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CHAPTER I 

GENERAL INTRODUCTION 



The use of photovoltaic cells for direct energy 

conversion has so far been largely confined to space 
1-7 

applications . However, the increasing need for alternate 

terresterial energy sources and ecological considerations 

have made solar energy and photovoltaic conversion an active 

area of research. The problems involved in these two cases 

differ to some extent. For space applications, the cells 

should be light, have a high conversion efficiency and be 

capable of withstanding radiation and possible severe 

8-15 temperature cycling. For terresterial applications, cells 

must be inexpensive and may have to be protected from the 

ambient atmosphere. 

In this chapter, we review the principles underlying 

the operation of photovoltaic solar cells in general. The 

subsequent chapters would deal with relevant specific aspects 

of the respective photovoltaic cells more fully. 

For a photovoltage to develop, the light generated 

electrons and holes must be separated by some built-in 

internal field in the system . This can be due to 

(1) a junction between two regions of a semiconductor having 

different types of conductivity such as a p-n junction, or 

(2) a junction between a metal and a semiconductor (Schottky), 

The p-n junction can be a homojunction which has the 
23- 25 

same semiconductor on both sides of the junction , or a 



heterojunetion composed of two different semiconductors 

Our treatment includes p-n junctions of both the homo-

and hetero-type and the metal-semiconductor Schottky diodes. 

When solar radiation is absorbed by a material, 

electrons and holes are generated ' . The minimum energy 

that a photon must have in order to create an electron-

hole pair is the band gap energy, E of the absorbing 

23 material . The absorption coefficient rises more steeply 

with increasing photon energy for a direct gap material 

than for an indirect gap material, since the latter 

requires an additional scattering event accompanying the 

29- 31 
photon absorption . The magnitude of the absorption 

coefficient determines the thickness of material needed to 

absorb light. Once generated, the electrons and holes 

would simply recombine in the absence of a junction which 

separates them and allows the minority carriers (electrons 

in a p-type material, and holes in an n-type material) 

to reach a region in which they are in majority. Then 

they proceed to the electrodes and contribute to the photo-

generated current. 

1-1 Current-voltage relation 

Homo-j unctions 

The energy band diagrams of a p-type and an n-type 

semiconductor are given in Figs. 1-1 Ca) and 1-1 (b) 
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respectively. When a junction is made, holes from the 

p-type material and electrons from the n-type material 

go over to the other side. This creates a space charge at 

the junction and causes a band bending"̂  ~ . The charge 

separation goes on to the extent necessary to equalise the 

fermi levels on the two sides (Fig. 1-2). In equilibrium, 

there is a continuous flow of majority and minority 

carriers from both materials, but the sum of currents due 

to these charge carriers is zero. Fig. 1-2 gives the band 

diagram of a p-n junction. 

Fig. 1-3 shows the space charge layer adjacent to 

the p-n junction (also known as the depletion region). 

Let w be the thickness of the space charge layer in the 

p-type material and wn in the n-type material. Space charge 

exists only in the depletion region and the rest of the 

bulk semiconductor is neutral. 

The space charge layer gives rise to a potential 

barrier, which can be determined by solving the Poisson' s 
•DO 0(t_ O Q 

equation for the two regions0 '-^ ° . The charge density 

is eN» on the ' p' side and eND on the 'n
1 side of the 

depletion region. It is assumed that all acceptors and 

donors are ionised. 

Thus if V,(x) is the potential at any distance 

x in the p-region, the Poisson's equation gives 



dV^x) 
_ 

dx 

eN, 1-1 

^"O ̂  

Similarly if V2(x) is the potential at any distance x 

in the n-region 

d2V2(x) 

dx 

eN D 

£o£ 

1-2 

The solution of the above equations with the following 

boundary conditions determine the potential profile in 

the depletion region. 

v1(o) = o, 
dV-^x) 

"dx 

dV2(x) 

~dx 

x=w_ x=w 

dV-^x) 

"dx 
= 0 and 

dV2(x) 

dx 
= 0 

x=0 x=v +w„ 
P n 

From these boundary conditions, 



V^x) 
eNAx 
2eQC 

v2(x) 
eNDx ew 
2£06 ^o6 

P_ CNA+ND) x 

ew J3L CNA+ND) 260e 

The potential at x = w + w is known as the contact 

potential or diffusion potential and is given by 

V D 

¥D 
2 £06 CNA+ND) 

P n. 
2 

w +w 
P n 

and the thickness of the depletion region 

w + wM 
P n 

2 <^VD 
1/2 

NA+ND 

V D 

,1/2 

The junction gets narrower as the impurity concentration 

is increased. 



If NA » ND 

a/2 , x 1/2 

V H • ( - ^ • ^ 

NA 

N A , 

exp / 
e V D 
kT 

In such a case, the junction is confined almost entirely 

to the'n' region. 

Under equilibrium, in the absence of any applied 

voltage, the following relations hold^'^6. 

P < V V = NA exP (~ -^r-) = pn 

and p(0) = 

n(wp+wn) = N D 

n(0) = N D exp -(^f-) = ^ .. 1-6 

If the junction is biased in the forward direction 

by connecting the p side to a positive potential and the 

n side to a negative potential, the potential barrier for 

the majority charge carriers is reduced to V^-V and hence 

eV h 
n(0) e n . exp —-— •. 1-7 

P kT 



r 
i 

Similarly 

p (w +w ) p n n 
exp 

eV 
kT 

1-8 

The width of the depletion region is also reduced by 

forward biasing as VD is replaced by V^-V. 

The continuity equation for minority carriers in 

the p-type material is given byJ ,J 

dn 
dt 

n -n 
_E 
oi n 

D 
n dx2 

= 0 1-9 

and 
n 

= eD. dn 
n dx 

x=0 

1-10 

where the effect of any external field or voltage is 

taken to increase the minority carrier concentration as 

per the equation given above. 

A solution of the minority carrier continuity 

equations can be obtained for any applied voltage, V by 

using the boundary conditions given below. 

nCO) = n exp 
eV 
kT 
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and 

n(-oc) = n. 

The solution is given as, 

n(x) = n +n„ / exp -iL-
P P ( kT 

-1 ) [exp + 
n 

.. 1-11 

and 

n dn(x) = P_ 
dx 

exp 
eV 
kT 

-1 )/exp + x 

n n 
.. 1-12 

Therefore, 

J = n eD 
dn 

n dx 
x=0 

eD n n P 
Ln 

exp -g- 'I .. 1-13 

Similarly, it can be shown that 

eD p 
p vn 

eV _ i exp -gf- x . . 1-14 

Hence 

J = J +J n p 
"PAIU £--I 

or J = J Cexp -IT- -1) . . 1-15 



where r, 
eDn e Dp pn 

J = T n P + L 
o L P 

is the reverse saturation current density. 

If N. » N^ (heavily doped p type in junction 

with lightly doped n type), 

p ^n 

then 
el) p 

o L 
P 

In order to estimate the value of J and its 

dependence on temperature and on the resistivity of the 

base layer of the semiconductor, we use the law of mass 

action, 
2 n« r> _ 1 

P. 
_i and p 

n " ~\~ ' n ND e ^ n 

or 
5n = ni 2 • Pn • e^n 

and J0 = -£>-• ni2' Pn e%n 
P 



2 
I n c o r p o r a t i n g t h e va lue of n . 

J 
o 

-£— x 2 . 2 3 x l 0 3 1 . T3 exp (-E /kT) P e2/U„ 

P 

Since 

L 

J 

-i p p 
1/2 

= 2.23X1031 T3 (J±) *2 PnUn X 

exp C-E /kT) . . 1-16 
o 

The equation 1-16 shows that higher the resistivity 

of the base material, higher is the value of the reverse 

saturation current density J . Further a decrease in the 
' o 

mobility of carriers or an increase in the minority 

carrier life time decreases JQ. 

The essential prerequisites for a low JQ, therefore, 

are low mobility of charge carriers and high minority 

carrier life time. Furthermore, as is well-knownJ ' 

„ = -J2L Un and 
n e ri 



where r is the constant of proportionality called recombi

nation coefficient. 

If n « N. 
P A, 

I n r N A 

The minority carrier life time depends on N^ the impurity 

doping level and decreases with increasing impurity 

concentration. Recently Fossum has given an analysis 

for the life time of minority carriers in silicon. The 

equation for the life time of minority carriers in 

silicon is, 

V - ^o .. 1-17 

N0 

where | = 3.95 x 10 sec, 

NQ ~ 7.1 x 1015 cm"3, 

Heterojunctions 

A heterojunction is defined as a junction between 

two different semiconductor materials . The materials 

may be single crystal, polycrystalline or amorphous and 



may also be abrupt or graded. The heterojunctions may 

be isotype having the same type conductivity on both 

sides or anisotype having different types of conductivity 

e.g. p and n on the two sides of the heterojunction. 

We shall only consider single crystal anisotype 

heterojunctions. 

A typical equilibrium energy band profile of an 

abrupt p-n heterojunction formed by bringing two 

semiconductors of different band gaps into intimate contact 

is shown in Fig.l-U-. 

The subscript 1 and 2 refer to p and n type semi

conductors respectively. It can be seen that the 

discontinuity in the conduction band edges, AE is equal 

to the difference in the electron affinities of the two 

semiconductors and the discontinuity in the valence band 

edge, AE„ is equal to (E - E - AE ). In this type 
v g2 &l <-

of heterojunction a depletion layer is formed on either 

side of the interface and just as in case of a homojunction, 

% wn = NA V 

The total built-in voltage V D is due to the 

difference in the work functions and is equal to sum 

of the built-in voltages on both sides. 

v ¥ + vn •• 1"18 
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The energy band profile near the interface plays an 

important role in controlling the current transport in 

a heterojunction. In the absence of interface states, 

the energy band profile depends upon the electron 

affinities, energy band gaps and the work functions of 

the two semiconductors forming the junction. For a 

heterojunction with 

X± > X 2 | 

0j > 4>2* 

and E < E 
si £2 

the dark current-voltage relationship has been derived as ' 

J = JQ Cexp -|»p "I ] • 

On assuming transmission coefficient to be equal to unity, 

1/2 N 
eVD-AEc ) 

exp / - —xT 

IfX, = l o and Ea = Ep the above equation 

for J reduces to that of the homopolar junction, 
o 



Metal-Schottky diodes 

The contact between a metal and a semiconductor can 

produce a barrier under certain conditions. For a metal 

of an n-type semiconductor a barrier is produced when the 

condition <pm > 4,o is satisfied
36' 3' 7. 

HI S 

Energy level diagrams for metal and n-type semi

conductor have been shown in Fig. l-5(a) and l-5(b). The 

metal-semiconductor contact acts as a rectifier, since a 

barrier (d - <p) exists in the conduction band of the m *s 

semiconductor. For a forward bias the semiconductor is 

to be made negative with respect to the metal when the 

electrons flow from the semiconductor into the metal. 

If (p < <p , there is virtually no barrier and the contact 

is ohmic. The simplified equations for the depletion 

region, built-in voltage and the capacitance of a Schottky 

barrier diode are similar to those for a p-n junction. 

For a metal- n-type semiconductor Schottky diode, one has 36 

w = 
t-> C C Q 

eN D 
vD-v 

kT 
1/2 

1-19 

where w is the width of the space charge region in the 

semiconductor. 

For the Schottky metal-semiconductor diode the 

J-V dependence is similar to that got for the p-n diode. 
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The dark current is controlled by diffusion or by thermionic 

emission, depending on whether the space charge region is 

thicker or thinner than the diffusion length. For thermionic 

emission, the current 

J = A * T 2 e x p ( . J ^ f e x p <-$->-!] --1-20 

where A is the modified Richardson constant for thermionic 

emission into the semiconductor, the modification being the 

use of an effective mass 

& = 7™ e m W - 120 c awpicm K 
h3 mo 

For wider space charge regions the diffusion theory must 

be applied instead of this thermionic emission process. 

When space charge regions are comparable in thickness to 

the diffusion length, a combined approach may be used. 

In summary one can write 

J0 [exp-gr-- 1] •• !-21 

where J^ is the saturation current. 



IB 

1.2 Optical effects in_ semiconductors 

We shall consider the effect of incident radiation 

on a p-n junction. When light of wave length A is incident 

on the surface of a semiconductor, the generation rate of 

hole-electron pairs,as a function of distance x from the 

surface, is l*,2>*,25,>fB# 

g Cx) = N(A) . a (̂ ) [1-r (A)] exp [-a (A) x ] .. 1-22 . 

