. The main results are divided into two parts to give a better insight and comprehension of the
source and drain doping dependent sensitivity pattern in the SG-MOSFET biosensor. In the first part, the
doping of both source and drain is increased from a lower to a higher value at an equal rate. In the second
part, a) the doping of drain is increased (keeping the doping of source and channel constant) and b), the
doping of source is increased (keeping the doping of drain and channel constant).

Materials And Methods
Device structure
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Figure 1 shows the 3D (three dimensional) and 2D (cross sectional) view of SG-MOSFET biosensor used for
studying the doping dependent sensitivity pattern. The source and drain engineering techniques refer to the
precisely varying doping of source and drain regions which gives an idea about the optimal doping over which
the proposed biosensor shows the highest sensitivity.

TABLE |

STRUCTURAL PARAMETERS
Parameters Value
Channel length 30 nm
Source/Channel/Drain 10 nm
radius

Source/Channel/Drain  Silicon (Si)
material

Work function (Wgate) 4.96 eV
Channel doping (N¢) 1070 /cm3

Source doping (Ng)

Drain doping(Np)

Source/Drain length

Oxide layer
thickness(t,,)

Cavity thickness(t.,,)
Cavity length

Gate oxide

Biasing

Oxide length

Biomolecules charge
density

(Kpio=5)

ISt Part: 10"3 to 1029 /cm3

I"d Part 1st Subpart: 10"° /em3

ISt Part: 1073 to 1020 /cm3

I"d Part 1st Subpart: 11079 to
5%1029 /cm3

10 nm

4 nm

2nm

L;=174nm

Silicon dioxide (SiO,)

VDS=0'5 \
LOX= 30 nm
p= p=0
-1¥10"1/cm?

(Hydrprotein)20!
(DNA)“ 9]

2nd Subpart : 1*10'° to 5%1020
/ecm3

2nd Subpart : 10"° /cm?

L, =14 nm

VGS=(0_1)V
LEOX= 2 nm
p=+1*¥10"" /cm?

(Amino acids)[2]
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Simulator specifications

The behavior of the proposed SG-MOSFET biosensor is studied with the mentioned parameters given in Table
| on SILVACO ATLAS TCAD[22]. Different models have been incorporated for the simulation purpose: SRH
model is used to support the carrier generation and recombination, CONMOB model is a mobility model and is
used to relate the impurity profile with low field mobility at room temperature, FLDMOB is another field
dependent mobility model. Solution method used to solve the non linear and complex differential equations is
NEWTON GUMMEL method that incorporates both decoupled and coupled iterations.

Results And Discussion

Different biomolecules are characterized by their distinct dielectric constant and charge density[19, 23, 24].
Biomolecules such as 1) DNA are negatively charged (non hybridized) and can have variable charge density
and dielectric constant[19] and 2) uricase, biotin, aminopropy! triethoxysilane, streptavidin, ChOx,
hydroprotein, APTES are neutral biomolecules[24]. Our current work is focused upon showing the effect of
source and drain doping on the sensitivity of biosensor, so we have taken biomolecules with different charge
density (covering a wide range of biomolecules) which helps to study the variation of sensitivity pattern in the
presence of charged biomolecules. Absence of biomolecules have been simulated by considering the cavity
filled with air (k=1 & p=0).

Figure 2 shows the energy bands shifting in the SG-MOSFET at different conditions. Figure 2 (a) shows the
energy bands shifting when the doping of source/drain is varied whereas Fig. 2 (b) shows the energy bands
shifting in the presence of different biomolecules. High doping of source generates relatively large number of
electrons compared to low doping which pulls the energy bands downward. Biomolecules inside the cavity
alters the gate capacitance and lateral electric field in the channel which slightly increases the conduction
band energy and valence band energy. Figure 3 shows the contour plot of electron concentration across the
channel in the SG-MOSFET. Figure 3 (a) shows the electron concentration contour plot when the doping of
source/drain is varied whereas Fig. 3(b) shows the electron concentration contour plot in the presence of
different biomolecules. It can be clearly seen that the peak electron concentration is concentrated in the centre
of the channel. Increase in the source doping increases the electron concentration (charge carriers)
constituting the drain current. Presence of biomolecules inside the cavity increases the gate capacitance
which changes the concentration of electrons near the Si-SiO, interface.
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TABLE Il
THRESHOLD VOLTAGE (V7)AND THRESHOLD VOLTAGE SENSITIVITY (Sy1) AT DIFFERENT DOPING

