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ABSTRACT

In this thesis, the main inherent reasons behind the low cc_)nversion efficiency of p-n
junction solar cells have been studied. The p-n junction solar cells are sensitive only to
photons with quantum energy higher than the band gap of the material from which they
are made. The conversion efficiency of such cells are limited by the fact that the ratio of
output work to input photon enefgy becomes maximum only for the photons having
energy close to the band gap of the material. The efficiency of p-n junction solar cells is
also reduced due to reduction in junction potehtial barrier under illuminated condition,
which causes an enhanced rate of internal recombination of the photo generated carriers.
" Prevention of internal recombination of electron hole pairs under illuminated condition
seems to be a solution towards the enhancement of the cell efficiency. In this work, the
mechanism of electron-hole recombination in illuminated p-n junction solar cells have
been studied. It has been shown here that the value of density of states and mobility
difference between electrons and holes have significant impact on the mechanism of
internal recombination of photogenerated carriers and cell efficiency. Accordingly, some
potential heterojunction structures have been proposed that can effectively prevent the
high rate of such recombination. Results presented here indicate that significant

improvement in cell efficiency can be achieved by using these proposed structure.

XII



CHAPTER 1

INTRODUCTION

1.1 Background and Present State of the Problem

Due to worldwide ever-increasing demand for energy, the conventional energy resources,
such as fossil fuels are going to be exhausted in not-too-distant future. Therefore,
technology must be developed to eitract enefgy from non-exhaustible natural sources.
Solar cell is one of the most promising candidates for obtaining energy from our only

long-term natural resource, the sum.

Solar cells are not at all new: Rather some of the earliest semiconductor devices,
including first thin-film selenium cell developed from 1880, were solar cells [1].
However, these early devices which became popular around 1930 [1], were not efficient
enough for power generation and was mainly used as large arca photodetectors. The
evolution of crystalline silicon technology in the 1950s made possible the first practical
energy conversion applications and in consequence silicon solar cells was first developed
using diffused p-» junction in 1954 [2]. But these cells were too expensive for general
use. However, the use of solar cells in spacecrafts from late 1950s established a small
industry supplying space cells. Later many companies began spécializing in the
production of solar cells for terrestrial purpose, primarily for telecommunications and
similar applications involving small “remote” electrical loads such as navigational aid
[3]. The cost of these terrestrial cells has decreased significantly over the last two decades

due to increased manufacturing volume and improved processing techniques.

But the main problem still associated with solar cells is their low conversion efficiency.
One of the fundamental limitations on solar cell efficiency is the bandgap of the
semiconductors from which the cell is made. As solar cells respond only to those photons
that have energy greater than the band gap of its material, a considerable part of the solar

radiation remains unabsorbed. Another reason for low efficiency is the internal



recombination of the excess charge carriers generated by photon abéorption. As a result,
fewer charge carriers remain available for flowing through the external load. These two
unwanted phenomena lead to lower values of ‘short circuit current’ and ‘open circuit
voltage’ respectively, which, we will see in later chapters, are two key factors for
increasing solar cell efficiency. In case of single material homojunction solar cell, the
spectral responée or short circuit current can be increased by choosing semiconductors
with lower band gap. But such a choice would increase the rate of internal recombination
of the excess charge carriers leading to lower open circuit voltage. Theoretically, the
highes.t efficiency for such solar cells made from a single méterial has been found to be
31% for an energy band gap of around 1.35 eV [4]. But, experimentally, the maximum
conversion efficiency of a single homo-junction solar cell, under concentration of 1 sun
condition, has been reported to be around 25% [5-6]. However, the efficiencies of
commercially available solar cells are even lower, around 15% only [6]. Stacking of
different band gap materials in multi junction cells to catch photons of almost all energies
can achieve the maximum theoretical efficiencies of 37%, 50%, 56% and 72 % for 1,2,3
and 36 energy gaps respectively, at a concentration of 1000 sun [7]. But too many
practical problems, including mismatch in cascaded cells and difficulty in fabrication,
intervene with such cells which makes it virtually impossible to achieve the ultimate
efficiency of 72% in reality. However, it has been found experimentally that the most
efficient multijunction cell has just two layers with efficiency around only 30% [5]. That
is why, enhancement of solar cell efficiency is a topic of ongoing research and several
attempts are being made to achieve higher conversion efficiency using different materials

and structures.

With the advancement of semiconductor device technology, several silicon p-n junction
configurations with simpler structures have been proposed to alleviate the detrimental
effects of poor spectral response and high rate of internal recombination. In 1972, “back
surface field (BSF)” silicon solar cells was developed that introduced the concept of
shielding photogenerated excess minority carriers from internal recombination by
employing the electric field of low-high junction {8-9]. During the time Si p-n junction

solar cells were entering this period of innovations, some other homojunction



configurations in other semiconductors like a shallow GaAs homojuhction cell with 20%
efficiency was demonsrtrated [9-10]. The ‘heteroface’ solar cell, which i1s a GaAs p-n
homojunction with an added layer of high band gap Aleal-xAs, was also introduced in
1973 [11]. The conversion efficiency of the ‘heteroface’ solar cell having p-Ga.
Al As/p-GaAs/n-GaAs structure has been reported to be more than 22% [11-12]. In this
structure the high band gap p-Gaj. Al,As layer has been used to reduce the rate of
internal recombination and lower band gap GaAs p-n junction has been used for
absorbing photons at relatively low energy. A GaAs solar cell with 26.2% efficiency has
been demonstrated that employs the technique of concentrating sunlight on the cell with

added cost of the concentrator [13].