The photocurrent that these carriers produce and the 

spectral response (the number of carriers generated per 

incident photon at each wave length) can be determined for 

the low injection level conditions using the minority carrier 

continuity equations 

p 

A AP d AP / ^ , o-, 
dp _ n + D —~rr~- - g(x) .. 1-2J 
dt tv P dx 

for holes in the n-type material and 

d n _ _ ^ £ n . + Dn -£p- * g(x) .. 1-2M-
"dt" T n

 n dx2 

for electron in the p-type material. The hole and electron 

currents are 
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T •,. dAp 

J = e D v--^ 
p p dx 

J = e D d A n 

n n dx 

For the case of p/n junction where the base is n-type and 

the top side p-type, the photogenerated current continuity 

equation for hole in the ' n' layer at equilibrium 

2 
dAp _ _ Ap + D d - 4 E ~ + gCx) = 0 
dt T P P d x

2 

i e ^ P ^ = D ^ g . + g(x) - -^- = 0 - 1-25 
1 , e # dt p d xs r P 

•55 I4.9 
In order to solve this, the boundary conditions are ' 

Ap = 0 at x = d-, + w 

and S Ap = D -|^ at x = d 
p F p dx 

As the back contact is ohmic, S , the surface recombination 

velocity at the back, can be taken as infinite. Hence the 

second condition would become 

Ap = 0 at x = d 



18 

By using this boundary conditions, the hole distribution 

in the n-type base layer is given as 

Ap = j £ i2L2L(exp [-aU1+v)]TX 
a Lp-1 ^ J 

( •*- ) -exp [-aCx-d-j-w)] 
V / x -d-,-w 

cosh 
\ L 

p 

d-d.,-w 
cosh • r:, - exp L-a(d-d-w)] 

P sinh 
x-cu-w 

sinh 
d-d-,-w 

.. l-2< 

and the photocurrent per unit band width due to holes 

collected at the base is 

eN(l-r) a L , r ., , 
j = —— JL-Jexp [-dCd-,+w)] / x 
P (a2L 2 - D 

d-d,-w 
cosh -1 - exp t-cad-d-j-wj; 

aL -
P 

sinh 
d-d..—w 

1-27 

J 

Similarly, using the continuity equation for electrons 
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in the p-type top layer, the number of photogenerated 

electrons In the top layer can be calculated with the 

following boundary conditions. 

D dAn 
n dx 

= SnAn 

x=0 

and An = 0 at x = dn 

Then the electron density in the top layer is given as 

An = 
aNd-iO^n 

(a2l£ -i* 
X 

\ 

S L \ 
n n + aL ] sinh T 

D n) L 
n / 

d,-x 1 _ + exp C 

n 

/ S L „x ^ I n n sinh r̂ -f cosh -f 
Ln L 0 

S L Qi u
 An 

n n sinh -==- + cosh -f— 
D. 
n n 

- exp C-ax) 

J 
.. 1-28 

and the resulting electron photocurrent density at the 

junction edge is 
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n 

eN(l-r)aL 
n 

(a2!/; -1) 

^LJL. + aL 
/ S L d di 

- exp (-ad-,) n
n n cosh -y—f-sinh — 

1 \ Dn n n 

S_L. 
D. 
n n sinh - — + cosh -±-

n n n 

- aL exp (-ad,) 1-29 

Some photocurrent collection takes place from the 

depletion region as well. The electric field in this region 

can be considered high enough so that the photogenerated 

carriers are accelerated out of the depletion region before 

they can recombine so the photocurrent density is equal to 
5o the number of photons absorbed 

J, = eN(l-r) . exp (-ad) [l- exp (-aw)] •. 1-30 
dr 

Thus the total short-circuit photocurrent at a given wave 

length is the sum of J , Jn and Jdp. 



Therefore 

J. (A) = j + j + j n oX 

1 p n dr * J-L 

Under complete solar illumination (i.e. either under AMO 
51 52 

or AMI) » , the total photogenerated current would be 

obtained by integrating over the entire spectrum 

A g = hc/Eg 

JL = Jji CA) dTv .. 1-32 

A© = 0.3yCo 

Similarly if the Schottky barrier has been made on an 

n-type semiconductor, the photogenerated current and its 

spectral response come from the depletion region as well 

as from the bulk of the semiconductor. The collection 

from the depletion region is qualitatively the same as in 

a p-n junction. It is assumed that the high field in 

the depletion region sweeps carriers out before they can 

recombine, leading to a current equal to 

JJ- = eN [l-exp (-aw)] ar 

The collection from the base of the Schottky barrier 



n 

is also qualitatively the same as from the base of p-n 

junction. This equation can. he simplified if the device 

thickness is much greater than the diffusion length. 

In that case, 

eNaL. • 

j 

P 
JP = TT7~at-

 exP (" a w ) •• i-K 

and the t o t g l photocurrent i s the sum of J and J , . / p dr 
/ 

1.3 Photovoltaic cells 
) 

The* minority carriers generated due to the incident 

radiationj cross the junction by diffusion due to the energy 

gradient [(Fig. 1-6). The carriers which cross junction 

cause a potential to develop which forward-biases the junction. 

In case a load is connected, the current density through 

the load Resistance RT is given as 

• i 
I r e(V-JR ) ? 

J \ Jo «' -VT^--1] "JL " ^ 

1 
The ouxtput of the cell can be obtained experimentally 

by varying t\*e load resistance and the variation in J is 

shown in Fig.3S.-7. The maximum power is determined from 

the J-V curve tW finding the rectangle with the largest 

area under J-V cfeurve in the fourth quadrant. 

http://Fig.3S.-7
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The voltage at maximum Dower V and the current 
mp 

J give the maximum power output 

Pout = Vmp- J
mp •• ^ 

The efficiency of the solar cell is defined as the 

ratio of the maximum power output to the incident power 

P . 
y\ - out x 100% .. 1-36 
, ' in 

The incident power depends upon the type of illumination. 

The incident radiation can be either (1) AMO or (2) AMI or 
2 5l 52 

AM2 whose intensity is 135, 100, 90 mw/cm respectively " . 

Open circuit voltage 

The open circuit voltage is defined as the voltage 

at the point J = 0 on the J-V curve under illumination. 

Therefore, 

v = -¥- ln/v +1J •• 1_37 

Since J"L » J Q , 

V J^_ In 
J L 

oc e JQ 



2i 

Therefore, V can be maximized by minimizing-J 
oc 

The 

dark s a t u r a t i o n c u r r e n t fo r p/n j u n c t i o n can be w r i t t e n a s 

eD P p*n eD n 
n p 

n 

Considering a heavily doped 'p1 region in contact with a 

moderately doped 'n' region, 

since 

J = ep 
n 

D 

ft 

p j
 P 

1/2 

Thus in order to get high open circuit voltage, one should 

use a material having low resistivity, high minority carrier 

life time and low mobility of both electrons and holes. 

Short-circuit current 

The short-circuit current density in ideal case is 

equal to the photogenerated current 

J 
sc 

= J, 

However, in a practical case, the cell may have shunt 

resistance R . as well as a series resistance R . The 



equivalent circuit for such a system is shown in Fig. 1-8. 

For a non-ideal diode, with all these factors, the 

J-V characteristic is given as 

J = J, exp 
e(V-JTR ) li s - 2. 

kT 

V-JR 
+ _ §_- J, 

R sh 

As the shunt resistance is in parallel and its value 

is generally high, its effect can be neglected. However, 

the effect of the series resistance is more harmful. 

A series resistance of just 5••&- reduces the available 

power to less than 30% of the optimum power obtainable 

with R = 0. Assuming R , -*• oo , the J-V characteristics 
sh 

become 

J = JQ ) exp kT i L 

i a kT In 
JL + J 

o 
+ K + JB 

and the power that can be obtained from such a device is 

P = J . V 

= J M_ In 
e 

JL+J 

J + 1 + JR. 
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If ' d* is the thickness of cell, it should be made as 

small as possible such that the resistance in the base 

layer of the device is minimum. Th is not a critical 

parameter since it is easy to keep this resistance to a 

value of less than one ohm. 

As most of the solar radiation is absorbed within 

a few microns from the surface, the excess minority 

carriers produced by the photon absorption should cross 

the junction before they recombine. Hence the thickness 

of top layer should be small to avoid recombination. 

The surface layer resistance is given as 

dlff- If txL 

where L is the length of the cell, t-, is the thickness 

of surface. If the thickness of top layer is small, the 

resistance increases. Hence the thickness of surface layer, 

t-, has to be properly chosen. Series resistance can also 

52 
be decreased by choosing a proper grid contact 

Reflection losses 

To estimate the reflection losses, the relation 

between reflection coefficient (r) and refraction 

coefficient (n-,) has to be considered. 



C n r 1 ) 2 . . 1-1*0 
( n i + i ) 2 

A relationship between ' n-,' and 'E ' i.e. 

\-»l - "3 

11 

given by Moss is approximately true for materials of 

the zinc blende and diamond type structure which shows 

that for Si;E =1.1 ev, i^ = 3.5*+ and r = 0.31 and 

for GaAs, Eg = lM ev, n± = 3*33 and r = 0.29. 

Thus there is not much difference in ' r' in the 

range of E which is available for the photovoltaic cells. 

The reflection losses which form about 30% should be 

eliminated in order to improve the efficiency of the cell. 

Antireflection coatings are provided to achieve this. 

Fill factor 

Generally, the maximum power output (P ) is 

represented as the fraction of the product of the open 

circuit voltage (V ) and the short-circuit current (J ). 

This fraction is known as fill factor (FF) or curve factor 

P = FF . V • J mp oc sc 



Hence the efficiency can be represented as 

n = ' o c < s c x 100% . 
1 Pin 

In general, the factors affecting the performance of the 

solar cell can be written as follows* 

The efficiency of the solar cell, defined as the 

ratio of the maximum power delivered to the power input, 

is maximized by maximizing the short-circuit current, J , 
so 

the open circuit voltage, V and the fill factor. To 

maximize the J , the absorption of the incident light 

should be as large as possible. The thickness of the 

absorbing layer needed to do this is determined by the 

absorption coefficient. Additionally, the maximum number 

of the minority carriers generated should cross the junction. 

The number of minority carriers which reach the junction 

increases with increase in their diffusion length. The 

diffusion length increases as the square root of the product 

of the mobility of the carriers and their recombination 

life time. The recombination life time depends on the 

recombination cross section and the density of defects. 

The mobility of the carriers, in turn, depends on the 

scattering mechanisms present. The open circuit voltage 

depends on the magnitude of the barrier height. The width 
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of the region over which the barrier exists is dependent 

on the density of impurities. 

With this introduction and a general review of the 

principles and operation of photovoltaic cells, we now 

present an account of our theoretical work on some aspects 

of solar cells in the subsequent chapters. Chapter 2 will 

deal with the theory and calculations on the performance 

of homo and hetero type M-p-n Schottky barrier solar cells. 

Chapter 3 will cover the performance of the back illuminated 

MIS solar cells. In chapter *+, theoretical calculations 

on the efficiency of p/n heterojunction of a-Si and low 

grade single crystal silicon will be presented. 
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CHAPTER II 

THEORETICAL STUDY ON THE BEHAVIOUR OF 

Metal-p-n SCHQTTKY BARRIER SOLAR CELLS 



,') 

2.1 Introduction 

Schottky barrier solar (SBS) cells appear suitable 

for large scale terrestrial applications because of their 

low cost of fabrication . Furthermore, they are prepared 

at lower temperatures, hence the degradation in the bulk 

properties of the semiconductor is negligible. However, 

as is well-known, the open circuit voltage in SBS cells 

7-11 is less than that in the p-n junction solar cells . 

12 
Calculations by Pulfrey and McOuat indicated a theoretical 

efficiency of 22-2*+% for silicon SBS cells, however, in 

practical cases, it is difficult to achieve an efficiency 

of more than 10%. This difference is due to the fact that 

Pulfrey and McOuat assumed a quantum efficiency of unity 

and the barrier height equal to the energy gap. By using 

a more realistic value for the barrier height in n-type 

silicon1^, the efficiencies of 11% and 17.8% have been 

calculated for Schottky cells with gold and platinum respe

ctively ' . In actual practice however, platinum gives 

considerably lower efficiency than gold due to the higher 

sheet resistance. 

