Dr H Joyce

Question 1
Part (a)

We assume:

(1) The junction is abrupt and all acceptors are ionised, so that in the p-type region
= N,. In the p-type region there is fixed charge due to ionised acceptors.
(2) The electric field exists only within the depletion region. There are no electric

fields outside the depletion region, therefore:
d(An)
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(3) We are in steady-state so the left hand side is zero.
d(An)
ot

Therefore
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The general solution to this differential equation is

—X b
An = A exp (L_> + Bexp (L_>
e e

We impose the condition that the minority carrier concentration can only decay away from
the depletion edge.

—X
An = A exp (L—)
e

To find the constant A, we use the boundary condition that at x=0,

2

n; |4
n=n(0) = N—lexp (Z—T)
A

And also note that An=n——-.

So,



This gives the solution

on = e () = 1] ()
n—NA exp |7 exp L

Also, we have assumed there is no net recombination or generation in the depletion region,
and that the injected minority carrier concentration is much less than the majority carrier
concentration (low injection). [35%]

Part (b)

As the n-doping is much higher than the p-doping, we can assume that the reverse saturation
current is dominated by minority carrier electrons on the p-type side.

dn
Jn = gD, E
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Evaluating at x=0 gives

= ot lew () -1
Jn = 97, N, (X ser

And converting to net current gives

()
= 4 NPk
qV
=15 [ew () 1]

The reverse saturation current is therefore given by

b
s = qLeNA
o Len}
B Te Ny
Le nf
I,= g-2-Lt
N qTeNA

100 x 107%  (10%%)?

=1.0x 1072 x 1.602 x 1071° x X
1.0 x 10~¢ 5x 1022

=3.20 x 107194
=320 pA

[25%]
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Eart (©)

(i)
qV,
e =1 (exp () = 1)
=327 x 10712 x (ex (L> — 1)
- P0.025861
=344 A
[20%)]
(i)
Gopp = 3
Pt qA(Le + Ly)
Assume Ly, is negligible.
3.44
= =2.15x 1025m=3s~1
Yort = 1602 x 101 x 102 x (100 x 10-°) > X 10%m™s
[20%]

Comments: This question required the students to understand the derivations presented in the
lecture notes and apply them to a new situation: a pn™ solar cell. Part (a) was answered well
by most students. Part (b) was also answered well, although some students neglected to
derive the equation for Is and simply recited it from memory. One student performed the
derivation perfectly but neglected to calculate the final answer. Part (c) involved numerical
calculations and was generally answered well.

2 (a) Crystalline Si has to be thick because it is not an efficient optical absorber. It has an
indirect band-gap, which for a material with a crystal structure, means than an energy gain
alone will not allow a carrier (electron) in the valance band to be excited to the conduction
band. Hence, the absorption of photons (light) alone cannot take place. This is because in a
crystal, electrons have both allowed energy and momentum states. In Si the transition of an
electron from the valance band to the conduction band requires both an energy and
momentum transition. As photons have no momentum a transition across the band which
absorbs a photon requires an accompanying momentum gain/loss through absorption/loss of a
phonon (crystal vibration). In direct band-gap materials the crystal structure is such that an
energy transition across the band-gap without requiring a change in momentum is allowed.

In amorphous Si there is no crystal structure. It has the characteristic bond angles and bond
distances between Si atoms as in the crystal, but no periodic order in the location of the Si
atoms. This allows relaxation of the conditions required for momentum conservation in
exciting electrons across the band-gap. a-Si:H is therefore a pseudo direct band-gap material
and an efficient optical absorber. Hence it requires much less thickness to absorb the photons
from the solar spectrum which can lead to energy transitions across the band gap. [15%]

2 (b) Solar cell fabrication process below. [30%]
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2 (c) One way to do this is to change the direction of the light path within the cell to become
lateral after it enters the cell vertically. Once this is achieved, as the Si has higher density
than air, light will be ‘trapped’ in the Si through total internal reflection the same as it occurs
in an optical wave guide/fibre. This allows there to be a long optical path (laterally) for
effective absorption of photons while having a thin cross section vertically.

Light enters vertically

All light reflected within the
Lambertia cone with an angle
equal to the critical angle for
total internal reflection can
exit the Si. All other light is
‘trapped’ through total
internal reflection

Back surface roughened to
randomize direction of
reflection from back surface

0, =sinl[hJ _16°
n..

N

[35%]



2(d) The starting Si would be a 0.05mm (50 pum) foil rather than a 0.5mm wafer.

