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He: 1s?
a} Ne : 1s? 2% 2p°
P: 1s? 25 2p° 3s* 3p°

He and Ne do not form molecules because their outer shell is full, of 2 electrons
in 1s shell and 8 electrons in 2s/p shell.
ov 3¢

The only possibility for the electrons of atom 2 would be to go into the empty 2§/\shcll,
but this would cost too much energy.
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The difference between a semiconductor and an insulator is whether it can be doped.
A semiconductor has a smaller band gap and can be doped.

c) Nais 1s® 2s% 2p° 35!
It is a metal because the last band (3s) to be filled is only half full.

Mg is 1 5% 2s% 2p° 352
It is a metal, because although the 3s band is full, it overlaps in energy with the
3p. ‘



n-type Jilicon

Each Group V atom will replace a silicon atom

~This is known as substitutional doping

—In doing so, the Gp. V atom will use 4 of its 5 valence electrons to form covalent bonds
with 4 neighbouring Si atoms

—There will now be one spare electron on the Gp. V atom

~The electron is only weakly bound

—In energy terms, it will form an energy level ED only ~0.03¢V below EC which will be
occupied at 0°K

—~Electrons may be easily excited into the CB from the energy level ED as temperature
rises

—So, the addition of each Gp. V impurity leads to an extra available conduction electron
without the creation of a hole in the VB to produce a n-type semiconductor. The Gp. V
impurity is called a ‘donor’—In a n-type semiconductor conduction is predominantly due
to electrons in the conduction band which have been excited from the donor levels.

p-type Silicon

To dope a Group IV semiconductor p-type, we add a Group Ill element to the material,
such as Boron

—Boron 1522s22p has only 3 valence electrons, but the surrounding silicon atoms
provide 4 bonds

-3 of these form covalent bonds with the 3 electrons of the Boron

~The 4th has only 1 electron, while we know it can take 2 electrons with opposite spin.
~The associated energy level EA is located ~0.030 ¢V above EV

—At 0°K this level is empty

—At higher temperatures (300°K) an electron can jump into the empty space from other
bonds; another electron can jump into the newly vacated place and so on*This is can be
viewed more easily in terms of hole rather than electron:

—a hole is bound to the Boron atom at 0°K , but can move about at higher temperature—
Now there is an excess —ve charge —e on the Boron site due to the captured electron
~The captured electron stays on the Boron site while the hole moves about

—Such Gp.III impurity is called an ‘acceptor

To dope III-V semiconductors such as GaAs which already contains atoms from Groups
Il and V we use Group II elements (e.g. Zn) as acceptors and Group VI elements (e.g. S)
as donors. Group [V elements can act as p-type or n-type dopants depending on their
chemical preference for substituting for the Ga or the As

C acceptor

*Si  donmor

*Ge amphoteric

*Sn  usually a donor, but occasionally acts as an acceptor
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Q3 (a) Space charge density distribution, electric field and electrostatic potential across unbiased
Jjunction pn junction:

Tl 00009
: 'PQ”O©O
ol 00000

(b) For the p'n junction the depletion region may be considered to be in the n-type region alone.
The Poisson equation (Gauss law expressed in terms of voltage) states

V2V= -p =—eNI)
88,  &E

r

where eNp is the charge density due to the ionised donors. Given that V only varies in the x
direction across the junction this becomes

2

EoE =—eN,

&

Assuming that there are no electric fields outside the depletion region, i.e. the E-field is 0 at x=w
(whereby w is the width of the depletion region), integration gives

dv _eN, (w—x)
dx £y,

Integration again with the boundary condition that V=0 at x=0 gives




which may be evaluated at x=w to give the contact potential

2
: eN,w

V.
¢ 2&,8,

Rearranging gives

S
w=| 25EMa
eN,

(c) Band diagram for reverse biased pn junction:
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The width of the depletion layer is given by

2608, (Vo +V,,)) - (28,12x(1.637) )"
w= = 03 =46[072
eN, ex10%m

The electric field € is at its peak value at x=0, and

, 20, -3
= dV=_eN,)M=_ex]0 m x4.6,wn=_694ka_,

dx &€, gy %12

(d) The junction capacitance per unit area is given by -

C o = —dg = _6‘0 gr
dav L
hence
Cd—bw.r - M)””b’”", = 2 =(.63

C(I ~nobius wblu.\'



(e) Energy band diagram and electric field across unbiased p-i-n diode (constant E-field across i-Si
region).

Q4 (a) A pnp BJT essentially consists of two pn junctions back to back.
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In the active mode the emitter junction is under forward bias (injecting holes) and the collection
junction under reverse bias (collecting injected holes). The main components of the base current are
the electrons injected into the emitter (denoted 5 in Fig. below) and the electrons to compensate for
those lost to recombination with injected holes in the base (4). For an uniformly doped base region
there is no electric field across the base (outside the depletion regions) and the dominant transport
mechanism is diffusion of holes across the base.

T 2T ihow

(b) Assuming that there are no electric fields outside the depletion regions and that the system is in
a steady state, the Continuity equation for holes reduces to

Ap, _ p, #(8p,)
7, Ox

which has the general solution
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Ap,(x)=C exp(T] +D exp(fh—]
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where C and D are constants that can be determined by applying the boundary conditions

Ap,,(()) =C+D at x=0 and

- %
Ap,W,)=0=C exp[ LWb J +D exp(%] at x=W,

(] (]
This gives

: Ap, (0) exp(#, /L)
exP(W Wl Ly, ) - exp(— w,/L, )

__ 8p,(0)exp(-W,/L,)
exp(#, /L, )-exp(-W,/L,)

and

Hence

(07, - x)/L,) - exp{(x - W, )/ L)
exp(W;, / L, ) = exp(—- Wb/ L, )

(c)
T Ny T = T T T T T
.AO(X':O k —e Wh/Ln= 0.5 4
" ) - - -~ Slraight line
X, approximation

ap,

For base transport factor to be close to unity recombination should be minimised, i.e. Wy<<L,
(d) Assuming that all donors are ionised, then

N
EF =EG kT lnﬁc—

D
where N_ is the effective density of states in the CB and Eg is the band gap.



From the definition of the Fermi level this means that a potential difference, ¥, across the base is set
up with
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The electric field, g, produced is uniform since the doping profile is exponential, so
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2011 3B5 Answers to numerical questions

Q1  a(iii): ¢=6.74x10""m
c(i):1/4; 1/4

Q2 ¢ ErEy=0.174eV
Q3  c¢: w=4.6 micron
Emax = ~694kVm™
d: 0.63

Q4 d:177kVm’?