-i zr_ pi 2 2 — 2*7 

Recent theoretical and experimental work 

has shown that the presence of a thin interfacial insulating 

layer between the metal and the semiconductor (MIS) can 

considerably increase the photovoltaic conversion efficiency 
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of such solar cells. The thickness of this insulating 

layer is of the order of 30 A. 

The open circuit voltage V for the MIS solar 

cell increases as the thickness of the oxide layer increases, 

but at the same time, the short circuit current decreases 

and the overall efficiency of the cell increases upto a 

certain thickness of the oxide layer, beyond which, it 

decreases. Hence there is an optimum value of the oxide 

layer thickness which is around 3° A. 

The height of a Schottky barrier depends upon the 

metal work function, the electron affinity of the semi-

28 conductor , the distribution of interface states, the 

nature of interfacial layer if present, and the electric 

29 
field at the semiconductor surface. Shannon has proposed 

to use this dependence on the surface electric field as a 

convenient means to control the barrier height. 

28 The J-V characteristics of a Schottky barrier is 

J = A* T2 exp ( - -g^-) [exp -^L - l] . .. 2-1 

The barrier height 0 1
B is dependent upon the surface 

field and it can be written as 

1/2 
2-2 
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where the second term is the lowering of barrier height 

due to the surface field. The change of the barrier height 

is, thus dependent upon the sign and magnitude of the electric 

field at the surface of semiconductor. Furthermore, since 

the surface field, 

r r ^ 2 

t= [2e ND CVd-V)/660] ? ..2-3 

a low saturation current should be obtained for lightly-

doped substrates. A highly doped substrate will reduce the 

barrier height in the forward direction. In agreement with 

this, Shannon observed that a thin highly doped layer at 

the surface of the semiconductor causes the electric field 

to increase and hence the barrier height to decrease. 

Later, he has considered a situation where the surface 

layer is oppositely doped to the substrate, as this was 

expected to lead to an increase in the barrier height on 
30 

the basis of equations 2-2 and 2-3 

The space charge due to the Gaussian donor profile 

in the implanted layer modifies the band bending at the 

surface of the semiconductor. In an ideal system the barrier 

height between the metal and the semiconductor is equal to 

the difference between the electron affinity of the metal 

and that of the semiconductor. Thus for a given concentration 
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in the base layer, the barrier height is fixed. This 

can be explained with the help of Fig. 2-1. In Fig. 2-1, 

curve 1 corresponds to a zero surface field and the doping 

concentration in the layer is minimum below which there 

is no increase in the effective barrier height. For a thin 

layer of lightly doped substrate, the surface field is 

zero for a certain concentration of implanted atoms. 

The effect of increase in the number of implanted 

atoms is shown by curve 2. It can be seen that at a certain 

doping a potential maximum for holes is obtained across 

the implanted layer. If N^ » N^ and the concentration 

of the implanted atoms Is much higher than the zero 

field concentration, then using the Poisson1s equation, 

it can be shown that the potential maximum will occur 

close to the layer-substrate boundary. 

Clearly as the doping concentration in the layer 

increases, the effective barrier height increases until 

the fermi level comes to within a few kT from the conduction 

band edge beyond which the p-layer is not fully depleted 

of holes and a sort of n-p junction is formed. This 

situation is represented by curve 3. 

Shannon reported a device made of Ni-Si Schottky 

^1 diode with ion implanted antimony . The theoretically 

predicted reduction of barrier height in a n-type substrate, 
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assuming all the implanted antimony to be electridally 

active, was compared with that found experimentally. The 

measurements on Ni-Si barrier having a built-in potential 

of 0.3 V showed that the barrier height could be lowered 

by 0.15 eV without any degradation of the reverse 

characteristic using a 5 KeV antimony source. Similarly 

the increase in the barrier height of p-type silicon was 

measured following a 5 KeV antimony implantation. But 

considerable discrepancy between the calculated increase 

in barrier height and that measured was found, particularly 

at higher concentration of implanted atoms. This could be 

accounted for by the activity of the implantation. This 

32 
has been confirmed by Pai et al . 

33 Van der Ziel-^ has considered the M-p-n silicon 

Schottky barrier diode and shown that the barrier height 

depends upon the thickness and the dopant density of the 

'p1 layer. 

3>h Later, Li has extended Van der Ziel's calculations 

for a GaAs Schottky barrier solar cell. He has shown that 

the barrier height of this diode is equal to the band gap 

of the semiconductor. The present work however, shows that 

in a system like this, the barrier height can not approach 

the energy gap of the semiconductor but it would be less 

35 than the band gap of the semiconductor by a few kT's . 
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2.2 Homo,-)unction Metal-p-n photovoltaic cells 

In this thesis, we have considered a metal-p-n-Si 

Schottky barrier whose band structure is shown in Fig. 2-2. 

Let us consider an n-type material on which a Schottky 

barrier has been made. A thin layer of p-type material 

is inserted in between the metal and the semiconductor. 

The effective barrier height for this system 

follows the relation, 

^Bn *m ^s m 

where eV is the increase of barrier height. In order to m 

find out a relation between the increased potential barrier, 

V and the donor and acceptor concentrations, the following 
m 

Poisson*s equations are considered: 

d" Y ^ 

A 2 

dx 

d 2 y 2 

d x 2 

= 

= 

6 \ . 
£ C > 
•-s ^*o 

eN e D 

- s !=-

0 < x < w 
sr 

. w < x 
> p 

o 

2-5 

p n 

The prevailing boundary conditions are 

(a) y^) = o 
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(~) d„ Y.(?.) is continuous vc> dx 

(d) yx(x) = y2 (x) 

w w 

Ce) 

(f) 

dY 
dx 

= 

x^O 

- ^ dx 

— 

P n 

eNnir - eN.w D n A D 

6 S £ o 

0 . 
1 V £ 6 ^ 5 " 

and 

After integrating equation 2-5> 

^ (x) = ^ ( x ) 
eNA ^ 

60£s
 2 + A,x + B, 0 

At x = 0, ^ ( 0 ) = 0, therefore B± - 0. 

In order to evaluate the other parameter A-,, the 

is used. 

H V G(o^ 



d1 f (x) 

dx 

e Vn " eNA> 
&s & o 

= An 

x=0 

After substitution for A-, and B-, in equation kj-y 

eN. 
\L>Ax) = ^ 
Y 1 6 c 6 s ^ o 

V. + LJ3L- X 

£s £o 

S i m i l a r l y the o the r P o i s s o n ' s equa t ion g ives 

72(x) 
eN, 

6 s 6 o 
+ A 2 X + B2 

> T < X < W +>T 

P P n 

By using the boundary condition Cf), 

d Y 2 ( x ) 

dx 

one g e t s 

p n 

= 0 
eNn , 

±!_ (w +w ) + Ao 
^-s ^-o 

eNT 
A, £— ( w +v ) 

'2 6 S 6 0
 P a 

and t h e boundary c o n d i t i o n (d) g ives 



eNAj-iL -w sU ^ s v i 
^ S 6 0 L 2 P J £ s £ o 

2 
eN^ p eNT 

6S £ 0 2 £ s £o P n p 2 

Hence 2 
J (N.+NJ . J!E_ B 3 = " ^ " * ™ D 

2 

and by substituting the value of A2 and Bg in equation 2 

eN^ v2 eNT eiND x e^ D 
AV (Y) = - * . + tt (w +w )x 

v 2 

§ (N.+NJ • - ^ •• 2_ 

^s €o A D 2 

In order to find the relation between w and wn, 

the boundary condition (b) is used. 



i .e . 

eN D 
6S 6 s eo 

- P n + 2— (v +w ) 
2 &s e o p n ^ o ^s 

m n 

i .e . 

eND 2 (0 -0 ) 
*m *n 

^o * s P n ^s £ o 
CNA+ND) w 

JL 

r 2 

P n 
< < W , 

2 6 e £rt s &o 

N eN 
D 

D 

^m *n 
e 

1/2 

wn = . W p + 

1/2 

Thus, equation 2-11 gives a r e l a t ionsh ip between w and wn# 

Due to the in se r t ion of the th in layer , the po ten t i a l would 

increase . At the maximum po ten t i a l 

d y u ) 0 
dx 

Therefore, from equation 2-8, one gets, 
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eN eNnw„ 
6 V (x -WJ + D n e fi« m P S °0 

c s co 
= 0 

N D 
m NA n 

2-12 

This implies that the maximum potential would occur 

in the ' p' layer itself at a distance x from the metal-

semiconductor junction and would be given by 

m 1 m 

eN, 
'A 

C NAV ND Wn ) 

6S C o L 2N 

w (N w - N~w ) ê ŵ 
vp U'AWp " D V + D_n_ [N.w -Nnw J 

\ ^SG o A P D n 

i.e. 
e 

m 2 ^ s ^ o N A 
A p 

N w ) 
D nJ .. 2-13 

For a Schottky barrier with p-type substrate, the 
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width of the depletion region is 

s ^ o 2£_ a. ( V V 
1/2 

2-l»t 

o eN A 



As we have assumed that the ' p' layer is completely 

ionized, the maximum potential would occur where the 

depletion region created due to metal meets that due to 

the 'n' type layer. In other words, the width of the 

depletion region due to the metal equals the distance where 

the maximum potential occurs, i.e. 

m = x. 

i.e. 
* __ 

2 6 S £ Q 
e 

rp *m 
-J./2 

eN A 
= w. 

N D 
N A 

ni 

(NAWP " W 
N A 

2 £ £ ^rT^m^ 

Substituting this value in equation 2-13, one gets 

V = P m 

m e 

The increase in the height of a metal-Schottky barrier 

by inserting a thin layer of oppositely conducting 

semiconductor is therefore equal to eV^. The maximum 

effective barrier 

'B m 

= E_ - kT In 

p Tm 
N 

N 
2-15 

A 



46 

Thus tp-Q would be controlled by the acceptor concentration. 

By taking higher acceptor concentration, 0 B can be increased. 

In order to see the photovoltaic performance of the 

cell, the current-voltage equation has to be considered. 

Under illumination, the diode equation is given by 

J = J 0 

e(V-JR ) 
6XP -kf " 1 - JL .. 2-16 

where R is the series resistance of the cell including 

the grid effect. 

Rs = Rb + Rdiff. * Rfront + Rback 

where Rfc = resistance of the base material 

Rdiff = r e s i s t a n c e due to the diffused layer 

Rfront = r e s i s t a n c e d u e to the front grid electrode 

including the Schottky metal effect 

Rback = resistance due to the back electrode. 

Further 
Rb = (t-j/A) 

Rdiff. = ' * d 

and Rback = ̂ ef(VA) 
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where f is the resistivity of the base material, t, the 

thickness of the cell, d the thickness of the diffused 

layer, to the thickness of back contact, rmet *^e resistivity 

of the metal used for back ohmic contact, P the resistivity 

of the diffused layer and A the area of the cell. Handy1s 

formulae have been used in the calculations of series 

resistance for a finger type grid pattern (Fig. 2-7), taking 

the numerical values of 0.35 cm for the spacing between 

the grid lines and 0.01 cm for their width. 

In order to calculate the photogenerated current, 

the spectral response of the cell is considered. In the 

region x = 0 to x = x , there would be an accumulation of 

photogenerated holes which would cause a lowering in the 

barrier height. In order to simplify the calculations, 

this effect is assumed to be neejliyibla.. . 