Beside the above mentioned p-n junctions, several other structures, including MIS
(metal-insulator-semiconductor), schottky barriers, heterojunctions and grating cells have
been proposed with unique advantages of one kind or another [14]. MIS inversion layer
solar cells have shown good promise regarding efficiency [15]. Schottky barrier solar
cells, although has improved spectral response, their efficiencies are some what lower
due to lower open circuit voltage [14]. Heterojunction solar cells, on the other hand, have
higher potential regarding efficiency, as it is possible to improve both the spectral
response and open circuit voltage using such structures [14,16]. Heterojunction cells are

also very promising for terrestrial use for their low cost and easy fabrication [14].

Except Si and GaAs, use of several compound semiconductor materials, such as cadmium
telluriaum (CdTe) [17], cadmium sulphide (CdS) [18], indium nitride (InN) [19] etc. have
been proposed for achieving higher conversion efficiency and reduced cost. Finally, in
very recent time, it has been shown that enhancement of ideal solar cell efficiency can be
achieved by photonic excitations in ‘multi-intermediate band structures provided that
technology for electronic band gap engincering is available [20]. Although with these
efforts, the problem regarding low solar cell efficiency and high cost has been alleviated

to some extent, there is still a lot of room for further improvement.



1.2 Objective of the Thesis

The objective of this thesis is to analyze the reasons behind the low conversion efficiency
of the existing solar cells and to propose some new heterojunction structures for
improving the scenario. The single junction solar cell properties has been studied first to
understand the individual contributions of some device parameters like mobility, density
of states, diffusion length etc. in limiting the solar cell efficiency. Based on such focused
_study on the above-mentioned parameters, this work proposes some potential
heterostructures that can exploit those parameters for achieving higher conversion

efficiency.
1.3 Thesis Outline

The conversion efficiency of a solar cell can be defined as a measure of work done per
photon. Increasing the cfficiency is essentially a matter of increasing the ratio of work
extracted to photon energy supplied. This thesis is concerned with identifying the
underlying reasons for low efficiency and proposing some potential structures for higher

efficiency.

~In the following chapter (chapter 2), the basic principle of photovoltaic energy
conversion by a p-n homojunction and the performance characteristics of a solar cell has
been reviewed first. The efficiency calculation of a typical p-n homojunction solar cell
has also been presented in very brief, followed by a discussion identifying the main
reasons behind their low efficiency. Finally, the strategies for achieving higher cell

efficiency proposed in this work has been outlined.

In chapter three, the current-voltage (I-V) characteristics of a typical heterojunction solar
cell under illumination has been presented. From these characteristics, the “factors
influencing the conversion efficiency are identified. It has been shown that, so far the
reported works have not given due consideration to some of the very important

semiconductor parameters, like mobility and density of states, that plays very significant



role in determining the overall cell efficiency. A comparative analysis among several
heterojunction configurations has been presented next, to hi-light the importance of those

parameters in designing single junction heterostructure solar cell with higher efficiency.

Some new heterojunction structures having potential for even higher conversion
efficiency has been proposed in chapter four. These structures are modified versions of
‘heteroface’ solar cell [11-12]. Here also, the I-V characteristics of these solar cells under
illumination have been presented. It has been shown that careful choice of the parameters
discussed in chapter 2 can lead to the considerable enhancefnent of efficiency over the

reported efficiency of heteroface cell [11-12].

The concluding chapter {chapter 5) provides a comprehensive summary of the whole
work followed by a brief discussion on limitations of this work and some suggestions for

future work.



CHAPTER 2

p-n JUNCTION SOLAR CELLS

2.1 Introduction

In their most common form, solar cells are large area p-n junction diodes specially
designed to convert sunlight into electricity. Figure 2.1a schematically shows a typical p-
n junction solar cell. Photons within the incoming solar radiation that have quantum
energy greater than the bandgap of the solar cell material give up their energy by exciting
clectrons from the valence band to the conduction band of the material. Thus electron-
hole pairs (EHP) are created in the cell. These electrons and holes tend to recombine
naturally after a finite time. However, the electrons (or holes) generated close to or within
the depletion region are pulled away across the junction by its built-in electric field to a
neutral region where very few holes (or electrons) are available for recombination. If
further recombination is avoided, these charge carriers will reach the terminals or
contacts to the cell and will ultimately flow through the external load. This mechanism of
charge separation and their direction of flow through the cell imparted by the asymmetﬁc

electronic property of the junction have been shown in figure 2.1b.

light light
load
7
7
| __ptype d |
n-type | /
| n-type p-type
(a) (b)

Figure 2.1: (a) A typical p-n junction solar cell under illumination. (b) Generation of EHP

by solar radiation and charge separation by the built-in electric field.



Due to such.charge separation, electrons and holes get accumulated in »n and p type
materials respectively. This makes the p-n junction forward biased and so the potential
barrier is reduced. Consequently some of the photogenerated carriers start to flow in
opposite direction overcoming this reduced potential barrier. The carriers, that have been
successful to overcome the barrier, ultimately recombines internally within the cell and
so are unavailable to flow through the external load. This recombination mechanism,

which in fact gives rise to diode current, has been termed as internal recombination.

