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Solid State Devices- Part- II 

Module- IV 

 

MOS Capacitor 

� Two terminal MOS device 

� “MOS” = Metal- Oxide- Semiconductor 

� MOS capacitor - the heart of the MOSFET 

 

 

� The MOS capacitor is used to induce charge at the interface between the 
semiconductor and oxide 

� Gate electrode- low-resistivity material, typically aluminum or heavily doped 
polysilicon (polycrystalline silicon) 

� A thin insulating layer, typically silicon dioxide, isolates the gate from the substrate or 
body — the semiconductor regionthat acts as the second electrode of the capacitor.  

 

Ideal MOS Capacitor 

� The work function of metal and semiconductor are equal 

� Oxide is a perfect insulator with no trapped charges, no defects and no interface states 

Energy band diagram 

� When a bias is applied fermilevel on the semiconductor moves up or down  

� The oxide CB and VB bend in the direction of applied electric field 

� The relative positions of Ec, Ev and Ei remain unchanged with respect to oxide 
conduction band edge at the interface 

� There is no charge in the oxide- semiconductor interface 
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� Energy bands are flat at equilibrium 

� Capacitance per unit area of the oxide 

� Capacitance per unit area of the oxide is Cox = εox/tox  

Band bending in MOS devices 

� No current flow across the insulator from semiconductor to metal or metal to 
semiconductor under any bias 

� Fermi level remain horizontal in the semiconductor because current is proportional to 
the gradient in fermilevel  

� The presence of electric field in the semiconductor near the oxide causes bending of 
energy bands in the semiconductor 

� Energy bands bend upward in the direction of electric field 

 

 

Equilibrium condition 
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Operating modes of MOS Capacitor 

� 3 modes- Accumulation, Depletion and Inversion 

Accumulation (VG < 0) 

 

� Negative voltage is applied to gate. Then negative charges are induced in the gate 

� Positive charges are induced in the semiconductor 

� These induced charges accumulate near the oxide- semiconductor interface 

� Change in carrier concn causes bending of energy bands at the interface 

 

 

Depletion Mode (VG>0) 

� Small +ve gate voltage is applied 

� Negative charges are induced in the p- type semiconductor 

� Negative charges recombine with holes in the semiconductor  

� This forms a region of immobile charges- depletion region near the interface 
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Inversion (VG>>0) 

� If V G is increased further, the fermi level on the semiconductor side moves up further 

� The bands bend down further so that Fermi level at the surface lies above the intrinsic 
level 

� The surface gets inverted 

� Induced electrons are attracted towards the surface and at the surface 

� The induced electron concn exceeds hole concn  

� The thin region in which e concn exceeds hole concn is called inversion layer 
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Strong inversion 

� Electron concn becomes equal to hole concentration in the bulk 

EF – Eis = Eib – EF 

� The intrinsic level at the surface goes below the Fermi level by an amount equal to 
hole concn in the bulk 
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Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 

� Low power consumption and less occupancy of area 

� VLSI circuits 

� N- channel and P- channel 

� Enhancement and depletion MOS 

� Enhancement- no channel exists for zero gate voltage and hence no current flow. 
Normally off 

� Depletion- usually ON. A conducting channel exists for zero gate voltage. Turned off 
by depleting the channel by applying negative gate voltage 

� Structure 

 

 

 

 

� MOSFET is a four-terminal device: gate (G), source (S), drain (D) and body (B). 

� The device size (channel region) is specified by channel width (W) and channel length 
(L). 

� Two kinds of MOSFETs: n-channel (NMOS) and p-channel (PMOS) devices 

� The device structure is basically symmetric in terms of drain and source. 

� Source and drain terminals are specified by the operation voltage.  
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� The central region of the MOSFET is the MOS capacitor  

� The top electrode of the capacitor is called the gate 

� The two heavily doped n-type regions (n+ regions), called the source (S)and drain (D) 

�  The source and drain provide a supply of carriers so that the inversion layer can 
rapidly form in response to the gate voltage. 

