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139 -

Assuming full ionisation of the donors, conductivity, &, is given by:
c = eNyu.
Thus, N, = o/epn = 80/(1.6x10°x 0.1) = 5x10*' m>.

The electric field in the channel is V/d , where d is the channel length. Thus the drift
velocity of electrons, <v> = uV/d and the transit time, 7, is d/<v> = d*/uVv .
Thus,

d = [uV1]” = [0.1x4x40x10™]"° = 4 pm .

Comment: this value of d gives a field in the channel of 10° Vm™ which is close to
the value at which the electron velocity saturates at 10° ms”. This is also the
velocity predicted by the product of field and mobility and an equally valid

approach is to assume that <v> is indeed 10° ms™ and calculate d from that. with this
method it is necessary to confirm that the field is high enough to give

saturation.

The cross-sectional area of the channel, A, is40x 1 x 10" m?. The channel
conductance is cA/d and the current, I, is VoA/d. Thus:

I =4x80x4x10"/4x10°A = 3.2 mA.

The surface area of the device is 4 x 40 x 10"? m? and the power dissipated is 3.2 x 4
mW. Thus the power density is 8 x 10’ Wm™ and is just inside the limit.

The transistor will be cut off when the depletion region under the gate reaches the
substrate at the source, i.e. V., = -eNya*/2e. Taking ¢_for silicon as 12 gives:

Voo = -1.6x10”x5x10" x1x10%x36nx 10°/(2x12) = -3.77V.

This neglects the built-in potential difference of the Schottky barrier so the actual
answer will be slightly greater, i.e. less negative.

Photoelectric effect. Energy of emitted electrons depends on the frequency of
the radiation and not its intensity, a result which classical physics cannot
explain.
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Standing waves: like those on a piano wire where waves are confined to a
particular region. Mathematically:

¥ = ¥, cos (kx) . cos(ot)
Note that any similar combination of sine or cosine functions will do and that the
displacement is zero at certain points (nodes) and oscillates with maximum amplitude
at other points (antinodes).

Travelling waves: waves which can carry energy like light or any form of e.m.
radiation. Mathematically:
¥ = ¥ cos (kx - ot),
or more generally
¥= ¥ exp j(kx - ot).

In either formulation, a point of constant argument ¢ = kx - ot moves such that
d¢/dt = 0 = kdx/dt - o so that the velocity of propagation, dx/dt = w/k.

Also, a superposition of two travelling waves moving in opposite directions,
exp j(kx - ot) + exp j(-kx - ot) = 2 cos (kx) . exp (sjot),
gives a standing wave.

In the equation, E stands for total energy, T = hk’/2m is kinetic energy and V is
potential energy. The momentum of a particle, p, is equal to hk = h/A, de Broglie's
hypothesis, and writing p as mv gives T as smv’. Also, p is equivalent to the
differential operator -jh d/dx and multiplying Schrodinger's equation by Y gives

d*¥dx* = 2mE/h* with solution ¥ o exp (j/2mE x/h) .

When the electron is confined to the "infinitely" deep one-dimensional potential well of
length a, its wave function must vanishat x = 0 and x = a. The spatial dependence
of the resulting standing wave must therefore have the form sin (/2mE x/h) to ensure
that it vanishes at x = 0 and in order for it to vanish at x = a, /2mE a/h must be an
integral multiple of .

Thus E is quantised to the values n* . (th/a)’/2m = n® . 6.56x 10"*J = 41 n’ eV.

Comment: although a is similar to the diameter of a hydrogen atom, the energy of the
ground state, n = 1, is far larger than the ionisation energy of a hydrogen atom
(~13.5 eV).The reason for this is the fact that the potential well is one-dimensional. If
we were dealing with a cubical well with side 0.1 nm, the greatest allowable
wavelength would be /3 x 0.1 nm corresponding to an energy of 41/3 eV = 13.7 eV,
close enough!



Q. 15
(a)

(b)

(c)

(d)

(e)
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While the choice of a positive or negative resist will depend to some extent on the area
to be covered, such matters can be accommodated by the design of the mask.

Usually, negative resists will be chosen because lower exposures are required, so
giving greater through-put. Unfortunately, the resists tend to swell after
development which reduces definition of fine structures. This effect can be reduced
by using thinner coatings but with complex multi-layer structures there is a limit to
how far this may be taken.