2.2 Performance Characteristics
2.2.1 Photocurrent and Short Circuit Current

The photo-generated electrons and holes close to and within the depletion region are
separated by the asymmetric electronic property of the junction. This mechanism of
charge separation also imparts directionality to the flow of these excess charge carriers
and some of them become successful to reach the external contacts, avoiding the internal
recombination within the cell. The electric current that results from the flow of those

successful carriers is termed as photocurrent [6]. It depends on the intensity of incident

light.

The photocusrent that flows when the terminals of the solar cell are connected together or
‘shorted’ is known as short circuit current (Isc). The recombination of the carriers under
short circuit condition can be neglected. So during such condition, all most all the
photogenerated carriers flow through the external load and the rate of internal
recombination becomes zero. It depends on the absorption coefficient and current
transport efficiency of the cell material through cell’s Quantum Efficiency (QE), which is
defined, in this case, as the probability that an incident photon of quantum energy E will
deliver one electron to the external circuit. Theoretically, short circuit current density can

be expressed as [6]:

Isc= g [ns(E)QE(E)dE @1)



where g is the electronic charge and n; is the number of photons pér unit volume with a

particular energy E.

2.2.2 Dark Current and Open Circuit Voltage

Separation of photo-generated charge carriers by the junction potential causes
accumulation of electrons and holes on n-side and p-side respectively. This makes an
illuminated p-n junction forward biased and normal diode current starts to flow opposing
the photocurrent. In case of solar cell this diode .current is termed as dark current and is

given-by typical current-voltage (/-¥) relationship of a p-n junction diode:

Lo = Is (777471 (2.2)

where & is the Boltzmann constant, T is absolute temperature, ¥ is the voltage and Is is
the diode saturation current. The diode saturation current /s depends on the semiconductor
used for making the junction and for p-n homojunction it is given by the following

equation:

D D
Ie=gNcN Ry Ry gEelT 23
s =gN¢ V(IWNA I ND) (2.3)

P

where E, is the energy band gap of the cell material, Nc » are the density of states at
conduction and valence bands, D, , are diffusion constants, L, , are diffusion lengths for

electrons and holes respectively.

When the photocurrent is superimposed upon the normal rectifying current-voltage
characteristics of the junction expressed by equation 2.2, it is displaced downwards by a
certain amount depending on the intensity of light. Under short circuit condition the dark
current becomes zero and the photocurrent becomes equal to the short circuit current fsc.
The overall current-voitage (/-¥) characteristics of an illuminated p-n juﬁction 15

therefore given by

I=I (&1 - 1 (2.4)



where [; is the photocurrent.

/]

>®

V load

<

——
p—_——
——

illuminated 7
(2) (b)

Figure 2.2: (a) I-¥ characteristics of a p-n junction solar cell in dark (solid ling) and under

illumination (dashed line). (b) Idealized equivalent circuit of a p-n junction solar cell.

In Figure 2.2, this over all -V characteristics of an illuminated p-» junction solar cell

along with its equivalent circuit have been shown.

The dark current increases exponentially with the voltage across the terminal contacts and
reach its maximum value when it becomes equal to the short circuit current. At this
condition, all the photo-generated carriers actually cross over the junction barrier and
recombine internally leaving no carriers available to flow through the external load. This
is equivalent to the condition which would occur if the terminal contacts of the cell were
isolated or left open. Of course, the potential difference across the terminal also reaches
its maximum value at this condition. This voltage is known as the open ciréuit voltage,
Voc. So, the open circuit voltage can be calculated from equation 2.4 by putting dark

current equal to short circuit current:

I
Voo =£r—1n(1 +-L) (2.5)
Ig

q



2.2.3 Fill Factor and Efficiency

The solar cell delivers power to the external circuit in it’s operating regime. This regime,
shown in figure 2.3a, is represented by the portion of the -V curve given by equation 2.4,
that has been forced into the fourth quadrant. As is normal practice, figure 2.3a shows the
fourth quadrant region of Fig. 2.2a inverted so that it lies in the first quadrant. The output
power P=[V, is given by the arca of the rectangles corresponding to particular voltages
and currents. Figure 2.3 shows output powers corresponding to several voltage and
current values. It is clearly seen from the figure that output power reaches its maximum
value at some voltage V,, corresponding to current I,,. The maximum power, V,l,, has
been represented by the shaded rectangle in figure 2.3. With reference to figure 2.3, fill

factor FF, which describes the squareness of the curve, can be defined as

VI
FF= —mnm (2.6)
VOCIS(‘
CuE[ent
Isc (V1, 1)

Im
(Vaz, 12)
maximum
power
rectangle

Vm Voc Voltage

Figure 2.3: I-¥ characteristics reflected in the voltage axis to bring it into the first

quadrant. The shaded area is proportional to the power output of the cell.

The conversion efficiency 1, of the cell is defined as the ratio of maximum power (Vplr)

delivered by the cell to the incident photon power Pj,,

10



n == 2.7)

The conversion efficiency can be also expressed in terms of Voc, Iscand FF

Voelsc FF
=2 (2.8)

in

So, to maximize cfficiency, all three quantities in the numerator of equation 2.8 have to

be maximized.