The generation of electron-hole pair is given as 

g(x) = aN exp (-a x) 

The current generated in the depletion region 

w +w_-x_ 

T p n m 

eaN exp (-ax)dx 

xm 

= eN [exp (-ax^) - exp[-a ^ w
p

+ w
n ~ x

m H^ 
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Photocurrent due to diffusion in bulk region 

The continuity equation outside the depletion region 
•DO 

at equilibrium is given by 

M. - -M- = = D , ' • d £ P + aN exp (-ax) - -$*- = 0 .. 2-17 
az X dx^ Tl 

with the boundary conditions 

Ap = 0 at x = ¥ + -v̂ -Xjjj and 

Ap = 0 at x -*• oo 

By solving this equation with the boundary conditions 

Ap = 
1-a L p 

5 
" (w +w -x ) (-a+-y-) 
e P n m Lp 

-x/L 
P/ -, 

-aii 

... 2-18 

The diffusion current is given by 

p(diff) = D 
dAp 

1 dx 

x = p n m 

After substituting 

w = w +w -xm p n m 
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the diffusion current is modified because of the assumption 

of a dead layer in the depletion region and is written as 

eaN L 

p(diff) i+aL 
P 

The current got "by the combination of the current due t o 

diffusion and tha t due to the deplet ion region, 

J ^ A ) = e H |exp (-aV - 2 M r ^ j . . 2 - 1 9 

The total photogenerated current can be obtained by 

integrating the above equation over the entire AMO spectrum 

hc/Eg 

0.3 JUL 

JL = J Jn(A) dA .. 2-20 

The dark current can be calculated by using 

Jo .*-,». „(4^ 
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Results and Discussion 

In order to study the variation of the barrier 

height as a function ofthe acceptor and donor concentrations, 

we have considered a model by taking gold as the Scbottky 

metal over a n-type base material. 

The values of various constants used for silicon 

are € = 11.7, Xa = 4.01 eV, E„ = 1.1 eV, s s g 

Ny = 1.82xl019 cm"3 and 0 m of Au is 4.8 eV. Similarly, 

for GaAs the values are: € = 11.1, OC = 4.07, 
s s 

E = 1.47 eV and N = lxlOx em J. The photon absorption -

coefficient a ( A) for GaAs was determined from the data 

presented by Loferski . 

The values of N., N~ and w are systematically 

varied and the corresponding values of w and the 

effective barrier height found by using the equations 2-11, 

2-11, 2-13 and 2-14. The variation of the barrier 

height as a function of the thickness of the ' p' layer 

has also been seen by varying the donor concentration 

at various fixed values of the acceptor concentration. 

The effective barrier height iacreases as the thickness 

of *p1 layer increases upto a certain thickness and it 

attains a maximum which is less than the band gap of base 

material. This has been shown in Figs. 2-3 and 2-4 for 

Si and GaAs respectively. 
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Once the maximum barrier height is obtained, if 

the thickness of the ' p" layer is further increased, the 

configuration is no more of a diode type, it would be 

M-p-n transistor, because of the appearance of the flat 

band at the p/n junction. 

The mfnimum value of w at which this maximum 

barrier height is obtained is called (v ) t The C^gn)m 

and the corresponding (w)_ . values for different 
p OpT»* 

NA and ND are depicted in Figs. 2-5 and 2-6 for Si and GaAs 

respectively. To obtain a point corresponding to a given 

set of values of N. and Nn the values of (w ) . and 
A V p Opt. 

(0B ) are recorded.and contours connecting constant 
values of (w,) , and (d^) are drawn. The constant 

p opt. en max. 

(0Bn)maXjline is horizontal because it is a function of 

N, but not of N„. From these graphs, one ean readily find 

out the optimum values of N. and w to use for any selected 

Np and read out the C^B ) that one would expect for 

this set of values. It is clear from Figs. 2-5 and 2-6 
that for reasonable values of WA and ND (i.e. 10

1 6 - 10 8 cm3 

high U B n ) f f i a x (approaching B ) can be obtained only for 

sufficiently small values of w^ i.e. thin 'p' layer region 
P 

of - 200 A. 

It was claimed by 1A~ that the maximum effective 

barrier height is equal to the band gap. Our calculations 



N D ( cm 

FIG. 2-5.CHANGE OF ACCEPTOR DENSITY WITH RESPECT 

TO DONOR DENSITY AT DIFFERENT ( Wp ) o p t FOR 

SILICON HOMOJUNCTION 

> 



10 f 

18 
10 

m 

17 
10 

16 
10 

1 I * -+- -B n = 1-44 eV 

\. ._._. . . 

4—M 

W, 
-6 r 

2 x 10 xn 

10 15 

N D (cm 3 ) 

FIG. 2 - 6 . $ B AND ( Wp )Qpt AS A FUNCTION OF DONOR 

AND ACCEPTOR DENSITIES ( ND , N A ) IN 

GaAS HOMOJUNCTION 

2> 
\ 

' 



52 

do not support this conclusion. The maximum effective 

barrier height turns out to be a function of N.. This 

conclusion is significant in the optimisation of solar 

cell parameters. Thus for a fixed value of N., the 

maximum effective barrier height is fixed but depending 

upon the donor density, w has to be appropriately chosen. 

Figure 2 in Li's publication gives an erroneous impression 

because he has arbitrarily extended the 0 B - N. plots 

upto a maximum value equal to the energy gap. 

After seeing the barrier height behaviour, the 

calculations of the photovoltaic performance has been 

done by using the equations 2-19, 2-20, 2-21 and 2-16. 

In order to calculate the series resistance, we have 

considered a finger type grid pattern as shown in Fig. 2-7.' 

Thus by considering the series resistance effect, 

the open circuit voltage, short circuit current and the 

complete J-V characteristics have been obtained. The 

data of photon intensity spectra, N (A) at the AMO have 

•̂1 been taken from Thekaekara . As shown in Fig. 2-8, the 

J-V characteristics for different values of Si homojunction 

have been drawn from which the fill factor was found out. 

Thus the maximum power obtained from the cell and hence 

the maximum efficiency have been calculated for an optimum 

set of NA, ND and (wp)0pt.
 F°r a S i v e n v a l u e of (wp}opt. 
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(say, 2500, 2000, 1600, 1200, 800, or 200 A) a set of 

points on the corresponding contours (Fig. 2-3) are chosen. 

The values of N^, N^ and (0Bn^max
 at those points are 

read out and the PmQ„ has been calculated following 

the above-mentioned procedure. 

The results are tabulated in the Table 1 and 2 

and Pm„„ is plotted as a function of N,. for different ' max« r D 

values of w in Fig. 2-9 and 2-10 for Si and GaAs 

respectively. 

From these graphs, it is clear that for a given N^, 

the maximum power obtained increases with decreasing w 

(increasing N.). 

As this configuration appears potentially capable 

of improving the performance of a Schottky barrier solar 

cell, it was considered desirable to extend the calculations 

to heterojunction solar cells. 

2.3 Heterojunction solar cells 

Heterojunction solar cells have already been used 

to enhance short wave length response, and are potentially 

as efficient as conventional cells under optimum conditions 

Fabrication of heterojunction cells is also sometimes 

simpler because it does not necessarily involve dopant 

diffusion. Heterojunction solar cells have many similarities 
ktr 

with Schottky barrier solar cells . The most important 
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similarity is that the short wave length photons can 

generally be absorbed within or very near the depletion 

region of the device and this gives a good photoresponse * . 

At the same time, the open circuit voltage can be quite 

high as in a p-n junction without the need to use a 

carefully controlled interfacial layer. 

In order to construct a good heterojunction solar 

cell, the two materials should have a close lattice match 

and reasonably close coefficients of thermal expansion. 

On these considerations, the pairs of materials that can 

form good cells are given in Table 3 . 

Let us consider two semiconductor materials having 

the energy gaps E„ E„ the electron affinities JC-. and ^ „ , 
6l) §2) J. <S 

the work functions 0-,, 0 2
 a n d ^ e dielectric constants 

6-1 and 6 2 respectively. The heterojunction between these 

materials is shown in Fig. 2-ll(a) and 2-1Kb). 

The difference in energy of the conduction band 

edges in the two materials is represented by AEC and that 

in the valence band edges by AEy. In Fig* 2-11(a) the 

fermi level E f is higher than E f . When the materials 

are brought together to form a junction, the fermi levels 

must attain the same energy by transfer of electrons from 

semiconductor-1 to semiconductor-2. Due to this transfer 



Table 3 

Semiconductor He terojunction pairs with good lattice 

match conditions 

Semiconductor Preferred Energy gap Electron Dielectric 
doping affinity constant (relative! 

ev ev 

ZnSe 

GaAs 

G e 0 . 9 S i 0 . 1 

Ge 

GftAs 

Ge 

ZnSe 
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of carriers, the band edge in semiconductor-1 be rids upward 

and that in the semiconductor-2 bends downwards . 

The electrostatic potential difference between any points 

within any single semiconductor can be represented by the vertical 

displacement of the band edges between these two points and the 

electrostatic field can be represented by the slope of the band 

edges. 

The difference in the work functions of the two materials 

therefore, is the total built-in-voltage, V^. This is equal to 

VTJ + vr> (tne sum of tne partial built-in voltages), where 
^1 D2 

Vn and V n are the electrostatic potentials supported by 

semiconductors 1 and 2 respectively. 

Thus 

^2 " ^1 = VD + VD = 0<2+Eg ~ A E 2 } " &i+&&j) •• 2"22 
Jl ^2 * §2 

because 

^2 = *2 + Eg ~ A E2 g2 

and 0 X = 0C X
 + AEX 

as can be seen from Fig. 2-11. The electrostatic field is 

discontinuous at the interface because of the difference in 
^8-50 

dielectric constants in the two materials . 

As in homojunction, the transition regions are assumed to 

be completely depleted over the distance w n and wp where 

Vwp = W 



Similarly, the expression for AEQ and AE are 

AEC = ?CX - X 2 .. 2^23 

^ = ' W " (X1-X2} - «* 

AEy creates a substantial energy spike between 

the valence bands of junction. Such energy spikes, if 

large, may limit the hole injection and allow recombination 

at the interface to dominate the current flow. For most 

heterojunction pairs, AEC is considerably less than AE . 

In general, in heterojunction solar cells, the 

smaller of the two energy gaps determine the voltage output 

that can be achieved from the photocell. 

Fig. 2-12(a) and 2-12(b) show a p-n junction under 

illumination. The short circuit current that can be 

collected corresponds to the number of photons in the 

energy range E - E . The open circuit voltage is 

less than the energy gap of the small gap material. The 

principal advantage of a heterojunetion photocell is not 

basically in the voltage or current performance, but rather 

in the extent to which the surface recombination losses and 

sheet resistance losses are reduced because the window 

effect allows the junction to be placed deeper from the 

surface than in a homojunction cell. 
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• The window effect creates a band pass region of 

sensitivity to photons of energy between E and E . A 
g2 gl 

special feature of a heterojunction is that it allows the 

formation of junction between semiconductor materials that 

cannot be doped both 'p1 type and 'n1 type. 

The band structure for a general system of M-p-n 

heterojunction is shown in Fig. 2-13. Either of the two 

semiconductors can be selected as p or n depending upon the 

material properties. This figure shows a large gap n-type 

over a small gap p-type semiconductor. In view of the kinks 

in the valence and conduction bands, some assumption have 

to be imposed in order to make the calculations simpler. 

The assumptions are AE = 0 or AE = 0. The condition 

AE = 0 implies that the electron affinities of the 

semiconductors are equal. The condition AE = 0 implies 

that the difference in the electron affinities is equal to the 

difference in energy gaps of the two semiconductors. 

By considering this assumption, there are eight 

possible combinations. They are (1) high energy gap ' p1 / 

low energy gap ' n1 /metal (2) high energy gap 'n1/low 

energy gap ' p'/metal (3) low energy gap 'p'/high energy 

gap 'n1 /metal Of) low energy gap 'n' /high energy ' p1 /metal, 

with each assumptions. These possible structures are 

shown in Figs. 2-lMa) to 2-llKh). 
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For most heterojunction pairs ZiE is considerably 
G p 

less than AE . By selecting n-large/p-small heterojunction, 

we have the advantage that the electrons which flow into 

the n-region from the p-base, where a larger part of the 

photon absorption takes place, are not seriously impeded 

by the relatively small AE spike. In case of 'p1 large/ 

'n1 small junction, the relevant spike is AE and is large, 

and there would be a more interface recombination. 

The second reason for the n-large/p-small choice 

is that most of the current is caused by the electrons 

collected as minority carriers from the narrow band gap 

semiconductors, and the diffusion length of electrons 

tends to be appreciably more than that of holes. 

By considering all these factors, it was decided 

to examine theoretically the performance of (a) metal-n 

(large)- p(small) and (b) metal-p (small) -n(large) 

systems. The band structures for such systems have been 

shown in Figs. 2-l5(a) and 2-15(b) respectively. 