The manufacturing process would be the same as that for the conventional cell except for an
additional back surface roughening step. This can be done after the edge isolation step,
before the screen printing of the rear contact.

i o

Edge isolation

Back surface roughening.
This can be done through
chemical etching while
protecting the front
surface or by plasma

etching back surface only.

Screen printing back
metal. Ideally the etch
depth will be close to that
of the sacrificial n-layer at
the back. The printed
metal layer thickness is

much larger than etch
depth

[20%]

Comments: This was the least popular question of the examination. For part (a), most
students were able to explain that amorphous Si has a pseudo-direct bandgap and therefore
absorbs light more efficiently that crystalline Si. However, one student got very lost and only
described the effect of diffusion length. Most students also accurately described the
manufacturing process for crystalline Si solar cells in part (b). Answers to part (c) were
strong, with most candidates describing back-texturing to improve the efficiency of c-Si solar
cells. Some candidates listed additional strategies (anti-reflection coatings, finger contacts)
that would not strictly achieve the increase in optical path length required for increased
photon absorption in an ultrathin c-Si solar cell. Part (d) was answered well by those
candidates who answered part (c) correctly.

3 (a) Efficiency = ~°¢¢" "o

ch

_ 0.65x1.5xF,
1x10° x50%x10~*

FF, from formulae and constants sheet

q:? - |n(qk\4a +o.72)
FF, =
qVoc +1
KT



QV,.  1.602x107° x 0.65

=25.152
KT 1.38x107% x 300

_ 25.152 - 1n(25.152 + 0.72)

FF,
26.152
=0.84
-, Efficiency = 2:02x1.5x084
5
= 16.4%

(b)(1) Vgo = 77k—T In(Ii +1]
q |

S

L I B 15
.= -
Ve (25.152)
exp| —C |-1 e -1
Xp( kT ] P 1.05
_ 15
2.53x10%
= 6.05x107* A
(ii) New FF,
25.152 n 25.152 07
105 1.05
- 25.152
+1
1.05
_ 23.954-3.146 _ 0.83
24.954

(iii) Taking into account series resistance
FF, = FF,(1-V,) where V, = 0-02%

Voo, _065_4 43

r
6 lsc 15

[20%)]

[20%]

[30%]



r, =0.058
FF, =0.83x0.94=0.78

.". better estimate for efficiency is

164 0.78-15.2% [30%]
0.84

Comments: This question was attempted by all candidates. Many candidates answered all
parts correctly. Some candidates misunderstood that the current is resistively limited above
1A, and took 1A to mean the operating point of the solar cell. Some candidates also neglected
to use the ideality factor in their calculations of FFq in part (b-ii). Most candidates were able
to calculate a better estimate of the efficiency in part (b-iii) based on the FF( calculated in
part (b-ii) and the limiting resistance.

4 (a) In a solar power plant the optimum operating point is that at which maximum power is
extracted. However, this optimum point changes as the solar intensity and temperature
changes. Therefore it is necessary to have maximum point tracking.

Max Power
Te povier
IM A PMAX p
\ Vaax Voc
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SuIsea103(J

[20%]
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(b)

Grid voltage

T Inverter controller | ______ ...

|| | P

M -

P l-st stage :?Hg: v L Grid

P mverter rectifier inverter

T

| | [ HF Grid
Solar panel Voltage HV DC link filter
output (DC) step-up capacitor
transformer
[30%]

(©)

Points which need to be addressed.
(i)  Solar power is cheaper now than any time before.

(i)  The cost of solar cells is directly related to the energy cost of its production.
Therefore if fossil fuel prices drop, solar cell prices should also drop.

(iii)  Grid parity, that is the cost of solar electricity without feed-in tariffs matching
cost of grid power from other sources, is desirable but not essential.

(iv) (iii) applies as solar power is ‘clean’ and does not emit CO, emissions. As all
countries are committed to reduce CO, emissions, continuing to generate with fossil
fuels even at current levels is not possible. Hence solar will continue to grow even
without subsidy. [50%]

Comments: This was also a popular question. | was pleased the students understood the
concept of maximum power point tracking and how temperature and illumination conditions
change the maximum power point. Most included diagrams showing how the IV curve and
power depend on illumination conditions. In part (b), the answers generally showed good
understanding of an inverter’s operation and function. In part (c), most candidates wrote
comprehensive essays, although none mentioned that the cost of solar cells is directly related
to the energy cost of their production.
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