Doping Value (cm=3)  Threshold Voltage — (V; : Volts) Threshold Voltage Sensitivity — (Sy; :
Percentage)
Source_Channel_Drain
Koio = 5 Koio = 5
P P P P P P
-1*1011 0 + 1*1011 0 +
cm-2 1*10""em2 -2 1*10"cm™2

Do 10731070 10"  0.0459207 0.045366 0.0429468  453.0462 446.3645 417.2300
Dy 10741010 10'4 0.141106  0.134749 0.121702  264.6235 2481967 214.4828
D. 10751070 7075 0208939  0.202324 0200550 657943  60.5452  59.1376
Dy 1076 1070 1076  0.244491  0.241664 0236106  49.4078  47.6803  44.2838
De 10'7.10%0 1077 0330133 0315766 0286625  44.9446  38.6368  25.8424
Df 10781070 707 0388328  0.371414 0349767 407057 345771  26.7336
o 10191070 1019 0430309 0416805 0402911 741571  68.6916  63.0684

Dh 1020 1070 1020 0.411948 0.399756  0.387387 133.8607 126.9394 119.9176

Figure 5 shows the potential profile across the channel in the SG-MOSFET. Figure 5 (a) shows the potential
when the doping of source/drain is varied whereas Fig. 5(b) shows the potential in the presence of different
biomolecules. Doping of source and drain changes the potential barrier at the source-channel and drain-
channel junctions and this changes the potential profile across the channel. Gate capacitance and field profile
changes in the presence of biomolecules which changes the channel potential. Higher doping of source and
drain increases the channel potential by a considerable amount. Channel potential decreases in the presence
of biomolecules which is mainly due to the change in gate oxide capacitance.

Effect of equal source and drain doping

It has been already studied that on varying the doping of source and drain at an equal rate keeping the
channel doping constant will affect the sensitivity[25] of the MOSFET based biosensor. The threshold voltage
depends upon various factors which can influence the sensitivity of the same[14, 15, 26].

Increasing the doping of source and drain in an identical pattern will lead to two primary effects: Effect 1 &
Effect 2. When the doping of source and drain are increased at an equal rate from a low to high value, a major
part of the depletion region will penetrate inside the channel than the source (source-channel junction) or drain
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(drain-channel junction) which is basically the effect 1. The aggregate depletion layer width keeps on reducing
with the increased doping which is basically the effect 2. So, both the effect 1 and effect 2 will be present
when the doping of source and drain will be increased from a low to high value. Effect 2 is more dominant at
low doping which leads to the reduction of depletion layer width and thereby increasing the effective channel
length. Effect 1 is more dominant at high doping which leads to the penetration of depletion layer inside the
channel resulting in the decrement of the effective channel length.

Doping notation p_g_r indicates doping of the source (1*10P /cm?), channel (1*109 /cm?) and drain (1*10"
/cm?3) in the same order and the S_C_D notation indicates source_channel_drain respectively. Values of
doping D,-Dy, are specified in the Table II. Both the effects will be present when the doping of source and drain
is increased at an equal rate.