All these four quantities: Voc, Isc, FF and # are the key performance characteristics and
therefore, should be defined for particular illumination conditions. Performance

characteristics for most common cell materials can be found in reference [6].

2.3 Ideal Conversion Efficiency

A variety of approaches have been proposed and developed for calculating the upper
limit.of the conversion efficiency achievable by photovoltaic process. The most efficient
approaches developed to date are based on “detailed balance” between light absorption
by the solar cell material and the reverse process of light emission by a forward-biased p-

n junction [21,7].

The power output of a p-n junction under illumination, and hence cell conversion
cfficiency can be calculated in relatively straightforward fashion by using the I-V

characteristics shown in fig.2.3 and given by eq. 2.4. The output power is given by
p=1V=I5LVE - )-1V (2.9)

The upper limit to the current is the short circuit current (/sc), which is determined by the

number of photons in the incident sunlight with sufficient quantum energy to create

electron-hole pairs in the active collection region of the cell [3-4]. The upper limit to the

voltage is the open circuit voltage given by equation. 2.5. The condition for maximum

11



output power can be obtained by putting dP/dV= 0. The current and voltage at maximum

power point can be expressed as:

Ly =Is V™ (2.10a)
1, I, /1 +1 1

V= —In(--—=2" "y =Vpe - —In (1+ BVn 2.10b
p’n(1+ﬂV,,,) ocﬂn( BV n) ( )

where 8 = g/T. So, the maximum power output P, is given by

Po=I.Ve=1[Voc % In (1+ BV,)- %] = I(En/q) (2.11a)

al .
AMO, /A 21353 w/m?
| AM =15, F/A = 844 W/m? -
WATER = 20 mm
OZONE = 3.4mm
- AEROSOL. PARAMETERS:
‘—z 3l az=43 -
- B=042
o
v
[3Y]
o b ]
w
.
O
= 5800 K
2 2r "~ BLACK BODY -
5 A\
X
3

]

hy (&V)

Figure 2.4a: Solar Spectrum as a function of photon energy for AMO and AMI1.5
conditions [7].
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Figure 2.4b: Number of photons in a solar spectrum and corresponding short circuit

current as a function of photon energy [7).

where

1

2.11b
ﬂ] (2.11b)

En=¢q[ Voc —;- In (14 fVa)-

E,, corresponds to the energy delivered to the load by each photon at the maximum power

point.

13



The short circuit current density (Js¢) can be obtained graphically from figure 2.4a (7],
assuming that all the photons with quantum energy higher than or equal to the band gap

F.) of the material will contribute one electron to the external circuit:
g

tdn,,
Jsc (Eg=gq [—d(hv) (2.12)
L ahv .

The result of the integration is shown in the outer curve of figure 2.4b. With the values of

Jgand Js¢ known, P,, can be obtained by numerical solution of egs. 2.5, 2.9 and 2.10 [4].

It is seen from the above equations (2.9-2.10), that the maximum power output is very
much dependent on the “knee” voltage or ¥, of the illuminated p-n junction diode,
which, in turn depends on the ‘dark’ saturation current fs. So one of the key questions in
calculating conversion efficiency limit is how small this saturation current can become.
For a given semiconductor, this saturation current density given by eq. 2.3, is determined
by the diode geometry and other design and material parameters such as doping level and
surface recombination velocities [3-4].

The conversion efficiency, which is the ratio of the maximum power output to the

incident power P;,, can be expressed by the following equation 4]

n £
P,

_anfs(q/kT)e"V"”” _
‘ P

in

(2.13)

where P;, is given by the area under the outer curve of figure 2.4b.

The efficiency can be also obtained graphically from figure 2.4b as described in reference
[7]. The maximum efficiency of a single p-» homojunction under the concentration of 1
sun, found by this graphical method is 31% for E;=1.35 ¢V using the material parameters
corresponding to 11I-V semiconductors. This 1.35 eV energy band gap is very close to the
band gaps of InP (1.34e¢V) and GaAs (1.42 eV). Under 1000 sun cc;ncentration this

efficiency improves up to 37% for similar band gap materials [4].
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2.4 Limiting Efficiency of a Solar Cell

The maximum limit on efficiency imposed by thermodynamics for the direct conversion
of solar radiation into work is 93% [7]. But the efficiency of an ideal solar cell is even
limited by some intrinsic losses. The first of these losses is due to the inability of a single
energy gap solar cell to properly match the broad solar spectrum, which leads to poor
spectral response and short circuit current. The photons with quantum energy less than
the energy gap £, are not absorbed at all. The photons with quantum energy greater than
the band gap, on the other hand, generates electron-hole pairs which immediately loose
almost all energy excess to E, by thermal dissipation, as shown by figure 2.5. The
second intrinsic loss is due to radiative recombination. In this process, a photon creates
an electron-hole pair, which recombines radiatively [3,22]. The rate of radiative

recombination increases exponentially with the voltage developed across the load. The

oL,

® conduction
band .
Eg
e valence
O O band

Figure 2.5: Loss of energy as heat due to the absorption of photon with quantum energy

higher than E,.

current due to radiative recombination has direction opposite to that of the current
delivered to external load by the cell [7]. The approach of efficiency calculation
considering the above two intrinsic losses and using the principle of ‘detailed Balance’
was proposed by Shocley and Queisser [21]. The maximum theoretical efficiency
predicted by this approach is 31% for single gap and 72% for 36 cascaded energy gap

ideal cells under 1 sun intensity. This 72% efficiency, which is achieved by matching
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almost the entire solar spectrum, is still less than the thermodynamic lirhit of 93%
because of radiative recombination. However, the theoretical limit of 72% efficiency is
not achievable in reality because numerous practical problems are associated with such
multi-energy gap solar cells, including lattice mismatch among the matenials of cells to be

connected in tandem.