� The substrate of the NMOS transistor represents a fourth device terminal and is 
referred to the substrate terminal, or the body terminal (B) 

� MOSFET consists of  

� Moderately doped p-type silicon substrate 

� Two heavily doped n+   regions, the source and drain 

� Channel is covered by a thin insulating layer of silicon dioxide (SiO2) called " 
Gate Oxide " 

� Over the oxide is a polycrystalline silicon (polysilicon) electrode, referred to as 
the "Gate"  

Symbols of MOSFET 

 

 

 

 

Features  

� Since the oxide layer is an insulator, the DC current from the gate to channel is 
essentially zero 

� No physical distinction between the drain and source regions 
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Operation 

Operation with zero gate voltage VGS =0 (or VGS ≤ Vt) 

� The MOS structure forms a parallel-plate plate capacitor with gate oxide layer in the 
middle. 

� Two pn junctions (S-B and D-B) are connected as back to back diodes. 

� The source and drain terminals are isolated by two depletion regions without 
conducting current.  

 

 

Formation of a channel for current flow 

� Positive charges accumulate in gate as a positive voltage applies to gate electrode. 

� The electric field forms a depletion region by pushing holes in p-type substrate away 
from the surface. 

� Electrons start to accumulate on the substrate surface as gate voltage exceeds a 
threshold voltage Vt  

� The induced n region thus forms a region thus forms a channel for current flow from 
drain to source. 

� The channel is created by inverting the substrate surface from p-type to n-type 
inversion layer. 

� The field controls the amount of charge in the channel and determines the channel 
conductivity. 
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Applying a small drain voltage 

� A positive vGS > Vt is used to induce the channel and it is called n-channel 
enhancement-type MOSFET. 

� Free electrons travel from source to drain through the induced n-channel due to a small 
vDS 

� The resulting current iD flows from drain to source (opposite to the direction of the 
flow of negative charge). 

� The current is proportional to the number of carriers in the induced channel. 

� The channel is controlled by the effective voltage or overdrive voltage: vOV = vGS-Vt  

� Gate oxide capacitance Cox is defined as capacitance per unit area. 

� MOSFET can be approximated as a linear resistor in this region with a resistance 
value inversely proportional to the excess gate voltage  

 

 

 

Operation at high drain voltage 

� As vDS increases, the voltage along the channel increases from 0 to vDS 

� The voltage between the gate and the points along the channel decreases from vGS at 
the source end to (vGS - vDS) at the drain end. 

� Since the inversion layer depends on the voltage difference across the MOS structure, 
increasing vDS will result in a tapered channel. 

� The resistance increases due to tapered channel and the iD-vDS curve does not continue 
as a straight line. 

� At the point v DSsat= vGS-Vt , the channel is pinched off at the drain side 
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� Increasing vDS beyond this value has little effect on the channel shape and iD saturates 
at this value 

 

 

 

Mosfet with channel just pinched off 

 

 

Mosfet channel pinch off 
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n-channel enhancement-mode MOSFET Symbols 

 

 

Current-voltage characteristics 
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� Three regions of operation 

� Cutoff 

� Linear 

� Saturation 

 

• Cuttoff region  

� Vgs < Vt  

� ID = 0, No drain current 

 

Linear or Triode region (Non- saturation region)  

� Vgs > Vt ,    Vds < Vgs-Vt  

� Channel is created between source and drain 

� Current flows from drain to source 

� ID increases with Vds, drain- source voltage 

� It acts as a linear resistor 

Saturation or pinch off region  

� Vds > Vgs-Vt  

� The channel no longer reaches the drain 

� The voltage across the pinched-off region remains at (Vgs-Vt) ,”saturated” state in 
which the channel current as controlled by Vg , and is independent of Vds  

� Current saturates 

� Similar to current source 

 

 

 

 

 

 

 



suhailta@gmail.com                                                                                                                   

 

www.edutalks.org 

 

Transfer characteristics of n

Equations for drain current for NMOS

� µ = effective mobility of the carrier in the channel

� ε = permittivity of the gate oxide

� tox = thickness of the gate oxide

� Cox = Oxide capacitance 

� L =Length of the channel

� W = Width of the channel
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Transfer characteristics of n- channel Enhancement Transistor (iD vs V

Equations for drain current for NMOS  

 

 

= effective mobility of the carrier in the channel 

= permittivity of the gate oxide 

= thickness of the gate oxide 

 

L =Length of the channel 

Width of the channel 
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PMOS transistor 

� PMOS transistor is fabricated in the same way as NMOS transistor. The difference is 
that the substrate is n- type, drain and sources are p+. Threshold voltage is negative for 
PMOS transistor. 

