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Table S1 The comparison of structural, electronic and sensing performance of various literature 
reports with present study.
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250 nm

Fig. S1  The thickness profile for AFM distribution of selected area devices.
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Fig. S2 (a) and (b): FESEM images of the BP nanosheet from random area sensors.
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Theoretical Modelling of the Thickness Dependence Response Pattern for Phosphorene 

FET Sensor 

Assuming the device is operated in liner region, the current for gated FET in background DI 

water solution ( ) and lead ion solution ( ) could be expressed as, Ids 𝐼 '
𝑑𝑠

 (S1)
Ids = μCox 

W
L

 [(Vgs - Vth)  Vds -
V 2

ds

2
]

 (S2)
𝐼 '

𝑑𝑠 = 𝜇𝐶𝑜𝑥 
𝑊
𝐿

 [(𝑉 '
𝑔𝑠 ‒ 𝑉 '

𝑡ℎ)𝑉𝑑𝑠 ‒
𝑉 2

𝑑𝑠

2
]

where, Vds, Vgs, and Vth are the operating voltage across drain-source, top gate electrostatic 

potential (Vgs) due to adsorption of lead ions on the cysteine modified surface, and threshold 

voltage, respectively. W, L, and  are the width, length, and mobility of the channel that are μ

invariant during gate voltage sweeping for specific phosphorene layer thickness. Now the 

response % (R) could be calculated using the relation,

The response % (R) could be calculated using the relation,

(S3)

𝑅 =
𝐼𝑑𝑠 ‒ 𝐼 '

𝑑𝑠

𝐼𝑑𝑠
=

(𝑉𝑔𝑠 ‒ 𝑉 '
𝑔𝑠) ‒ (𝑉𝑡ℎ ‒ 𝑉 '

𝑡ℎ)

(𝑉𝑔𝑠 ‒ 𝑉𝑡ℎ ‒
𝑉𝑑𝑠

2
)

Now, from the relation,  we have  and 𝑞𝑝 = 𝐶𝑜𝑥 (𝑉𝑔𝑠 ‒ 𝑉𝑡ℎ) + 𝑞𝑝0

where, q is the charge, p and p is the hole density before and after 𝑞𝑝' = 𝐶𝑜𝑥(𝑉 '
𝑔𝑠 ‒ 𝑉 '

𝑡ℎ) +  𝑞𝑝0, '

adding the lead ions. The sensitivity expression becomes,



(S4)

𝑅 =
𝑝 ‒ 𝑝')

(𝑝 ‒
𝐶𝑜𝑥 𝑉𝑑𝑠

2 𝑞
)

=
Δ𝑝

(𝑝 ‒ 𝑐)

Now, carrier density for hole from Boltzmann approximation,   𝑝 = 𝑛𝑖exp (𝐸𝑖 ‒ 𝐸𝐹)/𝑘𝐵𝑇

 ] –[   ]Δ𝑝 = [𝑛𝑖exp (𝐸𝑖 ‒ 𝐸𝐹)/𝑘𝐵𝑇 𝑛𝑖exp (𝐸𝑖 ‒ 𝐸𝐹 ‒ 𝑒Δѱ)/𝑘𝐵𝑇

        =   [1- exp (- )]𝑛𝑖exp (𝐸𝑖 ‒ 𝐸𝐹)/𝑘𝐵𝑇 𝑒Δѱ/𝑘𝐵𝑇

       =   [1- exp (- )]𝑛𝑠 𝑒Δѱ/𝑘𝐵𝑇

Here,  is the surface potential change due to the addition of lead ions. Since the second term ∆ѱ

in the denominator of Eqn. S4 is constant (c = ), the response % could be written as, 

𝐶𝑜𝑥 𝑉𝑑𝑠

2 𝑞

     (S5)

𝑅 =
[1 ‒  𝑒𝑥𝑝 ( ‒ 𝑒Δѱ/𝑘𝐵𝑇)]

1 ‒
𝑐
𝑝

The expression for charge density (p) can be written as, 

   (S6) 
𝑝 = 2(

2𝜋𝑚𝑒 𝑚ℎ 𝑘𝐵𝑇

ℎ2
)3/2.exp ( ‒ 𝐸𝑔 /2𝑘𝐵𝑇).

exp (𝐸𝑖 ‒ 𝐸𝐹)/𝑘𝐵𝑇

Combining Eqn. S5 and S6, the sensitivity expression can be approximated as, 

  𝑅 ~ 𝑒𝑥𝑝⁡(𝐸𝑔 /2𝑘𝐵𝑇) .exp (|𝐸𝑖 ‒ 𝐸𝐹|)/𝑘𝐵𝑇 

(S7)