Table Il shows the threshold voltage and threshold voltage sensitivity at different doping (equal source and
drain doping) when the cavity is filled up with different biomolecules. But initially, effect 2 dominates over the
effect 1 because initial increase in the doping will result in the reduction of the depletion width. This means
that the depletion width keeps on reducing on both the junctions which implies that a less portion of the
channel will be covered with the depletion region on both the extreme ends of the channel[27]. Therefore, the
effective channel length will keep on increasing initially and hence, more gate voltage will be required to turn
on the device. This implies that threshold voltage will increase when the doping of source and drain are
increased initially. Now, further increasing the doping will make the effect 1 more dominant and a maximum
part of the depletion region will penetrate inside the channel at both the junctions which is due to the high
doping of source and drain than the doping of channel[28]. This results into the reduction of the effective
channel length and hence, less gate voltage is required to turn on the device and the threshold voltage is
reduced. So, the threshold voltage initially increases with the doping and attains a maximum value but after a
certain doping, threshold voltage starts decreasing as shown in the Fig. 6(a). The modulus of the threshold
voltage sensitivity is considered in the current study and is given in the Eq. (1).

‘/t(biomolecule) _‘/t(ai'r)
sv.=|( )+ 100| (1
Vi ‘/t(air) ( )

The current flowing in the biosensor is highly influenced by the biomolecules introduced in the cavity. The
lateral electric field dominates and gets influenced by the biomolecules. Here, Vt,;, and Vt,;, refer to the

threshold voltage when the cavity is filled with air (no biomolecules) and biomolecules respectively. The
threshold voltage sensitivity initially decreases until it attains a minima and then, increases in accordance
with - Vt,; .and |Vty,;, — Vt,;l. Figure 6(b) and Table Il also shows the threshold voltage sensitivity at different

doping when the cavity is filled with biomolecules.

It has been observed that effect 2 tends to predominate at low doping [29, 30] and when source/drain doping
is increased, the depletion width at both the source-channel and drain-channel junction reduces which
increases the depletion capacitance (Cdep). The subthreshold swing is the reciprocal of the subthreshold

slope[31] and is linearly proportional to Cgep- SO, When depletion width decreases, the subthreshold swing
increases but the subthreshold slope decreases at low doping [27, 28]. At high doping, effect 1 dominates
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which increases the subthreshold slope. Local minima can be seen in the pattern of subthreshold slope in the
Fig. 7.

Table Il shows the subthreshold slope at different symmetric doping of source and drain. Subthreshold slope
is influenced by the doping of source/channel/drain and the presence of biomolecules inside the cavity.
Hence, subthreshold slope sensitivity (Sgg) first decreases until a minima is attained as | SS,ip) = SSpg) |
decreases initially where SS,;;) and SS . are the subthreshold slope when the cavity is filled with air and
biomolecules respectively. Further increasing the doping at an equal rate increases the subthreshold slope
sensitivity. This subthreshold slope sensitivity (Sgg) pattern can be seen in Fig. 8. Figure 8(a), 8(b) and 8(c)
shows the subthreshold slope sensitivity when the cavity is filled with the negatively charged, neutral and
positively charged biomolecules respectively.

Presence of charged biomolecules changes the flatband voltage which alters the potential and electric filed
profile in the channel. Table Il also shows the subthreshold slope sensitivity at different doping when the
cavity is filled with different biomolecules. Eq. (2) shows the subthreshold slope sensitivity expression. Here,
the modulus of the subthreshold slope sensitivity value is considered since sensitivity of biosensor depends
upon the relative change rather than the absolute value of the metric.

SS(air) _SS(biomolecule)
SS(air) ( )

Effect of unequal source and drain doping

Asymmetric doping of source and drain and its effect on the various sensing parameters has been critically
studied[25]. For the simulation purpose, a reference doping (RD) is selected: source doping (Ng): 1¥107%/cm?,
channel doping (Ng): 1*10'9%/cm?, drain doping (Np): 1*10'%/cm?3. To study the effect of unequal doping, drain
and source doping are varied independently. When the drain doping is increased from the reference doping,
source and channel doping are kept constant & when source doping is increased from the reference doping,
drain and channel doping are kept constant. Doping Dg;-Dg3, Drp and Dp1-Dp3 are specified in the Table IV.