The configuration p-GaAs/n-ZnSe/Al is considered 

as an example for (a) and n-CdS/p-CugS/Au as an example 

for (b). In either case the higher energy gap material 

is n-type (GdS or ZnSe). On lines similar to 

homojunction with necessary modifications in the boundary 

conditions, the equations for the increase in barrier 
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height has been feund out as given below. The p-type 

semiconductor of energy gap E and electron affinity 

has been made to form the Schottky barrier with a metal 

of work function <p . In between these two, another n-type 

semiconductor of energy gaD E and electron affinity X-, 

is inserted as shown in Fig. 2-l5(a). 

As in the case of homojunctions, the layer with 

doping opposite to the base material is assumed to be 

completely ionized. The effective barrier height can be 

written as 

*Bp = ^ 2 + E g 2 - V
 + eVm •• 2"25 

where V is the increase in barrier height. Exactly as 

in the case of homo;) unction, the Poisson' s equations 

would be given as 

d2 % eN 
_ i i . = - — ± L - > 0 < x < w .. 2-26 
dx^ 6 1 ^ 0 n 

d2^. 
™ = eNA_ . w_ < x < w +w„ .. 2-27 

- o- . "n p n 
dx eQ 6 2 ' 

However, here some of the boundary conditions are modified 

and they are 



-y(O) = O - (a) YCwn+V = 
y p yffl (b) 

d-y 
dx 

= 0 

w +w n p 

(c) H 
dx 

x=0 

Since the vacuum level is parallel to the band edges, 

the electrostatic potential difference between any two 

points, represented by the vertical displacement of the 

vacuum level between these two points, is continuous. 

The electrostatic field is discontinuous at the interface 

due to the difference in dielectric constants in the two 

materials. 

Hence 

€ d^l 
dx 

= e dfs 
2 dx 

(e) 

x=w_ n x=w. n 

Using these bounaary conditions, the relation between 

w and w can be obtained by solving the Poisson's equation. 

By integrating the Poisson' s equations, 

_2 
eNT 

Yi<*> • -27T &l €0 
+ An X + B, 2-28 

0 < x < w. 
n 
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f2 (x ) eN/ 
.2 

£ 9 e 2 c o 2 
+ A„x + B0 w„ < x < w^ +w„ . . 2-29 2 <£ » n p n 

The boundary c o n d i t i o n ' a ' g ives 

Ap1(o) = 0 = B± 

^ ( x ) 
dx 

= A, 
e V n "eNA WD 

6 l ^ o 

x=0 

In the region 0 < x < w , the potential would be 

^ x(x) 
eN D 
6160 2 

eNp wn - eNA wp 

^ l 6 o 
x .. 2-30 

In the base region, using the boundary conditions ' C 

and 'e' 

6 ^ i ( x ) 

dx 
C <£h 

dx 

x=w. n x=w. n 

; . * . 

eJN^ D n A p 
n <~r ̂  

6 o 

eN A 
£0 

eN 

~vn + ^ 

Therefore Ag A.— (w +w ) 
£ 2 ^o

 p n 



As the potential is continuous 

NVx) = % ^ 

x=w_ 
n x=w_ 

n 

2 
eND

 w n 

^ 1 £ 0
 2 

D_IL... _ A p _ w 

6 1 £ 0 n 

eN, 
n 

eN, 

err0 — - ̂ T^ ( v v VB2 

eN. w 
D n 

eN 
A 

eN. w 
n 

^ 1 £ 0 2 £ ̂ l ^ o 
w w n p 

eN. 
+ — s — w 

^ 2 £ o 2 € 2 £ 1 n 

= B, 

Hence 

Brt 

N 
- _ § . 

D N, w2 

£ 0 € 1 £ 2 

eN, 1 . L_ 
€0 

(zZ ^ l \ n P 

. . . 2 - 3 1 

The potential distribution in the base region is 

'Vp 2(x) = + 
eN, 

£2 eQ 

e N . 
. -£ Cw 4-w ) x 
^ 0 f. n p ' 
— 2 ^ o 

*D +
 N A 

(rn <=1 ^ 2 

w n +
e N A _ 1 

£ e Le2 n p 

. . 2-32 



The boundary cond i t i on ' b 1 g ives 

eiNA n P 
eN 

€ 2 d 
± Cv +w ) 2 

e 2 £ 0 » P 

e ) D N. 1 w. eN, 

<^o 1 ^ 1 £ 
n + __A 

£ o 1^2 6 l 
w w 

n p 

(W eNfl (w +w 3 n p e 
ND "A l w n 

^ 2 ^ 0 2 c 
6 l ^ 2 2 

eN A 
o 

6 © ) ^ 2 € . 1 
v w w n p 

By so lv ing t h e above e q u a t i o n , the r e l a t i o n between w and 

w^ i s got as 
P 

C£o2 
WP 6 l n . ^ 

0 £ ? ND 2 . 
n €i N

A 

n l / 2 
2 ^ 2 ^ ^ p - ^ T . . . 

eNA • 
- / 

At the maximum potential, 

dx = 0 



6$ 

so, 
eKD . x + eNp wn - eNA wp = Q 

' <% £. m ^ 1 £ o 

At this distance C x ) , the maximum potential 

occurs. This implies that the maximum potential would 

occur in the thin layer inserted in between the metal and 

the base semiconductor. Hence the maximum potential 

eND C ^ ^ w l 2
+

 e ( V n - W v n - y » P 

NDVVpj2
 e

 ( N D W P ) 2 

6 1 ^ 0 2 ND + ^ l ^ o ND 

( N n w - N . w ) d 

V m - t l £ 0 2N D 

Hence the effective barrier height is 

(*B) = E g 2 + 3 6 2 - 0m+ eVm .. 2-36 

In similar way to homojunction, the photogenerated 

current in these type cells has been calculated by assuming 

the region x = 0 to x = 3^ as dead layer. 
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Here, the photogenerated current can be divided into 

three terms (1) photocurrent from the depletion region 

of top layer (2) photocurrent from the depletion region 

of base layer and (3) photocurrent from the remaining 

part of the base layer. 

The rate of electron-hole pair generation in the 

top layer is 

g (x^) = ouN exp (-oux) 

Hence the photocurrent in the top layer can be written as 

Jdrx
 = e N^ e xP (ai x

m) ' exP ("ai ̂ n ' ^ ) } •• 2"37 

and the rate of electron hole pair generation in the base 

layer is 

g(x) = a2N exp j -a-̂  (wn~
x
m) {

 exP C-a2x) -.v 2-38 

Hence the photocurrent from the depletion region as well 

as from the base region is obtained as 

Jd = eN exp | -ax U n"X m) J Cl- exp C-a2wp)] .. 2-3* 

and 
eN 

J diff. l+a2Ln 

a2Ln exp^-o1(wn-xm)lf exp C-a2wp) .. 2-WO 



6G 

Hence the total photocurrent at a wave length A±, 

Jt (A) = eN exp (-o^) - exp(-»a1 (wn-xm) [ exp C-a2vp) / 

1 + *oK _J 2"n 

Thus the total photogenerated current under illumination 

can be calculated using the equation 2-20 and the results 

obtained are shown in Table* i+ and 5. 

Results and Discussion 

The values for various constants used are given as, 

for CdS, £ = 6.7, # e = ̂ .55 ev and E_ = 2.if ev, for 

Cu, , 9 S . L = 9 . 0 , X = M-.3 ev and ECT = 1.2 ev , for ZnSe.£ e = 9 . 1 , 
<S / S S 6 / S 

% = ^.07 ev and E = 2.67 ev and for GaAs, same as used in 
s g 

homojunction cells. 

By varying the values of NA, N^ and wR (or w ), the 

corresponding values of w (or w ) have been calculated for M-n-p o 

M-p-n heterostructures with the help of the equations 2-33> 

2-3M-, 2-35 and 2-36 and corresponding barrier height was 

obtained. These values are shown in the Table h and 5. The 

absorption coefficient <^(X)values for CdS, CugS and ZnSe 

51 52 
have been taken from Bubey and Thomas . 
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As it has been seen in the case of homojunctions, the 

effective barrier height C ^ B n ) m a x > increases as the thickness 

of the intermediate layer (i.e. either 'p1 or 'n' layer) 

increases upto a certain thickness and it attains a maximum 

which is less than the band gap of the semiconductor. 

In case of n-CdS/p-CiigS/Au configuration , the 

( 0 B n ) m a x and the corresponding (*0 t values for different 

N A and N^ concentrations are shown in Fig. 2-16 and for 

p-GaAs/n-ZnSe/Al in Fig. 2-17. It is clear from the above 

graphs that the effective barrier height (0Bn) increases with 

the decrease in the thickness of the intermediate layer. 

However the (0Tâ )„, ̂  remains constant at a given concentration ron max. ° 

of the intermediate layer which is parallel to the earlier 

observations in case of the homo-junction M-p-n configurations. 

Thus, in order to obtain the maximum effective barrier height 

one can select the donor and acceptor concentrations by choosing 

appropriate thiekness of the intermediate layer from the 

NA-ND contours. 

The characteristics of the photovoltaic solar cell ;\ 

have been computed by using the expressions 2-*+l, 2-21 and 2-16 

after seeing the behaviour of U B n > m a x . and these values are 

also given in Table* h and 5. Figure 2-18 shows the maximum 

power (P ) delivered by the solar cell (n-CdS/p-CUgS/Au) 
in 3.x. 

as a function of the dopant concentration in the base 
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semiconductor. As is seen, for a given thickness of the 

intermediate layer, the P m ^ increases with the concen-

tration of the base layer and remains constant in the 
~\ (- "1 *7 — \ 

range of 5x10 -5xlG 'cm beyond which it decreases 

slowly. The same kind of behaviour is observed in case 

of p-GaAs/n-ZnSe/Al and is shown in Fig. 2-19. 

Thus it has been shown theoretically that these 

configurations have a good prospect of delivering maximum 

power output by choosing the appropriate values of N^, NA 

and the intermediate layer thickness. 
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CHAPTER III 

THEORETICAL PERFORMANCE OF BACK-ILLUMINATED 

THIN FILM MIS SCHOTTKY BARRIER SOLAR CELLS 



n 

3.1 Introduction 

In the Schottky cells that have been discussed in 

the last chapter, light first falls on the metal surface 

and then proceeds to the semiconductor through the Schottky 

junction . Such cells are known as front wall cells. 

Under suitable conditions it is possible to improve the 

performance of the Schottky cells by allowing light to fall 

in the reverse direction i.e. first on the semiconductor 

through the back electrode. Such cells are known as 'back 

wall cells'11'12. 

As discussed in the last chapter, Schottky barrier (SB) 

solar cells have a number of advantages over their p-n 

junction counterparts ~>i . Potentially they have lower 

cost of fabrication, lower series resistance, greater blue 

15-17 response and higher radiation resistance . However, 

relatively less attention has been paid so far to the 

18— 22 
analysis and development of these cells . The main 

reason is perhaps the fact that the fabrication of the 

present day SB cells are generally front-wall type, having 

a rectifying metallic contact at the front and an ohmic 

contact at the back, the fabrication of which is rather 

difficult. The front metallic film has to provide a good 

contact to the external circuit, a good optical matching 

23-25 for maximum transmission of the incident solar radiations 
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and a high potential barrier with the semiconductor. The 

simultaneous satisfaction of all these criteria requires 

sophisticated control techniques, raising the cost of the 

front wall SB cells. This difficulty may be partly eliminated 

in case of back-wall SB cell which has an ohmic contact at 

the front surface and a rectifying metallic contact at the 

back . The chief advantage of this type of cell would be 

that no optical matching is required for the metallic contact, 

which can now be made sufficiently thick and selected properly 

for providing a large potential barrier with the semiconductor. 

Further, this type of back wall SB cell would be easily 

amenable to any subsequent heat treatment, which is sometimes 

found helpful for enhancing the potential barrier through 

the controlled growth of an oxide layer at the metal-

semiconductor interface (MIS) ' J . However, the maximum 

conversion efficiency of a back wall SB cell is potentially 

lower than that of a front wall one. In the front-wall 

cells both volume and surface recombination losses are 

negligible since most of the carriers are generated in the 

depletion region while this is not so for the back-wall cells. 

The presence of an interfacial layer at the junction, however.i 

can lead to fairly high efficiencies C]) 2^"^. Furthermore, 

light is absorbed directly after penetrating through the 

window and is not partially lost in other semiconducting 

layers (collector and junction) as is the case in the back-

wall cells. Nevertheless the ease of fabrication and other 



possible advantages of back wall MIS SB cell warrants a 

deeper investigation. 