NMOS versus PMOS devices  

� PMOS devices are quite inferior to NMOS transistors.  

� In PMOS transistors, charge carriers are holes. Holes possess low mobility compared 
to electrons.  

� Moreover, for given dimensions and bias currents, NMOS transistors exhibit higher 
output resistance providing more ideal current sources and higher gain in amplifiers.  

 

Channel length modulation 

� After pinch-off, if vDS is increased further, the effective channel length decrease due to 
the depletion of channel. 

 

� The channel pinch-off point moves slightly away from drain as         vDS> vDSsat  

� The effective channel length (Leff) reduces with vDS. 

� Electrons travel to pinch-off point will be swept to drain by electric field. 

� The length accounted for conductance in the channel is replaced by Leff  

� Drain current increases with increase in vDS. 

 

where λ is the channel length modulation parameter 
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MOSFET Threshold voltage 

(VTMOS is positive for nMOS, negative for pMOS)

VTMOS   -Ideal threshold voltage for a MOS capacitor (the capacitor 
and substrate) 

 

 

� Bulk potential — potential difference between Fermi level in intrinsic semiconductor 
and Fermi level in doped semiconductor

 

Substrate (bulk) bias effect 

� In MOSFET, substrate is either shorted to source or gi
to source. 

� Body voltage- voltage applied to the substrate

� With a reverse- bias at the substrate, the depletion layer will be more

� Gate voltage required for inversion of channel (Vt) increases with the increased 
reverse bias 
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VT= VTMOS+ Vfb 

is positive for nMOS, negative for pMOS) 

Ideal threshold voltage for a MOS capacitor (the capacitor formed between the gate 

potential difference between Fermi level in intrinsic semiconductor 
and Fermi level in doped semiconductor 

In MOSFET, substrate is either shorted to source or given a reverse bias with respect 

voltage applied to the substrate 

bias at the substrate, the depletion layer will be more 

Gate voltage required for inversion of channel (Vt) increases with the increased 
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formed between the gate 

 

potential difference between Fermi level in intrinsic semiconductor 

 

 

ven a reverse bias with respect 

Gate voltage required for inversion of channel (Vt) increases with the increased 
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� The increase in threshold voltage wit
is also known as Body effect
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The increase in threshold voltage with reverse- bias applied to body. This phenomenon 
Body effect 
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bias applied to body. This phenomenon 
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Silicon Controlled Rectifier (SCR)

� A thyristor (SCR) is a four layer p
junctions 

� Has three terminals: an anode, a cathode and a gate

� The device remains OFF under forward

� The forward voltage at which the device turns ON can be controlled by a third 
terminal called gate. 

� Symbol and structure 

 

Doping profile of SCR 
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Silicon Controlled Rectifier (SCR) 

is a four layer p-n-p-n semiconductor device consisting of three p

Has three terminals: an anode, a cathode and a gate 

The device remains OFF under forward- bias and reverse bias 

The forward voltage at which the device turns ON can be controlled by a third 
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n semiconductor device consisting of three p-n 

The forward voltage at which the device turns ON can be controlled by a third 
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Equivalent circuit of SCR 

 

 

 

PRINCIPLE OF OPERATION OF SCR 

Regions of operation 

� Forward blocking- Forward- biased but non- conducting 

� Forward conducting- Forward biased and conducting 

� Negative resistance- switching from forward blocking to forward conducting 
state 

� Reverse- blocking- Reverse biased, non- conducting (VR < VBr) 

� Reverse breakdown- VR = VBr  
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Forward blocking 

� Application of forward voltage between anode and cathode (V
J1 and J3 and reverse- biases J2

� A small leakage current flows from anode to cathode and is called the
current. 

� Both transistors (pnp & npn) operate in the normal active mode 

 

 

 

 

 

 

Forward conduction (triggering of SCR

� With increase in VAK, the reverse
increases 

� Reducing n1 and p2 region widths and 

� Increase in VAK causes avalanche multiplication across the reverse
increasing the reverse current across J2.

� This increases Ic1 and Ic2.