If the drain doping is increased beyond the reference doping (RD), the effective channel length reduces [27, 28]
and less gate voltage is required to turn on the device, i.e. the threshold voltage decreases. Figure 9 shows the
variation of threshold voltage (V;) when the cavity is filled with air and biomolecules respectively. It can be

observed that the threshold voltage increases after introducing the biomolecules inside the cavity because of
the strong lateral electric field developed across the channel. Due to this, the fractional change [Vt gy = Vtiain

|/ Vi keeps on increasing with the increased drain doping. This variation of threshold voltage sensitivity
(Syy) is shown in Fig. 10. As the doping of the drain keeps on increasing from the reference doping, the

depletion region on the drain-channel junction keeps on penetrating inside the channel[27, 28] which results in
the reduction of the depletion capacitance (Cq4ep) and this decrease in the Cyg,, decreases the subthreshold

swing but increases the subthreshold slope. This pattern is shown in Fig. 11(a). The fractional change 1SS airy
-SS(pio)l/ SS(air) increases when the doping of the drain is further increased from the reference doping which
can be seen in the Fig. 11(b).
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TABLE llI

Doping Value (cm™3)

Source_Channel_Drain

Do 103 1070 103
Dp  1074_1070_1074
De 10751070 105
Dy 1076_100_1076
De  10'7_10'0_10"7
Dt 1078 1070 108

Dg 1019_1 010_1 019

Dn 1020 1070 1020

Subthreshold Slope — (SS :
(Volts/decade)™)

0.07194

0.07193

0.07148

0.07128

0.07121

0.07114

0.07747

0.09395

0.0720

0.07196

0.07142

0.07128

0.07121

0.07115

0.07761

0.09407

p

+
1*10"cm2

0.0729

0.07196
0.07141
0.07128
0.07121
0.07115
0.07776

0.09423

Subthreshold Slope Sensitivity — (Sgg

Percentage)

251176
24.0830
23.9825
23.8258
23.6722
23.9660
37.1150

44.1769

SUBTHRESHOLD SLOPE (SS)AND : SUBTHRESHOLD SLOPE SENSITIVITY (Sgg) AT DIFFERENT DOPING

25.0421

24.0579

24.0456

23.8267

23.6692

23.9640

36.9970

44.1020

p

+
1*10"ecm2

24.0700
24.0545
24.0495
23.8257
23.6660
23.9606
36.8762

44.0106

With a similar discussion done above, increasing source doping leads to the reduction of the threshold voltage
(Vy) which can be seen in Fig. 9. The fractional change [Vt(iomolecute) = Vii(ainl/ Viair) increases with an

increase in the source doping and can be seen in the Fig. 10. As the doping of the source keeps on increasing,
the depletion region on the source-channel junction keeps on penetrating inside the channel. This results into
the reduction of depletion capacitance (Cye,) Which will increase the subthreshold slope and can be seen in

the Fig. 11(a). The subthreshold slope sensitivity (Sgg) increases when the doping of the source is increased

from the reference doping and is shown in the Fig. 11(b).

TABLE IV

THRESHOLD VOLTAGE SENSITIVITY & SUBTHRESHOLD SLOPE SENSITIVITY AT DIFFERENT DOPING
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Threzhold Voltage Sensitivity Subthreshold Slope Sensitivity
Doping Value (em™) (Sve : Percentage) — kin=35 {55 : Percentage) — ki =5
Source_Channel_Drain —1-.=:II:}:|:|:|1'2 I:] +1 elli cm™ —1-.=:II:}:|:|:|1'2 E +1 elli cm™