In case of the back wall cell, light penetrates 

through collector and junction before it is absorbed in 

the emitter. This requires a very thin collector layer 

if made of the same basic material or preferably, a wider 

band gap collector, acting as window for most of the 

spectrum of the impinging light. 

Collector doping (to provide sufficient conductivity," 

and thickness need to be optimized to minimize optical 

and series resistance losses. 

Consider a n-type semiconductor coupled with a 

metal having an interfacial insulator layer of thickness S. 

Several recent experimental ' ^ as well as theoretical 

papers indicate that the addition of such an interfacial 

layer improves solar cell performances. A Schottky diode 

retains its essential characteristics even when a thin 

insulator layer is introduced^provided that the thickness 
o 

of the layer does not exceed about 10 A or so. 

For the MIS solar cell under illumination, the open-

circuit voltage V is given byJ 

oc e 
o 

f l n i « c _ + X 1 / 2 s } .. 3-1 

* 2 / ^B ^ 
where J Q = A T exp (- k T J 



The barrier height, 0 B is given by 
S 

**=-£- C^-Xa) + (1 - ~) <Pn .. 3-2 'B - n ^ B -^sy T vx n ' ̂ o 

eg D, 
where n = 1 + 

£l£0 

Of. 

In a recent paper, Basu and Saha have studied 

the possible performance of back wall SB cells. They have 

assumed that the effect of tunnelling through the barrier 

is negligible and that the generation-recombination in the 

depletion region may be ignored, consequently J turns out 

to be quite large and V too low leading to comparatively 

low values of T| . In a subsequent paper , calculations 

have been made for both Si and GaAs cells and the variation 

of V and T) studied as a function of the thickness of 

the interfacial layer S. It is concluded that efficiencies 

of 15% and 7% may be reached for the GaAs and Si cells with 

0 B = 0.3 and 0.7 ev respectively in presence of a suitable 

interfacial layer. 

Similarly Soukup and AkersJ have done calculations 

for GaAs thin film MIS back wall cells and compared the 

performance with that of bulk single crystal cells. Here 

again, the effect of depletion region has not been considered. 



3»2 Back illuminated solar cell 

The purpose of the present investigation is to 

examine critically the possible performance of the back 

wall thin film MIS Schottky barrier solar cell in a mere 

37 general way without making the above-mentioned assumptions 

In order to compare the performance of the back 

illuminated solar cell with the front illuminated one, 

it is assumed that both these cells have identical propertie 

Earlier calculations have been made on certain assumptions 

which do not hold in actual practice, such as treating the 

surface recombination velocity as zero or neglecting the 

presence of a depletion region in the semiconductor at 

the semiconductor-insulator interface. 

The schematic diagram of a back wall illuminated 

MIS Schottky barrier solar cell has been shown in Fig. 3~1. 

As the Schottky metal is sufficiently thick, it can be 

assumed to be totally reflective to the photons. This cell 

consists of two regions, designated as region 1 and the 

depletion region, d-w < x < d as region 2 near the 

interface between the semiconductor and the insulator. 

Here d is thickness of the cell and wn is the width of 

the depletion region. 

It is assumed that the incident radiation is absorbed 

uniformly throughout the regions 1 and 2 and as the 
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semiconductor-insulator interface is reflective, the optical 
38 hole-electron generation rate consists of two terms , 

CD aN exp (-ax) and (ii) aN exp {(2d-x) (-a)j where a and N 

are functions of A . Therefore, the electron-hole pair 

generation rate^ 

g(x, A) = aN [exp (-ax) + exp{(2d-x) (-a$l .. 3-3 

Then the steady state continuity equation is, 

dAP - _%_ +i4*AL = o . . yh 
dx^ LT> P 

In order to solve this equation, the boundary conditions 

under short-circuit conditions are, 

Ap(0) = P where Pa is given by s s 

V 0 ) = " e SP
 p

S ' • •• > 5 

S being the surface recombination velocity and 
IT 

Ap(d-w ) = 0 where the width of depletion region 

r a e€0 (vD-v) ̂
2 

eND 

NJJ is the density of donor states and V^ is the built-in potentia: 
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The general equation for the hole current density 

v*> = - ° P ^ - >6 

Current density due to diffusion 

In region 1, the photogenerated minority carriers 

diffuse towards the junction giving rise to the photo-current, 

Thus, the continuity equation for holes is 

d2Ap - . Ap + _gJL_ [eXp (-ax) + exp (-a) (d-x)] = 0 

^F~ K Dp 

i.e. 

d2Ap Ap + ga^- [exp (-ad) cosh a (x-d)] = 0 .. > 7 
dx2 L2 DP 

The general solution of this equation is obtained as 

Ap = Ae"(x"d)/Lp + B e(x-d)/Lp 

+ 2aN exp (-ad) , cosh a (x-d) .. 3-8 

v-°8+ $-) 
LP 

According to the first boundary condition, 

Ap(0) = P 

. „ -d/L_ . I 

V8 + T V - ) 

, /T , /T 2aN e • cosh ad _ -. 
Ae d / L p + Be ' d / L p + " a T — •• > 9 

L P 
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By differentiating the expression for the number of carriers 

with respect to x 

diAjDL. = 1 A e-
(x-d)/Lp + T i ~ B e(xrd)/Li 

dx 

0 2,T -ad 
2a N e 

V:'ST?r9 
sinh a (x-d) 

d(Ap) 
dx 

1 . d/L 1 R p "
d/Ln -±— A e p + T — ae P 

x=0 

2a2Ne_ad 

D (-a2 + -4r-
sinh (ad) .. 3-10 

According to the second boundary condition 

JpC0) = -e S pP s 

= -e D dA] 
P dx 

x=0 

Therefore, 

D dAp = Ap(0) 

x=0 



Hence the c o n d i t i o n would be 

/ d / L . e d / L p D "\ "d /L / Dp 
[ e P + F

 P 1 + Be p ( 1 - s f 
V T O J V P P 

L S 
P P 

p w -ad a D 
+ . *** e — (- c o s h a d + _ p _ s i n h ( a d ) j = 0 

D 
2 I \ LV/US" UU T Q ' 

c-+W-) P V . - L * i P 

Also, we know that Ap (d-w ) = 0 

which gives 

Ae + V L p + Be 'V
Lp +

 2g'"e I"*1 , xcosh (aw ) = 0 ..3 

D P ( - ^ ) 

From the equations 3"11 and 3-12 the two constants A and B 
w /L 

can be found out. By multiplying equation 3-11 by e n P 
d/L / D \ 

and equation 3-12 by e P I 1 + _ B ) and substracting, 

P P 
it gives 

Be " la-VS [1 - - V - ] - BeU-Wn)/LP [l + i g_J 
P P P P 

. . . aD. 
2aN + 

D J - a 2 + }Jc* 
e " a d . e V L p fcosh ad + - ^ - s i n h a d l 

p 

Sal e ' C l d . e d / L p cosh a»„ U + r"|— = 0 

LP 



8 

Therefore, 

B aN e -ad 

D. 

w /L 

P 

aD 

(-* • 4-) 

n/Lp S cosh ad + -g2- sinh (ad)i-e ' p cosh awn (l + -—B-j 

. , d"w„ D« d-w 
sinh S — + 2 cosh 2L 

P P 
.. 3-13 

Then 

A = -
"2wn/Lp + 2aN e " a d

 e "
Wn/Lp cosh (awj 

n 

»-(-'• i H 
.. 3-lM-

The diffusion current at the junction can thus be written as 

J*-*~ Cx = d-w ) 
diff. n 

= -e D dA' 
p dx 

x = d-w. 

diff. = -e D. 
A w /L , B 

. A e n p + — 
-^ P 
P F 

e " V Lp 

n 2„ -ad 
2a Ne 
D

P (-»2+ i -
sinh aw 

n 
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i.e. 
Jdiff. = e D. e V LP Be "2VLp 

LP 

+ 1 e + V
L p 2gN e "ad e " V L p cosh aw 

n 

+ _ B e "VL
P 

2a N e„ -—. sinh aw„ 

Therefore, 

J 
diff. = -e D 2B e " V L p ^ 2 « N e"ad

 CoSh aw 

VP (-" +$) n 

2a2N e"ad 
sinh (aw ) n 3-15 

Thus the hole-current from base region is found out. 

In the depletion region (region 2), the photocurrent 

is due to the generation of electron-hole pairs and is equal to 

dr : ' ; • 
exp (-ad) dx + a exp (2d-x)( 

d-w. 
n 

d-w_ 

-a) dx 1 

n 



dr = eN -exp (-ad) + exp (-a (d-wn)) 

+ exp (-ad) - exp (-a (d+w s 
Therefore, 

dr eN exp (-ad) J exp (awR) - exp (-awn) r 

= 2eN exp (-ad) sinh aw 
n 

.. 3-16. 

Thus the total photogenerated current at a given time 

is the sum of the diffusion current and the current due to 

the generation of electron-hole pairs in the depletion 

region. 

J 1 ( A ) = Jdiff. + Jdr 

Thus, 
JX(A) = -e D 2B (""*0 

-~- exp n 

2aN exp (-ad) cosh aw - 2N exp (-ad) sinh (aV 1 
Dp (1 - a

2Lp
2) 

The total short-circuit current density can be obtained by-

integrating the above equation over the entire wave length 

of energy greater than the band gap of the semiconductor. 

Thus the short-circuit current 



hc/Eg 

Jsc = J \}- r (A)] j ± (A) dA .. 3-18 

'0.3/^ 

where r('X) is the loss term which includes reflection from 

the surface and absorption of photons in the metal contact 

grid. 

3«3 Results and conclusions 

When the performance of a cell is examined, the short 

circuit current as well as the open circuit voltage V are 

to be considered. V can be calculated from equation 3*1. 

As we are comparing the performance of the back wall cell 

with a corresponding front wall solar cell, where there is 

no difference, except in the direction of the illumination, 

it is reasonable to expect that the barrier height remains 

the same in the two cases, if the oxide thickness is kept 

constant and thus there is no change in JQ. 

Before calculating the efficiency of the cell, the 

short circuit current has been calculated as a function of 

the thickness of the base semiconductor ' d' at the different 

donor concentrations i.e. for different diffusion lengths. 

In order to do these computations we have considered 

gold as the Schottky metal with n-Si as base material 

in this MIS configuration with a given oxide thickness. All 

these calculations have been carried under AMO illumination by 

ko 
using the data for silicon as given in chapter 2. 



The calculated photogenerated current at a given 

concentration is given in Table 1. Fig. 3-2 shows the 

variation of J ^ as a function of the thickness of the cell, sc 

These back wall cells have attl optimum thickness to get the 

maximum photocurrent. At the same time, from the graph, it 

is clear that this optimum value is always less than the 

diffusion length of the minority carriers, L . 

As our main intention is to see the effect of surface 

recombination velocity on the efficiency of the cell which 

is essentially the same as seeing its effect on the 

photogenerated current. The photocurrent has been calculated 

as functions of surface recombination velocity at different 

values of the cell thickness for a given donor concentration. 

The results are given in Table 2. 

Fig. 3-3 shows the effect of surface recombination 

velocity on the J of the back illuminated Si Schottky 

barrier solar cell, wherein variations of J„„ with the 
' SC 

thickness of the semiconductor have been plotted with S as 

a parameter. 
Fig. 3-h shows the variation of J as a function 

SC 

of surface recombination velocity at different values of w 

for a given donor concentration. From Figs. 3~3 and 3~̂ » 

it is clear that the photocurrent decreases rapidly in the 
2 ^ 

range of 10 to 10J cm/sec, a range which occurs in most 
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THICKNESS, 'd' AT ND = 10 ,5 , 10 '6 , 10 , ?, 1018 AND 10 , 9 

FOR 'a' 'b' c' b' AND 'e' RESPECTIVELY. THE 

SUBSCRIPTS V AND f REFER TO BACK AND 
FRONT ILLUMINATION RESPECTIVELY ( S P - 1 0 c m / S ) 
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practical cases. Beyond S > 10-* cm/sec, the photocurrent 
ir 

is quite small and so is the efficiency. 

It is relevant to compare the photo response of 

the back wall thin film MIS solar cells with that of the 

front wall thin film MIS solar cells. 