In case of real material systems for photovoltaic conversion, the detail balance limit of
31% efficiency for a single gap ideal cell is also not achievable. This is because of (i)
poor spectral response or failure to absorb all of the incident light; (ii) loss of some
charges through non radiative recombination of photo-generated excess carriers; (ii1) loss
of voltage through series resistance. That is why the highest practical efficiency achieved
by a single junction cell has been reported to be 25% [5]. For a single p-» junction cell, it
is possible to improve the spectral response and hence short circuit current by choosing
material with smaller band gap. But such a choice will jncrease the rate of non-radiative
recombination of the excess charge carners, which will in turm reduce the open circuit
voltage and efficiency. So there is an optimum band gap for maximum conversion
efficiency and that is predicted to lie around 1.35 eV [23], which is close to the band gap
of InP and GaAs. Indeed, the moét efficient single junction cell fabricated till to date have

been based on GaAs, with efficiencies around 25% [3,5].

* 2.5 Achieving Higher Conversion Efficiency

The main reasons of the efficiency of a practical single junction solar cell falling behind
the ‘detail balance limit’ are intermal non-radiative recombination of photo-generated
charge carriers and poor spectral response due to the failure of the cell material to absorb

a considerable part of solar spectrum.

As the inherent potential barriers of a p-» junction separates the photo-generated electron-
hole pairs, the junction becomes forward biased due to accumulation of charges on either
sides of the junction (electrons on »-side and holes on p-side, as shown in figure 2.1b).

This causes a reduction in the potential barrier. Assuming that holes and electrons are in
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Figure 2.6: Energy band diagram of a p-n junction. The firm lines represent the band
edges at equilibrium and where as dotted lines represent the band edges under

illuminating condition. The quasi-Fermi levels for electrons and holes are also shown.

quasi-thermal equilibrium, there are always significant number of electrons and holes that
can cross over this reduced potential hill and cause an intemal current flow by drift-
diffusion mechanism. This current is similar to normal diode current and so increases
exponentially with the voltage developed across the cell under illumination. The potential
barrier cross over mechanism has been depicted in Fig 2.6, where the dotted lines show
the energy band diagram of a forward biased p-n junction due to illumination. Under
open circuit condition, photo generated electron and hole pairs keep on accumulating and
the internal diode current starts flowing. The internal recombination current keeps on
increasing until the cell reaches its open circuit voltage when all the optically generated
electrons and holes cross over the barrier and recombine. Any mechanism that can
discourage such diffusion across the p-n junction would effectively reduce mtemnal
recombination and consequentially would increase open circuit voltage. Such a
mechanism that can increase the open circuit voltage without causing any significant
reduction in the short circuit current would ultimately increase the overall conversion
efficiency. Practically, p-n junctions formed by higher band gap materials offer higher
potential barriers to the charge carriers at the expense of reduced short circuit current.
Because as the band gap is increased, the short circuit is reduced, as lesser nurnber of

photons would have sufficient energy to generate electron hole pairs. Hence, any
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indefinite increase in the band gap ultimately causes reduction of over all cell efficiency. ,
On the other hand, reduction of the band gap increases the short circuit current but
reduces the open circuit voltage. Hence, an optimum material band gap that produces
maximum conversion efficiency has to be chosen for a homojunction which has been

reported to be around 1.35eV [4].

In case of heterojunction structures, it is possible to increase the short circuit current by
absorbing wider band of solar spectrum. With heterojunction structures, photons with
different range of energies can be absorbed efficiently by different band gap materials
involved in forming the junction. It has been explained in the next chapters that higher
open circuit voltage can be achieved in case of heterojunction solar cells by offering
different potential barriers to electrons and holes. The reported works mainly
concentrated on the band gaps of such p-n junction structures without giving due
consideration to the fact that density of states, mobility difference between electrons and
holes can also play very important role in determining the overall efficiency of

heterojunction solar cells.

This work makes focused study on the behavior of the above mentioned parameters and
suggests some potential heterojunction structures for solar cells that can exploit those

parameters for achieving higher conversion efficiency.
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CHAPTER 3

p-n HETEROJUNCTION SOLAR CELLS

3.1 Introduction

A heterojunction is formed between two semiconductors having different energy band
gaps. The energy band diagrams of two possible p-n heterojunction structures at
equilibrium are shown in figure 3.1. Incase of the structure shown in figure 3.1a, n-type
material has higher band gap than p-type material. The situation is reversed for the
structure shown in figure 3.1b, where p-type material has higher band gap than s-type
material. When used as solar cells, light usually enter through the high band gap material |
and so the structures are known as n-on-p and p-on-n structures respectively. For both the
structures, Eg; and Eg; represents the band gaps of higher band gap and lower band gap
materials respectively. Photons with quantum energy higher than E,, are absorbed by the
high band gap material. However, photons with energy less than Eg; and greater than E;;

are passed through the high band gap material and are ultimately absorbed by the lower

qu;i:

$

v IAEC
T Eg1 -
) J‘an
o LT T
T AE ) EV-;;I-— Eg2
(a) (b)

Figure 3.1: Energy band diagrams of p-n heterojunctions (a) with high band gap # type
material (n-on-p). (b) high band gap p type material (p-on-n).
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band gap material. The carriers generated photonically, in the depletion region or within

the diffusion length of the junction, are collected similar to a p-n homojunction solar cell.