Ds; | 52102 1e10M? 1e10%® 96.4704 |  90.7895 85.0216 40.5620 | 40.4209 | 402651
Ds; | 1e10?? 110" 1e10!? 00.9764 | 85.4632 79.8663 39.5316 | 394166 | 393125
Ds; | 5e101° 1100 1e10%® 87.5628 | 81.7503 76.6425 39.1903 | 39.1074 | 390235
Dro | 1210° 1e10'? 12102 741571 | 68.6916 63.0684 37.1150 | 36.9970 | 36.8762
Dp: | 1210 12100 52102 95.5378 |  89.2265 82.7258 40.8841 | 40.7662 |  40.6425
Dz | 1210% 12100 12102 H.,l 101.5939 |  95.0392 88.2835 414526 | 413113 | 41.1651
Dp: | 1210 12100 52102 110.4973 | 103.5824 95.4543 421210 | 42.0127 | 41.9018

Table IV shows the threshold voltage sensitivity and subthreshold slope sensitivity for different biomolecules
when source and drain doping are varied at an unequal rate. Figure 12 shows the threshold voltage relative
change (AV,) and subthreshold slope relative change (ASS) at different doping when the cavity is filled with
different biomolecules. A larger AV; and ASS can be seen for negatively charged biomolecules and this
change is larger at high doping. The threshold voltage offers a larger relative change and percentage
sensitivity when compared to subthreshold slope, thus it can be a better sensing metric for biosensing
applications. Figure 13 shows the variation of drain current with gate voltage at various doping. It can be
clearly seen that drain current increases with the increased doping due to the generation of large number of
charge carriers.

The prime objective of this paper is focused upon showing that the sensitivity of a biosensor is affected by
the doping of the source and drain in a short channel SG-MOSFET based biosensor. Figure 14 shows the
effect of drain voltage on threshold voltage sensitivity and subthreshold slope sensitivity. The effect is shown
at both symmetric and asymmetric doping of source and drain. Figure 14 (a-c) shows the threshold voltage
sensitivity whereas Fig. 14 (d-f) shows the subthreshold slope sensitivity. Symmetric doping (SD) considers
the lower source/drain doping (Ns=10"4/cm?, N.=10"%/cm?, Np=10"4/cm?) and the higher source/drain
doping (Ng=10"%/cm3, Nc=10"%/cm3, Np=10"%/cm3) whereas asymmetric doping (ASD) considers different
doping for source and drain (Ng=102%/cm?, N=10"%/cm?3, Np=10"%/cm?3) for showing the effect of drain
biasing on the threshold voltage sensitivity and subthreshold slope sensitivity. It can be clearly seen that both
the threshold voltage sensitivity and subthreshold slope sensitivity increases with an increase in the drain
voltage. Although, a higher drain voltage gives a better sensitivity but it should be noted that drain voltage
cannot be increased beyond a certain limit since a high drain voltage in a short channel device may damage
the device leading to its permanent breakdown.

Conclusion

This paper investigates the impact of doping on the sensitivity of the SG-MOSFET biosensor. The paper is
broadly divided into two parts where source and drain doping are varied at an equal and unequal rate.
Percentage sensitivity in the threshold voltage is more than the subthreshold slope which can go beyond
400% if doped at proper levels making the device more reliable and effective for biosensing applications. It is
so noted that for symmetric doping, threshold voltage sensitivity is highest at low doping of source/drain
(Ng=10"%/cm?3, Nc=10"%/cm3, Np=10"4/cm?) whereas subthreshold slope sensitivity is highest at higher

doping of source and drain (Ng=10"%/cm3, Nc=10"%/cm?3, Np=10"%/cm?3). Also for asymmetric doping,
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threshold voltage sensitivity and subthreshold slope sensitivity is highest at higher doping of source/drain
(Ns=1%¥10"%/cm?3, Ne=1%¥10"%/cm?3, Np=5*1029/cm?). The maximum fractional sensitivity obtained for
threshold voltage and subthreshold slope goes up to 4.53 and 0.44 respectively for equal source and drain
doping whereas the maximum sensitivity obtained for threshold voltage and subthreshold slope goes up to
1.10 and 0.42 for unequal source and drain doping. Here, the symmetric doping of drain and source has
shown larger sensitivity in terms of threshold voltage change and subthreshold voltage change when
compared to the asymmetric doping of drain and source. It's evident that doping also plays an important role
in controlling the achieved sensitivity of short channel MOSFET based biosensors. Nevertheless, this paper
laid down a unique and basic framework for further study on doping dependent sensitivity of similar
biosensors.
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Figure 1