The two major contributions to the spectral response 

and to the photocurrent come from the depletion region and 

from the bulk (the base of solar cell). It is assumed that 

the high field in the depletion region sweeps carriers out 

before they recombine, leading to a current J, for a 

monochromatic light given by° 

Jdr = eN ^1" exp (~awn^ •• 3*19 

when the thickness of the base material is w, the photocurrent 

due to holes collected from the n-Si base material is 

eNaL 

p (a2L~-l) n 

cosh d-w„ - exp i> 2 (-a) (d-w ) y 
aL - £ --t S ^ 

P sinh d-¥n 
LP 

Thus the total photocurrent for the front wall illuminated 

solar cell has been calculated. As the barrier height 

remains same in both the situations, the saturation current 



is same. After substituting the values for J and J 
sc o 

in equation 3-1, the open-circuit voltage can be obtained 

and hence the efficiency. These values are tabulated in 

Table 3. 

In order to facilitate comparison, J has been shown 

in Fig. 3-2 as a function of the semiconductor thickness 

over a range of donor concentrations for both the front and 

back-wall illuminated Schottky barrier solar cells. 

As the back contact is assumed to be ohmic, and 

sufficiently thick for front wall cells, the surface recom

bination velocity at the back is considered to be infinite. 

Even though for bulk crystals, the short-circuit 

current is higher for the front-illuminated cells, for thin 

film MIS cells, the back-illuminated ones are better upto 

a certain value of the cell thickness. In order to find 

this thickness, the variation of the power output has been 

calculated as a function of cell thickness in both cases. 

The fill-factor has been taken as unity in both cases. The 

results are shown in Fig. 3-5. In Fig. 3-6, R, given by 

U v ) b a c k 

-R _ sc oc' 
- ^~1 Y Tfront 

sc oc 

is plotted as a function of the cell thickness, d.and the 

donor concentration Np. From this figure it is clear that 
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for thin film MIS Schottky barrier solar cells, the short-

circuit current is higher for the back wall solar cell as 

compared to the front illuminated one. Even if we consider 

the bulk single crystal MIS Schottky barrier solar cells 

the back wall cells gives better performance in cases of 

lower donor concentration. 

From this calculation it is clear that for thin film 

MIS solar cell, back wall configuration is indeed better 

even efficiency-wise, in addition to the fabrication 

advantages discussed earlier. 
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CHAPTER IV 

THEORETICAL CALCULATIONS ON THE PERFORMANCE 

OF AMORPHOUS-SI/LOW GRADE SINGLE CRYSTAL Si 

SOLAR CELLS 



h.l Introduction 

At present one of the materials being studied more 

extensively in solid state research is the hydrogenerated 

1— 8 amorphous silicon . The attraction lies chiefly in the 

fact that large area thin film solar cells can. possibly be 

made from this material relatively cheaply as compared to 

the conventional single crystal cells. Since silicon for 

solar cell does not require as good a protection and as 

stringent a purity control as for the other semiconductor 

devices, polycrystalline or amorphous thin films of silicon 

become acceptable materials for solar cells. In particular 

the amorphous Si offer many other advantages. Its optical 

9-11 absorption coefficient has been measured and the data 

show that the radiation withA> 0.7/Wm is absorbed almost 

completely in a film of ~ 1 Am thickness . Furthermore 

amorphous silicon has a band gap of 1.5 - 1.7 ev which is 

closer to the optimum than the band gap of the crystalline 

silicon (1.1 ev) 1' 1 2' 1 3. 

Discharge produced a-Si was first studied by Chittick 

et al. Later Spear and his coworkers at the University of 

Dundee announced in 1975 that amorphous silicon (a-Si), when 

produced by means of a r-f glow discharge decomposition of 

silane (SiH^), could easily be doped by admitting phosphine 

(PHO or diborane to the gas producing samples of n-type 
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or p-type a-Si respectively-3' ' . This was a very significant 

advance over the previous methods of producing a-Si by vacuum 

1*5 16 1*7 18 19 

evaporation J* ' ' or sputtering ' in argon in which 

doping was not achieved upon incorporation of appropriate 

impurities. The broken bonds introduced in large densities 

(~ 10 * cm J) in a-Si gave rise to electron states lying 

deep within the forbidden energy gap which trapped any excess 
20 21 carriers introduced by the dopant atoms ' . Indeed these 

defect states controlled to a very large extent much of the 

electronic behaviour of such films. These difficulties were 

obviated to a large extent in the case of hydrogenated a-Si&s-

obtained by Spear and his coworkers by glow discharge. 

In spite of this promising progress, several problems 

still, remain with the glow discharge produced a-Si, 

(i) The properties seem to be a sensitive function of the 

conditions of deposition. For example, the hydrogen content 

and hence the allied properties vary with small changes in 

22a the substrate temperature, gas pressure, r-f power, etc. 

(ii) There are several photo-induced changes, such as 

metastable decrease in conductivity after optical illumination 22 

(iii) The doping efficiency is relatively low in that only 
23 

~ 30% of the impurity atoms act as donors or acceptors 

(i.e. ~ 70/S of the impurity atoms bond according to their 

normal valence and are not forced into tetrahedral environments 
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on substituting for Si atoms) and the fermi level can be 

moved only to within ~ 0.2 ev from the conduction or 

valence band edge . (iv) The minority carrier life time 
,,9,24-is small ' 

However, the a-Si alloys produced from a mixture of 

silicon tetrafluoride and hydrogen containing both fluorine 

and hydrogen are reported to be markedly superior to those 

produced by the glow discharge decomposition of silane -?~2'. 

Doping efficiencies are large, photo structural changes 

are absent and the deposition conditions only weakly affect 

the properties of these a-Si-F-H alloys. 

The theoretical estimates of the limiting efficiency 

of p-n and Schottky cells based on amorphous silicon have 

ranged from 8 to 15% . The factor which is most significant 

in reducing the efficiency in comparison with single crystal 
2*7 2 S 

cells is the short diffusion length of the charge carriers '' 

Electrons and holes excited within only about one micron 

of the junction contribute to the photogenerated current. 

In a crystalline semiconductor, the active layer may be as 

much as 0.5 ram thick. 

So far, by using a-Si produced by the r-f glow 

discharge, Schottky barriers with the efficiency upto 5% 

only has been reported OJ. Furthermore, these have been 

made on small areas only and large area cells show a 



considerable degradation in the efficiency. Also a p-n 

homojunction in amorphous silicon has not been a success 

yet6'10. The chief difficulty appears to be in establishing 

a good junction in thin film amorphous Si by sequential 

deposition. In order to overcome this difficulty, we 

examined the prospects of a junction between bulk crystalline 

Si and thin film amorphous Si of the opposite type. This 

would in effect be a heterojunction. Since most of the 

light absorption would take place in the top amorphous 

layer, all the advantages of the thin film amorphous Si 

material would be retained. Furthermore the active layer 

being the amorphous material, the base material need not be 

of high purity single crystal, and at the same the difficulty 

of making a junction within the amorphous material would 

be overcome. 

An efficient thin film solar cell requires^ 

(i) absorption of a large fraction of the incident solar-

radiation, (ii) an efficient collection of both photo-

generated holes and electrons, (iii) a junction with 

built-in potential of the order of 1 volt and (iv) a low 

internal series resistance. 

All these features can be achieved in this proposed 

configuration. The photovoltaic behaviour of such a 

configuration is examined theoretically in the following pages. 



The effect of lower carrier mobility in the base material 

on the overall efficiency is looked into more specifically 

in view of its relevance to the proposal of using a low 

grade base material. 

4-.2 J-V characteristics under illumination 

By taking a low grade single crystal silicon of (say) 

p-type as a substrate on which an amorphous layer of silicon 

of n-type is deposited, the system becomes a p/n hetero-

junction. The schematic diagram is shown in Fig. 4-1. 

ko 
It being a heierojunction type, the theory discussed 

in chapter 2 is applicable. Let us assume that E 0Ct £ 
gl / 'J i 

and E , X 2 j ^ 2
 a r e energy gap, electron affinity and 

dielectric constant of amorphous and crystalline silicon 

respectively. 

As is known, 

AEC = X2 -X-L ... 4-1 

AE = (E - E ) - AH a . .. 4-2 

The electron affinity and dielectric constant are assumed 

to be the same for the amorphous and single crystal silicon. 

Hence 

AE0 = 0, AEy « E g i - E g 2-0 

Therefore, 
AEW = Ea - E v g]_ g£ 



x = o 

Q - Si 

( n type ) ( p - type) 

FIG. 4-1 . SCHEMATIC DIAGRAM OF A 

n-o-Si / p-o-Si HETEROJUNCTION 
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As a-Si has high absorption coefficient, the base layer 

is of less importance, unlike single crystal solar cell. 

When light is incident on the surface of amorphous silicon, 

the generation rate of electron-hole pair, is given 3sgc 

as 

g(A,x) = ct(x) N(A) exp (-ĉ  x) .. H-3 

where N(A) is number of photons incident at wave length 

A and a-^ is absorption coefficient of the amorphous 

silicon. If 'd' is the thickness of the amorphous silicon, 

the generation rate of electron hole pair in the base 

silicon is 

g(^,x') = a2N exp (-a,d) exp C-cigX
1 ) .. k~h 

where x' = 0 at the junction (interface of amorphous and 

single crystal silicon). 

Photocurrent in amorphous silicon 

The width of the depletion regions in a-Si and crystalline 

Si are w and w respectively. As we have already discussed, 
Xi. JJ 

the photogenerated current is the sum of the current due to 
H-l ̂ 2 

the depletion region and the base region ' 

The photocurrent due to generation of carriers in 

the depletion region is 

V 
Jp = j ea-, N exp (-a-̂ x) dx 

d-wn 
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Jp = eN exp (-â d.) [exp (aiw
n) -i] 

= eN exp (-a-̂ Cd-w )) [l - exp C-ouwn)J .. k-5 

Outside the depletion region, the equation for diffusion 

of minority carriers under steady state is 

4^£ = g(A,x) --£&- + 
dt 

D 
d2Ap 

*/ T P dx 2 
= 0 1+-6 

The boundary conditions are 

when x = d - w , Ap = 0 

= 0 , D - ^ B - = s n Ap " n dr P p dx 

where S is the surface recombination velocity. The general 

solution of this equation is 

Ap = A sinh x/L + B cosh x/L 
Jr JT 

4 ? - 2 | _ exp (-ax) 

^ a l P LJ5-! 
. h-7 

The boundary condition 

dAp = __2_ Ap a t x = 0 g ives 
dx 

A
 + J*N ^ P . g 

r 2 T 2 

( a LP L_ - 1 -) 

B -
aNfp 

D. p /_ (°K -1) 
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and Ap = 0 at x = d -w g ives 

d~w d-w aN T_ r . .7 
A sinh *L_ + B cosh . . n • - — 2 - expj(d-wn) ( - a - ^ 0 

Lp Lp a2L2 -1 

Hence 

and 

X 

X 

a l N r p 

° I L P 2 - 1 

S L \ d - w 

•D
P P • + a x L J s i n h n , + e x p ( - a ; L(d-wn)) 
P - V Lp 

S L cl-w^ d-w 
- E - 2 — sinh 2_ + cosh n_ 

DP LP L p 

o u N ^ 
A = -XLIJL 

2T2 , 
1 p 

d-w S L / S L v d-w 
exp 4 J k _ . - U - - ( - £ * - • a l L p cosh _ _ ^ L 

P P P /_ P 

-i&- slnh
 d-"n +cosh

 d' v° 
DP LP LP 

Thus the carrier concentration would be 
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Ap = 2 T2 , 
al Lp " X 

S L \ d-w -x /S L <T 

-gE-E- + a i L j sinh _ £ + exp (-ai(d-wn)^ -g-E- sinh f-+ cos^ 

S_I. d-w d-w 
~£-E sinh _ — £ _ + cosh EL 

P P ^p 

- exp (-a-,x) .. H-8 

The hole current density at the junction edge is 

J = -e D MEL 
p dx 

x = d-w. 
n 

Therefore, 
~Th. G&Zv^-" 

eK a,L 
-L_EL 

1 P 

T^-B- + a-,L D_ 1 p 
- exp (-a1(d-wn))(-5E_-

E 
S_L_ d-w„ d-w 

cosh _—EL.+ sinh EL 

P LP LP 

S„L d-w 
|~E_ sinh 

P p 
n 

d-w 
+ cosh S_ 

~ al LD e x p ^ " a i ^ d ~ w
n ^ .. k-9 
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Thus the photocurrent that would be collected from the 

top layer is the sum of Jp and Jp . 