� α of the transistor increases with increase in currents

� Increase in α1 and α2 increases collection of holes at p2 and collection of electrons at 
n1 

� J2 becomes forward biased

� All the junctions are thus forward biased
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Application of forward voltage between anode and cathode (VAK >0) forward
biases J2. 

leakage current flows from anode to cathode and is called the 

Both transistors (pnp & npn) operate in the normal active mode  

 

Forward conduction (triggering of SCR- with IG =0) 

, the reverse- bias across J2 increases, the depletion layer width 

region widths and α1 and α2 increases. 

causes avalanche multiplication across the reverse- biased diode, 
increasing the reverse current across J2. 

This increases Ic1 and Ic2. 

of the transistor increases with increase in currents 

increases collection of holes at p2 and collection of electrons at 

J2 becomes forward biased 

All the junctions are thus forward biased 
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forward- biases 

 off-state 

ncreases, the depletion layer width 

biased diode, 

increases collection of holes at p2 and collection of electrons at 
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� The voltage drop across the device fall 

� Introduces negative resistance region in the characteristics

� SCR is now switched from forward blocking to forward conducting state

� Forward breakover voltage

 

Reverse blocking 

� If negative voltage is applied to anode with respect to cathode, junctions J1 and J3 get 
reverse biased and J2 gets forward biased

� The current is limited to a small value

� If sufficiently large reverse voltage is applied junctions J1 and J2 breakdown due to 
avalanche multiplication 

Junctions of SCR under various conditions

 

 

 

 

 

 

 

                                                                                                                   Al- Ameen Engg. College

The voltage drop across the device fall to a very small value 

Introduces negative resistance region in the characteristics 

SCR is now switched from forward blocking to forward conducting state

Forward breakover voltage- the anode to cathode voltage at which SCR turns ON

ative voltage is applied to anode with respect to cathode, junctions J1 and J3 get 
reverse biased and J2 gets forward biased 

The current is limited to a small value 

If sufficiently large reverse voltage is applied junctions J1 and J2 breakdown due to 
  

Junctions of SCR under various conditions 

Ameen Engg. College 

Page 20 

SCR is now switched from forward blocking to forward conducting state 

the anode to cathode voltage at which SCR turns ON  

ative voltage is applied to anode with respect to cathode, junctions J1 and J3 get 

If sufficiently large reverse voltage is applied junctions J1 and J2 breakdown due to 
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V- I chara of SCR 
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Triggering of SCR 

1. Triggering by gate current  

� Positive gate current is given 

� Electron injection from n1 to p1 increases 

� Increases current across J2 

� Sudden increase in α1 and α2 and device turns ON 

2. The (dv/dt)triggering 

� SCR can be switched to the forward conducting state well below the breakover 
voltage (VBO) if the anode- cathode voltage is increased at a fast rate (high 
dv/dt) 

� Fast change in anode voltage causes a large displacement current through J2 

� This leads to rise of α1 and α2 to unity, turning the device ON 

� Refer the text book “Solid state devices and Technology”, V. Suresh Babu Page Nos.  452-457 

 

Important Definitions 

Latching Current IL  

� This is the minimum anode current required to maintain the thyristor in the on-state 
immediately after a thyristor has been turned on and the gate signal has been removed. 

� If a gate current greater than the threshold gate current is applied until the anode 
current is greater than the latching current IL then the thyristor will be turned on or 
triggered. 

Holding Current IH  

� This is the minimum anode current required to maintain the thyristor in the ON-state. 

� To turn off a thyristor, the forward anode current must be reduced below its holding 
current for a sufficient time for mobile charge carriers to vacate the junction.  

� If the anode current is not maintained below IH for long enough, the thyristor will not 
have returned to the fully blocking state by the time the anode-to-cathode voltage rises 
again.  

� It might then return to the conducting state without an externally-applied gate current. 

Reverse Current IR  

� When the cathode voltage is positive with respect to the anode, the junction J2 is 
forward biased but junctions J1 and J3 are reverse biased. The thyristor is said to be in 
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the reverse blocking state and a reverse leakage current known as reverse 
current IR will flow through the device. 

 
Forward Breakover Voltage VBO  

� If the forward voltage VAK is increased beyond VBO , the thyristor can be turned on. 
But such a turn-on could be destructive. In practice the forward voltage is maintained 
below VBO and the thyristor is turned on by applying a positive gate signal between 
gate and cathode. 