(@) 3D view and (b) 2D view of SG-MOSFET biosensor
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(@) Energy band diagram at different source/drain doping in the SG-MOSFET biosensor (b) Energy bands
shifting in the presence of different biomolecules in the SG-MOSFET biosensor (k;j,=5 & Nc=10"%/cm?)
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Figure 3

Electron concentration contour plot (Vgs=0.1V and Vps=0.5V) at (@) Ng=Np=10"4 /ecm3, N=10"%/cm?3 and (b)
Ng=Np=10"% /em?, Nc=10"%/cm?3 in the SG-MOSFET biosensor
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Figure 4

Electron concentration contour plot (Vgs=0.1V, Vps=0.5V, k=5 Ns=Np=10"° /cm® & N;=10"%/cm? ) at

different charge density (a) p=1*10"" / cm?, (b) p=0 and (c) p=1*10"" / cm? of biomolecules in the SG-
MOSFET biosensor
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Vi=0.1V & V,=0.5V & N_=10"/cm?
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(@) Potential profile across the channel at different source/drain doping in the SG-MOSFET biosensor (b)
Potential profile across the channel in the presence of different biomolecules in SG-MOSFET biosensor

(VGS=O'1 \/, kbi0=5 & VDS=O‘5V)
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(@) Threshold voltage (V;) and (b) threshold voltage sensitivity (S_Vt) in the SG-MOSFET biosensor when the
cavity is filled with biomolecules at different doping (Vps=0.5V, Nc=10"%/cm? & ky;,=5)
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Subthreshold slope (SS) in the SG-MOSFET biosensor when the cavity is filled with (a) air, (b) negatively
charged (p=-1e11/ cm?) biomolecules, (c) neutral biomolecules (p=0) and (d) positively charged (p= +1e11/
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cm?) biomolecules at different doping (Vps=0.5V, Nc=10"%/cm? & ky,;,=5)
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Subthreshold slope sensitivity (S_SS) in the SG-MOSFET biosensor when the cavity is filled with (a) negatively
charged biomolecules (p=-1e11/ cm?), (b) neutral (p= 0) biomolecules and (c) positively charged (p= +1e11/
cm?) biomolecules at different doping (Vps=0.5V, Nc=10"%/cm? & ky,i,=5)
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Threshold voltage (V;) in the SG-MOSFET biosensor when the cavity is filled with air and biomolecules
(Vps=0.5V, Ne=10"9/cm?3 & ky,jo=5)
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Threshold voltage sensitivity (S_Vt) in the SG-MOSFET biosensor when the cavity is filled with biomolecules
(Vps=0.5V, Ne=10"9/cm?3 & ky,j,=5)
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(@) Subthreshold slope (SS) and (b) subthreshold slope sensitivity (S_SS) in the SG-MOSFET biosensor when
the cavity is filled with biomolecules (Vpg=0.5V, Nc=10"%/cm? & k;;,=5)
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(@) Threshold voltage change (AVt) and (b) subthreshold slope change (ASS) when the cavity is filled with
biomolecules at different doping (Vps=0.5V, Nc=10"%/cm? & k;,;,=5)
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Drain current (Ips) variation with the gate voltage (Vgg) at different (a) drain doping (Nc=10"%/cm?3 &
Ng=10"%/cm?3) and (b) source doping (Ng=10"%/cm? & Np=10"%/cm3) at Vpg=0.5V, ky,jo=5 and p=-1e11/ cm?
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