As pointed out in the previous chapter, achieving higher open circuit voltage without
significant reduction in short circuit current has been a problem for homojunction solar
cells. Practically, high band gap materials should be used to form junction with higher
built in potential and hence to achieve higher open circuit voltage. But any arbitrary high
band gap material can not be chosen for homojunction solar cells, as that would cause
considerable reduction of short circuit current and efficiency. On the other hand if lower
band gap material is used for forming homojunction, the photons having energy much
higher than the band gap loses their excess energy as heat. In fact, the ratio of output
work to input photon energy becomes maximum for the photons having energy close to
the band gap of the material; for photons having energy less than the band gap it is zero
and for photons with energy much higher than the band gap it is very small [6]. In case of
heterojunction solar cells, however, this problem can be avoided at least to ‘some extent.
The lower band gap material can absorb the photons with low energy and higher band
gap material can absorb the high energy photons. Thus heterojunction solar cells can
exploit its two different energy gap materials to catch a much wider band of solar
radiation efficiently. So heterojunction cells have better spectral response leading to
higher short circuit current, as compared to homojunction cells. The other advantages of
heterojunction solar cells over conventional p-n homojunction solar cells are (1) lower
series resistance and so lower voltage drop, provided that the larger band gap material
can be heavily doped without affecting its optical transmission characteristics
considerably, (2) high radiation tolerance, provided that the high band gap material is
sufficiently thick {4]. '

Unlike homojunction, a hetero-junction solar cell has unequal potential barriers for holes
and electrons and so current in a heterojunction, in most cases, is carried predominantly
by either electrons or holes. As shown in figure 3.1a, the potential barrier for holes are
much higher than that for electrons. In Fig. 3.1b, however, the situation is just the

reverse. Choice between these two possible structures for solar cell is made based on the
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open circuit voltage achieved by them. It has been shown later in this chapter that, the
dark saturation current, which is determined by the rate of internal recombination,
depends on the mobility of charge carriers. Hence, as the mobility of electrons are
significantly higher than that of holes, structures having higher potential barrier for the
electrons are expected to have higher open circuit voltage. However, there are other
factors like density of states; which also play important role in determining the open
circuit voltage and all these factors should be incorporated to reach a final conclusion.
This chapter presents detailed mathematical analysis that high lights the importance in

choosing p-n heterojunction structure for achieving high open circuit voltage.

3.2 Analysis of p-n Heterojunction Solar Cells for Higher Open Circuit Voltage

Typical heterojunction structures are shown in Fig.3.1. Due to difference in the work
functions of two different materials, there appears some notch like potential
discontinuities in the structure. For the sake of easy understanding and analysis, we have
ignored the notch like discontinuity in the following analysis for the structures shown in
Fig.3.1a and Fig.3.1b. This notch like discontinuity can be avoided practically by

choosing materials with appropriate electron and hole affinity [9].

In the following calculations for the a p-n heterojunction, it have been assumed

a. All the incident photon with energy higher than the smaller band gap 1s absorbed to
produce the short circuit current

b. Potential notches and tunneling effects are negligible

c¢. Internal resistance has not been considered in the calculation
3.2.1 Dark Current

The variation of dark current with the voltage developed across the p-n heterojunction

solar cells, can be expressed as [24]

I — Ae—qVHlkT —Be_qy'””dr (3‘1)
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where Vg, is the barrier that carriers in semiconductor 1 (with higher band gap) must
overcome to reach semiconductor 2 (with smaller band gap), Vs, is the barriers for
carriers moving in the opposite direction, as shown in figure 3.1. In figure 3.1 and also in
the following analysis, material 1 and material 2 represents the materials with higher and
lower band gaps (E,; and Eg,) respectively. The coefficients A and B are determined by

doping levels, carrier effective mass and the mechanism of current flow [24].

In case of heterojunction, due to unequal potential barriers, current is carried out almost
entirely by electrons or by holes. For the structure shown in figure 3.1a electrons are the
predominant current carrier, whereas holes are the predominant current carriers for the
structure shown in figure 3.1b. For the junctions under consideration, both Vp,; and Vp;

exist for only the predominant current carriers and so [24]

] = Ae—qu,’kT( qujlkT _e—qul'kT) (3'2)

where ¥; and V, are the portions of voltage developed across material 1 and 2
respectively. However, it should be noted that, for the structures shown in figure 3.1a and
3.1b, ¢Vp 2> AEcand gVp, > AEy respectively. So, Vgz = 0 for the respective predominant-
current carriers and the entire applied voltage is effective in varying the barrier height.
The current-voltage relation, considering only the predominant current carriers, is then

given by [24]

] — Ae—(qVD—AE(-)HcT (qu“(T _1) (33)

where Vp is the sum of the partial built in voltages ¥p; and Vp;, supported by two
materials at equilibrium (see fig. 3.1). In case of p-n heterojunction, the coefficient 4 is
limited by the rate at which the predominant current carriers {electrons incase of fig 3.1a

and holes incase of fig. 3.1b) can diffuse in the narrow band gap material [24],
A =a q X Nyp(Dnp/tng)"” (3.4)

where X is represents the fraction of those carriers having sufficient energy to cross the

barrier which actually do so. N, p is either acceptor or donor doping density in wide band
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gap material, a is the cross sectional area of the junction, D, , 1s diffusion coefficient and

T, 18 life times of either electron or hole in the narrow band gap material.

