Prof D P Chu

4B6 Crib 2016
Q1

(@) The threshold voltage V7 is defined as the voltage between gate and source,
Vs, such that the concentration of minority carriers at the surface equals the

concentration of majority carriers in the bulk, for a negligible source and

drain bias, Vps. It corresponds to the transition point from weak inversion to

strong inversion, the region in which a MOSFET is always used.

(b) In these conditions:
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Q2

(@) When a negative voltage is applied to the metal with respect to the gate then
the bands are bent in the semiconductor which is depletion of charge carriers

(conduction band electrons) to a depth into semiconductor.
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Inversion occurs when a large voltage (d.c.) is applied to the metal and holes

are induced at the interface.
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(b) In the semiconductor is depleted to a depth x and the applied voltage is
made more negative, the depth increases by dx
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Differentiate with respect to voltage

1dc 1 dx
C2dV  gye,dV

When the depth increases by dx the charge incurred is gNdx, but for a
simple capacitor dQ = CdV.

Hence CdV = gNdx, and

Substitute into the previous expression

1dc_ 1 ¢
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It gives
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A small signal is used to obtain the differential quantity dC/dV from the
measured C-V curve as capacitance per unit area of MIS.

(c)
c = A
ox — Fofox tr_:-::
Ago gox = 2x108 x 8.9x10*2 x 5 = 89 x10%°
A
Cs = &pf.

Ago g5 = 2x108 x 8.9x102 x 12 = 214 x10%°
The measured 40 pF at +3 V corresponds to oxide only, therefore
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For the two capacitors in series is the 15 pF measured at -3 V
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1 B 1 . 1
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Therefore, Cs = 24 pF, and
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In the depleted region, Poisson’s equation gives
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If the band gap of silicon is ~1 V, take the band bending to be a maximum
of ~0.8 V, then
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N =1.2x10% m?3

Q3
@ Q) The polarization of a ferroelectric material is the spontaneous
alignment of the electronic dipoles, which can be switched by
applying a sufficiently strong external electric field.
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(b)

DPC/3.2

(i)

(i)

A macroscopic sample of ferroelectric thin film is typically not
uniformly polarized but breaks up into domains of opposite
polarizations, which corresponds to a lower energy state. The
application of a sufficiently strong external field aligns the

0,
domains. [10%]

A ferroelectric non-volatile memory cell can be constructed by
putting a thin film ferroelectric material under the gate electrode
of a field effect transistor (FET), in place of the normal gate
dielectric materials.

Such an FET-like ferroelectric non-volatile memory device can be
operated with the readout via

the charge approach: AQ=A AP, or

the field approach: E~P [20%]

In Fig.2,

A is an n-type doped region in the p-type silicon substrate forms

the source or drain region of the access transistor and forms one

electrode of the ferroelectric storage capacitor;

B is a diffusion barrier such a Pt/Ti to avoid the possibility of

interaction between the silicon and the ferroelectrics;

C is the ferroelectric layer;

D is the top electrode of the capacitor;

E is an insulator which also provides a hermetic seal. [15%]
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(i) Circuit diagram of a 1T/1C ferroelectric memory cell:

1THC
BL
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PL

With reference to the illustrate 1T/1C cell, a WRITE operation is
performed by set WL to High and

set BL to Vcc and PL to 0, for State “1” (positively polarized), or
set BL to 0 and PL to Vcc, for State “0” (negatively polarized). [15%]

Q
+Pr (BL,PL)
=(VCC,0)
e [o] fove VY
-Pr
(BL,PL)
=(0,VvCC)
(© Q) From Fig. 4,
Remnant polarisation: Pr=23 uC cm?
Coercive field: Ec =150 kV cm? [10%]

(i) The corresponding electric field for +5V is
+500 kV cm2 (= +5V / 100nm).
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(iii)

Q4
(@)

Resulting charge is:
AQ = AP*Area = (0.25um*0.25um) AP = 6.25x1071% cm? * AP

For the intitial State “1” (positively polarised) with +5V applied,
AQ-1» = 6.25x1071% cm? * AP-» = 6.25x102% cm? * (38-23) uC cm™
=0.4x10°C=9.4fC

AQ-1» = 6.25x1071% cm? * AP-» = 6.25x10% cm? * (38+23) uC cm™
=38x10° C=38fC

For the initial State “0” (negatively polarised) with +5V applied,
AQ-o~ = 6.25x1071% cm? * AP-¢» = 6.25x10% cm? * (38+23) uC cm

=38x10° C =38 fC [20%]
Energy consumed due to switching of polarisation from negative
to positive direction can be approximated in the order of:
AE ~ 2*Pr*Ec*Volume = 2*Pr*Ec*Area*Thickness
=2*23 uC cm? * 150 kV cm*
* 6.25x10° cm? * 100107 cm
=4x1014J=401) [10%]
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The flat band voltage Vrg = ¢m- ¢s
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H> is adsorbed at the interface and generate positive charge. A dipole layer

is formed, int.

Now the flat band voltage has changed to: Vrg = ¢m- ds-Wint
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Therefore 1-V curve of a p-type MOSFET shifts negatively; the Capacitance
vs Voltage curve of a MOS structure also shifts negatively.
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Other gases which can be detected by this principle include H.S, NH3 and
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(b) A standard three-electrode cell:
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1 _|* electrochemical cell
Mixed SAM reference counter
functionalised Au electrode electrode [ 10%]

working electrode

(©)

(1) Ingeneral, an electrochemical cell can be considered simply an
impedance to a small sinusoidal excitation, hence it is able to represent
the system’s performance by an equivalent circuit that pass current with
the same amplitude and phase angle that the real cell does under a given
excitation. A frequently used circuit is called the Randles equivalent
circuit, is shown below. The parallel elements are introduced because the
total current through the working interface is the sum of distinct
contributions from the faradaic process, i, and double-layer charging, ic.
The faradaic impedance is a series combination of the charge transfer
resistance, Ret, and the Warburg diffusion element. The charge transfer
resistance represents the resistance for the redox molecules in buffer to
exchange electrons with the metal electrode. The Warburg diffusion
element represents a resistance to mass transfer/diffusion. The Warburg
impedance depends on the frequency of the potential perturbation.

Double layer

capacitance
Electrolyte I |

bulk resistance
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Charge transfer Warburg diffusion [20%]
resistance element
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(if) At high frequencies, it is small since diffusing reactants (redox molecules
in buffer) do not need to move very far. At low frequencies, the reactants
have to diffuse further, increasing the Warburg-impedance. It is a
constant phase element and appears as a diagonal line with a slop of 45°
on the Nyquist plot. Rs is the solution resistance between the reference
electrode and the working electrode. It depends on the ionic
concentration, type of ions, temperature and the geometry of the area in
which current is carried. The Nyquist diagram of the system is plotted
below.

.

[20%]

(ili)DNA biosensors with EIS measurement is based upon detection of the
intrinsic negative charge of the target DNA. Hybridization with the
immobilized probe single-stranded DNA causes an increased in the
electrostastic barrier for the negatively charged redox molecules
Ferricyanide [Fe(CN)g]* and Ferrocyanide [Fe(CN)s]* to exchange
electrons with the Au electrode, resulting in an increase in charge
transfer resistance Ret.

Before Hybridisation  After Hybridisation
[Fe{CN)¢]*/* [Fe(CN)e]*/*
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