It is to be noted that this model for sensitivity variation upon BP layer thickness is based on a 

single gate voltage difference value equivalent to a single concentration of lead ions. The idea 

was to simulate the effect of BP layer thicknesses on the sensitivity (relative current change in 

the presence of lead ions) for a certain gate oxide thickness. The top and bottom gates could be 

equivalently transferred using the relation between threshold voltage, dielectric constant, 



geometry, and capacitive coupling factor. The capacitive coupling amplifies a change in top-gate 

threshold voltage (ΔVT,top) which consequently results in an amplified shift in bottom-gate 

threshold voltage (ΔVT,back) that depends upon the capacitance of the liquid-exposed top-gate 

dielectric (Ctop), the back-gate dielectric (Cback) and a factor (αSN) with a value between 0 and 1 

depending on the extent of coupling due to the choice of biasing conditions:

                                                                                            (S8)
Δ𝑉𝑇,𝑏𝑎𝑐𝑘 =  Δ𝑉𝑇, 𝑡𝑜𝑝

𝐶𝑡𝑜𝑝

𝐶𝑏𝑎𝑐𝑘
𝛼𝑆𝑁

For known values of thickness, area and dielectric constant of the top and bottom gate oxides, the 

relationship could be interchangeable. 

Fig.1: Comparison of the schematic model of MOSFET and dielectric gated FET sensor 



(c)

500 nm

(d)

250 nm

(g)

150 nm

(h)

(a)

(b)

(e)

500 nm

Phosphorene
nano-sheet

Water drop

SiO2
Si

Al2O3

Drain
Source

Lead ion
Gold NP

L-Cysteine

(f)

1.79 nm

Thinner

1 2 3 4 5 6 7

4

8

12

16

Thickness (nm)

 

 

C
ou

nt

350 400 450 500 550

Si

A2
gB2g

R
am

an
 In

te
ns

ity
 (a

.u
.)

Wavenumber/cm-1

A1
g

Fig.2: High magnification image of sputtered granular gold nanoparticles on ALD coated FET 
sensor device.  

It is also to be noted that surface potential change due to the top gate by lead ion adsorption is 

related with the probe density which is dependent on the density of gold nanoparticles on the top 

gate dielectric. From the FSEM image, it is clear that sputtering-deposited gold nanoparticles are 

highly dense, and thus a uniform surface potential is expected throughout the active area of the 

sensor. Using the Grahame equation, the surface potential (Vd) could be calculated based on the 

Gouy-Chapman theory.

                                                                                    (S9)
𝑉𝐷 =

2𝑘𝐵𝑇

𝑧𝑒
𝑠𝑖𝑛ℎ ‒ 1(

𝜎𝐷𝑇

8 𝑘𝐵𝑇𝜀𝜀0𝑐∞
)

Where, Kb, T, Z, e, ε, ε0, , C∞ are the Boltzmann constant, temperature in Kelvin, charge of the 𝜎𝐷

ion, electronic/protonic charge, dielectric constant of medium and air, charge density on the 

sensor surface at liquid medium, lead ion concertation.  It is also to be noted that the top gate 

oxide of the sensor is considered as an ideal dielectric; i.e., no leakage current influence is 



present in the present model. The influence of the leakage current could create a competitive 

effect in the measured current. Thus, a thicker top gate dielectric with a high dielectric constant 

is preferred for reducing the leakage current from the solution to obtain an ideal response 

transient. 
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Fig. S3. Plot of Vgs-Ids characteristics curve of random PFET device for Vds ~ -0.01 V and Vgs ~ - 

40 V to 40 V. 



Supporting Information 6

0 400 800 1200
0

200

400

 
Lead  sol diluted 
in tap water

5  ppb

20 ppb

10  ppb

2.5   ppb

118 ppb

390 ppb

Re
sp

on
se

 %

Time (s)

4 ul background 
tap water

1 ppb

Fig. S4. The tap water sensing performance spiked with various lead ion concentrations for 

selected area based PFET sensors.
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(d) (e) (f)Fig. S5. FESEM images of rGO based sensors at (a) low and (b) higher magnifications.
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Fig. S6. Plot of Vgs-Ids characteristics curve of rGO FET sensor for Vds ~ -0.01 V and Vgs ~ - 40 

V to 40 V.
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Fig. S7. Plot of sensing test for BP/Al2O3/Au (without cysteine probe functionalization).
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Fig. S8. Schematic representation of cysteine-heavy metal interaction.