Although, it has been assumed in previous expressions that dark current is entirely
dominated by either electrons or holes, dark current that flows inside an illuminated p-n

junction obviously has two different components

1. internal current due to the electrons crossing over from the » to p-type material
and recombining there (1) and
ii. internal current due to holes crossing over from the p to n-type material and

recombining there (I,).

According to equation 3.2 and 3.3, the expressions for electron and hole components of

dark current density for the structures shown in fig. 3.1a, can be expressed as

m

D
J, = qL = NDle_(qVD—AE(.),fkT(quHtT _1) (3.42)

in2

D y :
J = qi/, NAze—{qVD+A£,,).‘kf(qu/kT_1) (3.4b)

P
pl

where L,y,,; are the diffusion lengths for electrons and holes in matenial 2 and 1

respectively, as shown in figure 3.1, and is given by the following expression:

Loy = (Drptnp)™ (3.5)

Similarly, the expressions for electron and hole component of dark current density for the

structure shown in fig. 3.1b, are given by

5 _

J” — q rl NDze‘{qV.u"'AE(‘)"kT (qu"kT _1) (363)
nl
D

Jp _ qi/,, NMe-(qV,,-AE,,):kT(eqwkr -1 (3.6b)
p2
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From equation 3.4 and 3.6, it is quite clear that in case of n-on-p structure (fig 3.1a), the
dark current is dominated by electrons and in case of p-on-n structure (fig 3.1b), it is
dominated by holes. In the above expressions for the current density, the effect of
mobility (u,,) is included in the diffusion constant Dy, according to the Einstein

relationship for non-degenerate semiconductors

p =, (3.7)

n.p n.p
q

Since electrons have higher mobility than that of holes, one might expect that the dark
current should be greater for p-on-n structure. But, as revealed by the following section,
it is not always true due to the influence of other parameters like density of states on the

dark current through the built in potential.

3.2.2 Built in Potential
The built in potential (Vp) for the structures shown in Fig.3.1a can be expressed as
qVp = Eg1- Ev-(qVatqVp) = Eg-(qVutqVe) (3.8)

where gV, , represents the energy difference from the equilibrium Fermi level to the
conduction band edge and valence band edge respectively. For non-degencrate
semiconductors where Fermi level lies several 7 below the conduction band edge,

electron density at conduction band edge is given by [25]

n=Nce™ _ (3.92)
Similarly, we can obtain the hole density near the top of valence band [25]:

p =Nyt (3.9b)

where Ncy are the density of states at conduction and valence band respectively. Using

equation 3.9 and assuming electron and hole density of » and p type material almost
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equal to their respective doping density, Np and N4 , the built in potential can be

expressed as:

gV =Eg2— kT (1n-;b-+1nj—v—ﬂ) (3.10)

D1 Al

N .
= Egy+ kT lniﬂgﬁ (for the structure shown in fig.3.1a) (3.11)
c1ttv2

where the subscripts 1 and 2 refers to materials with high and low band gap respectively.
The expression for built in potential for the structure 3.1b can be obtained similarly and 1s

given by:

N, N :
qVp = Eg + kTIn—2—% (for the structure shown in fig.3.1b)  (3.12)

c24' K

Since for non—degenerate' serniconductors NyNp < NeNy [4], the upper limit of built in
potential for both the structures are set by band gap of the low band gap material and so 1s

equal to ).

From the above two equations {equation 3.11-3.12), it is quite clear that built in potential
can be different due to the variation in the values of N¢ and Ny, even if same doping
densities are used for both p and n type materials. In case of the semiconductors like Ge
or Si, values of Nc are higher than that of Ny. But the situation is quite different for many
of the I1I-V compound semiconductor materials like GaAs, InP and GaP. In case of these
materials, values of Ny are higher than that of Ne Such variations in relative values of
N and Ny should be taken into consideration while choosing structures for achieving
higher conversion efficiency through higher built in potential [26]. Tabl‘e 3.1 shows
theoretical values of Vp for some heterojunction with both n-on-p and p-on-n structures

composed of materials having different values of density of states®
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Materials Band gal.ps (eV) Structure Vi (V)
GaAs/Ge 1.42/0.66 p-on-n 0.43
| n-on-p 0.51
GaAs/Si 1.42/1.12 p-on-n 0.86
n-on-p 0.96
GaP/Si 2.26/1.12 p-on-n 0.837
n-on-p 0.864
GaP/InP 2.26/1.34 p-on-n 1.16
n-on-p 1.08
GaP/GaAs 2.26/1.42 p-on-n 1.24
H-ON-p 1.17

Table 3.1: Built in potentials for different heterostructures with ]\.’A=J‘\JTD:10]7 cm™.
(N Ny) values in per cm’ for Ge, Si, GaAs, InP and GaP are (1.04x10'9, 6><10]8),
(2.8x10", 1.04x10"%), (4.7x10"7, 7x10"%),(5.7x10"7, 1.1x10'%) and (1.8x10", 1.9x10'"%)

respectively.