Resolution ~ A/NA so that 10° = 0.2 x 10°/NA giving NA = 0.2. Depth of field
~ V/(NA) = Spum. Note: some sources quote resolution as one half of the above
giving a depth of field of 20 um. Either answer is acceptable.

i. Contact printing: cheap and cheerful method which does not suffer from
diffraction effects but by its nature is liable to cause damage to the mask and to the
chips. High through-put because the whole wafer is exposed at once but cannot be
used for long runs.

ii. Proximity printing: more expensive than contact printing because registration is
more difficult. The mask is held just above the substrate so there is less risk of
damage but diffraction effects have to be taken into account when deciding on the
separation between mask and substrate. Again, high through-put.

ii. Projection printing:. The most expensive method using two compound lenses with
the mask located between them. Thus there is no possibility of damage to mask or
substrate. In addition, the mask may be made over-sized and optically reduced which
eases mask production. Modern lenses are nearly perfect and the limits to resolution
are governed by diffraction.

The power density of 0.05 Wem™ is equal to 50 mWcem™ and so the exposure time is

140/50s = 2.8 s.

From the diagram there are 350 particles m™ 0.5 um or larger. If V ms’ is the air flow
rate, the volume of air flowing over a wafer in 2.8 s is:

Vxnx[0.125/2]"x2.8 m’.
Since the sticking coefficient is 0.6 and no more than 100 chips are to be
contaminated, the maximum number of particles allowed in this volume is 100/0.6 =
167. Thus:
Vxnx[0.1252x2.8x350 = 167and V = 13.8 ms™ .

Comment: in practice, the wafer will be exposed to atmosphere for a time far greater
than 2.8 s and the air speed will need to be lower than a brisk 50 kmph!
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Although a case could be made for projection printing, I would go for proximity
printing - certainly not contact if the run is of any length. Otherwise, the system
should contain all the elements described in the question. The calculated NA gives an
adequate depth of field, the class of the clean room should give an adequate yield (a
0.5 um particle on a 1 pum track could wreak havoc) and the wavelength of 0.2 pum is
satisfactory for 1 um structures.

Only if the wafer were a one-off prototype would it be worth considering an electron
beam system because such a process takes far longer than optical methods. While
capable of greater precision and resolution, the current densities and current presently
attainable in an electron beam limit the through-put to about 5 wafers per hour.
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Solution Q.16

a)

ARP is used to obtain the MAC (or Datalink) address of a system given its IP (or
Network layer) address. It is a separate protocol used alongside IP (or potentially
other network layer protocols) to provide this mapping. The MAC address is needed
in order to select which other interface on the Ethernet cable receives the subsequent
IP packets containing data. The MAC address is in effect the hardware address of the
interface and is used by the interface hardware to select packets intended for it. It is
however the IP address of a system which is publicised since this can remain invariant
even if the hardware has to be changed and it has the same format and value
irrespective of the physical networks to which the end systems are attached. ARP
need only be used when two systems first communicate since each may subsequently
keep a record of the others MAC address.

Assume that system A (with MAC address MAC_A and IP address IP_A) wants to
communicate with system B for which it knows the IP address (IP_B) but not the
MAC address (MAC_B).

A broadcasts an ARP request packet containing:
MAC source address MAC_A
MAUC destination address broadcast
ARP sender datalink address MAC_A
ARP sender network address IP_A
ARP target datalink address (blank)
ARP target network address IP_B

All systems on the local Ethernet receive this, the ARP software in each inspects the
ARP target network address and only the machine whose IP address matches
responds. In this case this is B which sends an ARP response packet containing:

MAC source address MAC_B

MAC destination address MAC_A

ARP sender datalink address MAC_B (as required)

ARP sender network address IP_B

ARP target datalink address MAC_A

ARP target network address IP_A

A (and only A) receives this and stores B's IP address for future use.

b)

In the case of two systems communicating via a gateway, ARP will be required by

each system to map from the IP address of the gateway's interface on its network to
the corresponding MAC address. Routing protocols will provide the appropriate IP
address for the gateway.

Alternatively for simple networks with only a single gateway, a scheme called proxy-
ARP can be employed in which the gateway responds to ARP requests for systems
reachable through it. This means that the end system does not need to know about
routes (or the existence of the gateway) but will involve it caching several MAC
addresses (all the same) if it is communicating with several systems via the gateway.

o
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9)

i) The type field in the MAC header identifies the rest of the packet as being an ARP
packet and may thus be used to select ARP and only ARP packets. The monitor
cannot do any selection based on the MAC header address fields and for most normal
hardware will therefore have to receive all packets and filter in software based on the
type field.

ii) In addition to the filtering described in (i), the monitor will need to inspect the
ARP sender and target network addresses and see if either matches that of the system
being monitored. It could also check the ARP sender and target datalink addresses and
additionally include any which matched the system's MAC address; this would only
be necessary if it were suspected that the problem might involve incorrect use of the
network address fields.
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Solution Q17

A CSMA/CD network is one in which all communicating devices share the same
transmission medium. Normally a station wishing to transmit first checks to see if the
medium is free. When a station transmits a packet, it simultaneously reads it back to
check for a collision. If a collision is detected, then the station typically delays for a
random period and tries again to send the packet.