Photocurrent In base layer 

The surface recombination velocity at the back is 

infinite as the contact is ohmic. Here also, the photo

current from the depletion region is 

r p J"n = ( ea2 N exp (-â d) exp (-ctgX1 ) clx' 

0 

J = eN exp (-cud) [l-exp (-a0w )] .. H-10 
n-i x & p 

In the base region, outside the depletion region, the steady 

state equation for electron is 

The general solution can be written as 

An = A exp /x'/Ln) + B exp C-x'/Ln) 

- -5|-2n exp (-a2x«) exp (-ĉ d) 

«n Ln - 1 

The boundary conditions are 

at x' = w , An = 0 and x' -*• CK , An = 0 
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Thus the constants would be 

A 

B 

= 0 

a 2Nr n 

1"a2 Ln 

exp C-a-,a; exa C-a^w ; exp P x ^ P L 
n 

The electron density is 

An(x') = 
a 2 N rT n 
i 2 T2 

1-a L 2 n 

exp C-o^d) 

X 
w. exp (-aPx' ) - exp (-apw ) exp "P- exp -

2-p' 
n 

The diffusion current in the base layer is k-2 

n 

. . M- l l 

T r» dAn 
J = eD 

ng n d x i x' =w_ 

T h e r e f o r e , 

n 2 

ea Q L c- n 
l + a 0 L <s n 

exp ( - c u d ) exp (~<12WT^ • • ^ 1 2 

The total photocurrent generated in the base layer is the 

1 n2" 

J = eN exp (-a-j^d) 

sum of J and J . Hence 
n 

e x p ( - c i 2 > 0 
1 - 1+ a2Ln j 

H-13 
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The total photocurrent at a given wave length 

Jl (A) = JP X
 + J P 2

 + Jn '• ^ 

Thus the total photogenerated current under AMO illumination 

can be obtained by integrating the above equation over the 

entire AMO illumination . 

• The dark current in heterojunction cells is mainly 

due to the injection of minority carriers from each side of 

the junction into the other, and the recombination of holes 

and electrons in the space charge region. 

As the base layer thickness of the crystalline silicon 

is assumed to be large as compared to the thickness of the 

a-Si layer, the dark current from the base layer 

j = e n i 2
 x °" .. >I-15 

and that from the top layer, i.e. from the amorphous silicon 

layer 
e nj y ..P. 

J o 2 * - I T X % 
d, p 

SpLp , d-w d-w 
y)

p K cosh XL- + sinh S 

X JL L-l Lp . . M-16 

^ - sinh d" Wn + c o s h
 d^n 

p LP Lp 
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Thus the total dark current in the system is 

- J = J + J 
o 0]L o2 

Hence, the open circuit voltage can he obtained by using 

the relation 

v = J£2L In X - ^ - + 1 ? .. V-17 oc e . I Jo ~> 

k*3 Results and Discussion 

(i) Effect of variation in the thickness of top amorphous 

layer 

As mentioned earlier, the mobility of the carriers in 

a-Si is low and for the purpose of calculations we have 

considered the mobilities of holes in this layer in the 
2 

range of 0.1 - 10 cm /volt-sec. Computations have been 

made for J and V as a function of the thickness of 

the a-Si layer at a given mobility in the base layer. 

Figs, h-2 and *+-3 show these plots. It is clear from 

the graph that both J and V increases and attains 
sc oc 

a maximum with the thickness of the a-Si layer. Both 

J and V appear to be reasonable where the thickness sc oc ^ 

of a-Si is of the order of 0.1 jbu• These values are given 

in Table 1. All the subsequent calculations have been made 

by considering the thickness of a-Si layer as O.lyX . 
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(ii) Effect of variations in the carrier mobility in the 

base layer 

Calculations have been made for the photogenerated 

current, Jgc and V Q C as a function of the mobility of the 

base single crystal Si and the results have been shown 

graphically In Figs, k-h and H~5 and also tabulated in 

Table 2, The a-Si layer thickness has been kept fixed at the 

optimum value 0.1/tas derived above. The a layer mobility 

is also kept fixed for each graph. From the figure one can 

see that Jgc decreases as the mobility of the carriers 

decreases, whereas VQC increases slightly with the decrease 

of mobility. However, the product of J and V remains 
sc oc 

more or less constant up to a certain value of the mobility 

below which it starts decreasing. The increase in V can 

be accounted as due to the decrease in J as is expected. 

The product of Jgc and VQc is constant down to the mobility 
2 

of 800-500 cm /volt sec. below which it decreases slowly. 
o 

However, a mobility of 300 cm /volt sec. which is likely 

to be encounted in a low grade material envisaged here is 

also acceptable as is seen from the graph. 

(iii) Effect of variations in the mobility of the amorphous 

layer. -

By keeping the thickness of a-Si layer and the mobility 
2 

of the base layer fixed at O.lyUand 300 cm /volt -see, the 
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effect of mobility of the charge carriers in a-Si on the 

performance of solar cell has been examined. These values 

are represented graphically in Fig. if-6 and also given in 

Table 3. From the graph, it is clear that the Jan increases 

whereas V decreases with the increase in the mobility of 

the carriers. However, the product of J and V remains 
2 

constant in the mobility region of 2-5 cm /volt sec. 

From the analysis the suggested optimum values are 

a layer thickness .. ~ O.lyU-
2 

base layer mobility .. M-00-200 cm /volt -sec. 
2 

a layer mobility .. 2-5 cm /volt-sec. 

Under these conditions the expected efficiency should be 

of the order of /o4>. 

From the above discussion, it is clear that n/p 

heterojunction made with a-Si over low grade crystalline 

Si would have the advantage of ease of fabrication over 

the conventional amorphous homojunction, without any 

significant sacrifice in efficiency. Furthermore, the 

low grade crystalline silicon itself acts as a substrate 

which avoids the consideration of any other substrate 

material. 
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The thesis presents some theoretical calculations 

on the performance of photovoltaic solar cells. The first 

chapter gives the general principles of photovoltaic solar 

cells. The second chapter deals with a theoretical study 

of metal-p-n-Schottky barrier solar cells, a new configu

ration suggested in the literature to improve the performance 

of the Schottky barrier photovoltaic solar cell. Shannon 

has proposed this model in which an oppositely doped layer 

is present in between the metal and semiconductor (metal-p-n). 

The theory of rn-p-n structure was first presented by S.S. Li. 

This theory has been modified in this thesis and it is 

found that the maximum effective barrier height depends 

upon the donor or acceptor concentration in the intermediate 

layer. This conclusion is of significance in optimizing the 

solar cell parameters. By taking examples of silicon and 

gallium arsenide semiconductors, the photovoltaic performance 

has been calculated with gold as the Schottky metal. The 

behaviour of the barrier height is investigated as a function of 

carrier densities in the n and p regions and as a function of 

the p layer thickness. The photovoltaic cell characteristics are 

worked out and conditions for maximum efficiency obtained. 

The results are given below together with the corresponding 
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calculatted values of the barrier height, power output 

under AMO and the resultant efficiency. 

Material 

Semi
conductor 

Acceptor 
density 

NA 

cm 

Donor 
density 

-3 
cm 

Thick- Barrier 
ness height 
of 'p' 
layer 

p ^Bn)max. 

cm ev 

Power 
output 

p 

2 
mW/cin 

Efficiency 

n 

Si 7.8xl01/ 2xlOx? 2x10"b 1.02 26.25 19.5 

GaAs 2.1+^xl018 lxlO16 2x10~6 l.\2k 2M-.1+0 18.1 

Another new type of configuration i.e. Metal-p-n (hetero) 

Schottky has been investigated theoretically on similar lines. 

Out of various possibilities, the following two, which appear 

more important from practical point of view, have been chosen 

for detailed calculations: (1) Metal-n(large)-p(small) and 

(2) Metal-p(small)-n(large). Numerical results of the 

barrier height and efficiency have been obtained by taking 

the examples of n-CdS/p-CUgS/Au and p-GaAs/n-ZnSe/Al. 
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Configuration Acceptor Donor Thickness Barrier Power Efficiency-
density density of ' p1 or height output 

' n1 layer 

N A 

cm 
-3 

N, 

cm 
-3 

w /v $ B ) o v P 
p n n max. 

cm ev mW/cm^ 

n 

n-GdS/p-CugS/Au l ^ x l O 1 8 5xl017 2xl0"6 0.91^ 12.07 8.95 

p-GaAs/n-ZnSe/Al 5x101? 3Axl0 1 8 2xl0-6 l.V+2 32.52 2^.08 

The third chapter consists of some theoretical calculations 

on back-wall illuminated MIS Schottky barrier solar cells. The 

treatment takes into account the role of surface recombination 

velocity and the presence of a depletion region in the semiconductor. 

Computations for J have been made for back-illuminated n-Si/SiOg/Au 

Schottky barrier solar cells for different values of thickness 

of the cell with various surface recombination velocities. Thus 

the drift current in the base layer is given as 

Jp(diff.) " eDp 
•|2- exp -JZlL 

2aN exp (-ad) cosh (aw ) 
+ - n 

D L 
P P -a 

2a N exp (-ad) sinh (awn) 
1 2 

72~ "a 

P 
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where 
a - aN exp (-ad) 

P 

exp —S—(cosh ad + aD sinh ad\-exp r^— cosh aw / 1+ __£ ) 
Lp ^ P S LT> ^ L S / 

_̂  P p p 
sinh _ ^ 2 _ _ + _^p_ c o s h _£^n_ 

P P P P 

and the photocurrent due to the generation of electron-hole 

pair in the depletion region 

Jdr = 2 e N e x p "̂"ad^ s i n n ^aWn^ 

The total short-circuit current (J ) is obtained after 
sc 

integrating the sum of J and J, over the entire spectral 

wave length. The available parameters such as cell thickness, 

surface recombination velocity, dopant concentration are varied 

and the effect on J studied and the results compared with 
s o 

that for front-walled cells. It has been shown that for a 

given donor concentration the back-illuminated solar cells 

give higher short-circuit photocurrent upto a certain value 

of thickness beyond which front-wall illumination cells are 

better. When the dopant concentration is low, the back-walled 

cells are better even for thicker cells. 
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In the last chapter, a theory deriving an equation 

for the photogenerated current in a p-n junction of amorphous 

silicon over a low grade crystalline silicon is presented. 

Amorphous silicon prepared by glow discharge is free from 

grain boundaries, furthermore, because of its high 

absorption coefficient, and an energy gap close to optimum, 

it holds great promise in the fabrication of solar cell, 

even though it may have slightly lower life-time of the 

minority carriers. 

Computations have been made for J and V as a 
Sv OC 

function of the thickness of the a-Si layer at a given 

mobility in the base layer. The calculations show that 

at, a thickness of the order of O.ljU, ,the efficiency of 

the device is maximum. By taking this optimum thickness, 

the effect of carrier mobility in base material has been 

examined. Even if the carrier mobility is very low 

(~ 200 cm /volt-sec.) this configuration has a reasonably 

good photoresponse. Thus after optimizing the thickness 

of a-Si layer the effect of carrier mobility in a-Si over 

photoresponse has been seen. As the mobility increases, 

the efficiency would increase, but it remains more or less 
2 constant in the region of 2-5 cm /volt-sec. beyond which 

it starts decreasing 
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Mobility Thick- Mobility of minority carriers in base 
of mino- ness material (cm2/volt-sec.) 
r i t y of a -S i ~c • _ 

c a r r i e r s 120° 90° 
i n a- Si 
c m 2 / ( v o l t cm V J J . V V J J . V 
_ ' \ OC SC SC OC OC SC SC OC 
S " V-* • / 

2 2 2 2 
v o l t mA/cm mW/cm v o l t mA/cm mW/cm 

0.08 0.1+82 38.78 18.72 0.539 37.36 20.50 

0 . 1 0.1+32 3 7 . ^ 18.07 0 .5^1 36.1> 20.15 

0 .2 0.1+78 31.59 15.10 0.5^2 30.1+3 19.53 

Thus one could get good e f f i c i e n c y with amorphous s i l i c o n 

p-n j u n c t i o n , i f the t h i c k n e s s of the amorphous s i l i c o n i s p roper ly 

chosen. 
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