� Once the thyristor is turned on by a gate signal and its anode current is greater than the 
holding current, the device continues to conduct due to positive feedback even if the 
gate signal is removed. This is because the thyristor is a latching device and it has been 
latched to the on-state. 
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Insulated Gate bipolar transistor (IGBT)

� IGBT can be considered as a device with MOS input characteristics and bipolar output 
characteristic that is a voltage

� Make use of the advantages

� Provides enhance gain and low ON resistance compared to SCR

 

Symbol 

Structure 
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Insulated Gate bipolar transistor (IGBT) 

 

onsidered as a device with MOS input characteristics and bipolar output 
characteristic that is a voltage-controlled bipolar device 

Make use of the advantages of both Power MOSFET and BJT 

Provides enhance gain and low ON resistance compared to SCR 
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onsidered as a device with MOS input characteristics and bipolar output 
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V- I characteristics of IGBT 

 

� Refer the text book “Solid state devices and Technology”, V. Suresh Babu Page Nos.  
461-463 
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Floating Gate MOS 

� A kind of transistor that is commonly used for non-volatile storage such as flash, 
EPROM and EEPROM memory 

� Floating-gate MOSFETs are useful because of their ability to store an electrical charge 
for extended periods of time even without a connection to a power supply. 

 

� Floating-gate MOSFETs are composed of a normal MOSFET and one or more 
capacitors used to couple control voltages to the floating gate 

� Oxide surrounds the floating gate entirely, so charge trapped on the floating gate 
remains there. 

� The charge stored on the floating gate can be modified by applying voltages to the 
source, drain, body and control gate terminals  

� The fields result in phenomena like Fowler-Nordheim tunneling and hot carrier 
injection. 

Hot carrier injection  

� The phenomenon in semiconductors where either an electron or a "hole" gains 
sufficient kinetic energy to overcome a potential barrier, becoming a "hot carrier", and 
then migrates to a different area of the device.  

� The term usually refers to the effect in a MOSFET where a carrier is injected from the 
silicon substrate, to the gate dielectric. 

� Flash memory exploits the principle of hot carrier injection by deliberately injecting a 
carrier and having it reside at the floating gate where in memory terms it represents a 
'1' until such time as the memory is erased, and the carrier is removed from the gate. 
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Power- MOSFET (P- MOSFET) 

� Power MOSFETs (Metal Oxide Semiconductor Field Effect Transistor) are the most 
commonly used power devices due to their low gate drive power, fast switching speed 
and superior paralleling capability. 

� Supports high current and high voltage 

� Vertically oriented structure supports much larger breakdown voltage and current 
ratings 

Structure 

 

� It possesses vertically oriented three layer structure of alternating p- type and n- type 
semiconductors as shown in Fig which is the schematic representation of a single 
MOSFET cell structure. 

� A large number of such cells are connected in parallel to form a complete device.  

� The two n+end layers labeled “Source” and “Drain” are heavily doped to 
approximately the same level.  

� The p- type middle layer is termed the body (or substrate) and has moderate doping 
level 

� The source and the drain region of all cells on a wafer are connected to the same 
metallic contacts to form the Source and the Drain terminals of the complete device.  

� Similarly all gate terminals are also connected together. The source is constructed of 
many (thousands) small polygon shaped areas that are surrounded by the gate regions.  

� The geometric shape of the source regions, to same extent, influences the ON state 
resistance of the MOSFET.  

� The alternating n+ n- p n+ structure embeds a parasitic BJT (with its base and emitter 
shorted by the source metallization) into each MOSFET cell as shown in Fig.  
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Hence Symbol of P- MOSFET can be drawn as 

 

� The nonzero resistance between the base and the emitter of the parasitic npn BJT 
arises due to the body spreading resistance of the ptype substrate.  

� In the design of the MOSFET cells special care is taken so that this resistance is 
minimized and switching operation of the parasitic BJT is suppressed.  

� With an effective short circuit between the body and the source the BJT always remain 
in cut off and its collector-base junction is represented as an anti parallel diode (called 
the body diode) in the circuit symbol of a Power MOSFET.  

 