The device registers may be described as follows

TYPE StatusReg = RECORD
inputReady : Boolean;
outputBusy : Boolean;
rxError : Boolean;
unused :0..31
END;

ControlReg = RECORD
enableDelay : Boolean;
delayCount : 0..31;
unused :0.3

END;
VAR data : Byte @ OFCOOOH; {read/write}
status : StatusReg @ OFCO01H; {read only}
control : ControlReg @ OFCO0O1H; {write only}

The SendPacket routine must send a packet byte by byte, simultaneously reading it
back. If the data is different or an error occurs, the packet must be retransmitted with
a transmit delay set for the first byte only. To simplify the problem, first assume
procedures to send and receive a byte, then SendPacket is as follows

FUNCTION SendPacket(p : Packet):Integer;
VAR i: 1..32;
retries:Integer;
ok : Boolean;
BEGIN
retries := 0;
ii=1;
REPEAT
SendByte(p[1],retries>0); {send first byte }
ok := (GetByte = p[1]) AND NOT status.rxError;
WHILE (i<32) AND ok DO BEGIN
1:=i+1;
SendByte(p[i],false); {send remaining bytes without delay}
ok := (GetByte = p[i]) AND NOT status.rxError;
END;
IF NOT ok THEN retries := retries + 1
UNTIL ok;
SendPacket := retries
END;



The procedure SendByte sends the specified byte and if the second argument is true, it
prepends a random delay

PROCEDURE SendByte(b:Byte; delay:Boolean);
VAR creg : ControlReg;
BEGIN
WHILE status.outputBusy DO {wait};
IF delay THEN BEGIN
creg.enableDelay := true;
creg.delayCount := Random * 32;
END ELSE
creg.enableDelay := false;
control := creg;
data :=Db
END;

The probedure GetByte waits for the next input byte and returns it

FUNCTION GetByte:Byte;

BEGIN
WHILE NOT status.inputReady DO {wait};
GetByte := data

END;

Limitations
- inefficient to transmit blindly without any mechanism for first checking if bus is quiet

- polled mode impractical since all stations must listen to network all the time
- byte by byte transfer very inefficient. DMA on a packet by packet basis would be better.
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Solution Q18

A process describes a single thread of control. It is represented on a uniprocessor by a
process record which holds information on the state of the process and when it is not
actually executing, a copy of the CPU registers. The process record provides a place
to store the total system state relating to that process. This allows the physical CPU to
be shared amongst many processes by repeatedly saving the system state in one
process record and loading a new system state from another. The latter operation is
known as a context switch.

The four main process states are

running - process is executing

ready - process is ready to run as soon as the CPU is available

waiting - process has been suspended waiting for some specific
event to occur

killed - process is no longer active and any memory used by it
can be reclaimed

In Pascal these states can be represented by a simple enumerated type
thus,

TYPE Status = (running, ready, waiting, killed);

A circular process queue can be constructed by adding a pointer to each record to
enable each to point to the next record in the circle. The currently running process
can be conveniently identified by ensuring that it is always at the 'head' of the queue.

TYPE Procld = "PrRec;

PrRec = RECORD
next : Procld; {next proc in circle}
state: Status;
prio : Priority;

ev : Event;
regs : RegSet
END;

VAR head : Procld; {Pointer to current process in queue }
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A design for the Sleep procedure is as follows

PROCEDURE Sleep(ev:Event);
VAR maxPrio : Priority;
maxp, p : Procld;
BEGIN
{Suspend current process}

END;

headA.state := waiting;
head”.ev :=ev;

{Search for highest priority ready process}
maxp := head”.next;
maxPrio := maxp”.prio;
p := maxp”.next;
WHILE (p<>head) DO BEGIN
IF ( (pA.prio > maxPrio) AND (p”.state = ready) THEN
BEGIN
maxp := p;
maxPrio := maxp”.prio
END;
p :=p”~.next
END;

{Finally make maxp” the current process}
maxp”.state := running;

p := head;

head := maxp;

ContextSwitch(p,head)

Note that the above assumes that there is at least one ready process in the queue and
mutual exclusion wrt to interrupt processes is assumed!

ContextSwitch(oldp,newp) has the following effect
a) the current CPU registers are copied into oldp”.regs
b) the contents of newp”.regs are copied into the CPU regs

Note that call to ContextSwitch must be the last action performed by Sleep so that
when the current process is eventually resumed it does nothing to disturb the new
state of the process queue.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