3.2.3 Open Circuit Voltage

As discussed in chapter 2, the J-¥ characteristics of any illuminated p-n junction is given

by:

J=J-Js (&0 (3.13)

where J; is photocurrent density and Js is dark saturation current density. Under open
circuit condition no current flows through the external load as all the photonically
generated electron-hole pairs recombine within the cell. The open circuit voltage 1s

obtained by putting /= 0 in the above equation and is given by
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J;
Voc —k—Tln(l + k) (3.14)

q Js

The electron and hole components of dark saturation current, J,s and J,; can be obtained
from equation 3.4 and 3.5. Using the expressions for built in potential, given by equations
3.11 and 3.12, the electron and hole components of dark current density for the structure

shown in fig. 3.1a becomes

an N —{gV,,—AE. )1 kT an N NZ —ElekT

3.15a

"L L, N, ( !

J, = gD, N%e—(an+ﬁEV}lkT _ qD N AL o En kT (3.15b)
Lp L,, N.D

In the above expressions, the notch like potential discontinuity AE,, shown in figure 3.1a,

has been assumed to be zero.

For the structure shown in Fig.3.2b, these saturation currents are

J. = 9D, N e ¥orbEldT o gD, NN, P (3.162)
Ln . L" NA .

‘]ps _ qu NAe-(qV,)—AEy)!kT - qu chNvl e-EngkT (3.16b)
Lp Lp N,

In case of equations 3.16, the notch like potential discontinuity AF,, shown in figure

3. 1b, has been assumed to be zero.

Since for both structures Eg; is much greater than Eg; (see figure 3.1), it is quite clear
from the above equations (eq. 3.15-3.16) that in a p-n heterojunction structures, either of
the electron or hole components of current dominates. In case of fig 3.1a electron current

will be dominating where as in fig 3.1b hole current dominates. Using the Einstein
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relation in equations 3.15 and 3.16, the influence of mobility of chérge carriers on dark

saturation current can be visualized:

J, = xr e Nl -raiir for fig.3.1a (3.17)
L N,

H

H, N,N, e—Eﬂ."kT

J  =kT
ND

p

for fig.3.1b (3.18)

]

As the band gap of the high band gap material (Eg/) is increased, the dark saturation
current becomes almost equal to either J,; (in case of fig 3.1a) or Jj (in case of fig. 3.1b),
expressed by equations 3.17 and 3.18. According to equation 3.14, the magnitude of dark
saturation current has to be minimized to obtain maximum possible open circuit voltage
for a particular short circuit current. In achieving the minimum value of dark saturation
current, the product of the mobility and density of state term is the key factor assuming

same doping density for both p and » type materials.

3.3 Results and Discussions

A number of p-n heterojunction solar cell structures has been considered to visualize the
impact of mobility and density of states on the open circuit voltage (Voc) and efficiency
(n). To do so, output power density (P/a) and current density have been.plotted as a
function of voltage. The output power density has been calculated simply by multiplying

current density, given by equation 3.13, with respective voltages:

Pla=JV=JsV (& - 1)-J V (3.19)

The maximum output power densities have been obtained directly from the power
density curves. The conversion efficiency is given by the ratio between maximum power
density and input power density. The value of short circuit current density (Js¢) has been

calculated as a function of band gap of the smaller band gap material (E,; of fig 3.1) from
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the curve shown in figure 2.4b of chapter 2. The input power density is also obtained by

calculating the area under the above mentioned curve. Air mass 1.5 (AM 1.5) spectrum of

the solar radiation has been used for calculating short circuit current and output power

density. The values of mobility and diffusion lengths for electrons and holes have been

taken from published literatures to produce realistic results [4, 27-29].

The variations of current density and output power density with voltage have been shown

in figure 3.2 for various p-on-n and n-on-p heterojunctions with different material

compositions. The curves shown in dotted lines are for p-on-n structures and that shown

in firm lines are for n-on-p structures.
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Figure 3.2 a: J-V and P-V curves for GaAs/Ge heterojunction structures.
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GaAs/Si Heterostructure
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Figure 3.2 b: J-V and P-¥ curves for GaAs/Si heterojunction structures.
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Figure 3.2 c:
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Figure 3.2 d: J-V and P-V curves for GaP/InP heterojunction structures.
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Figure 3.2 e: J-V and P-¥ curves for GaP/GaAs heterojunction structures.
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For the sake of clear revelation, the calculated values of open circuit voltage (Voc), short
circuit current density (Jsc), maximum output power density (Pn.) and conversion
efficiency (77) for different p-n heterojunction solar cells have been presented in Table

3.2

Material Structure Voc (V) Jsc Ppox 1 (%)
(mA/cmz) (mW/cm?)

GaAs/Ge p-on-n 0.218 50.58 7.25 8.85
n-on-p 0.28 10.10 12.33

GaAs/Si p-on-n 0.7 34.29 ‘20.40 24.99
n-on-p 0.8 23.52 28.70
GaP/Si p-on-n 0.678 34.29 19.50 23.80
n-on-p 0.704 20.40 24.99

Gap/InP p-on-n 0.94 26.93 22.10 26.97
n-on-p 0.80 18.5 22.58
GaP/GaAs p-on-n 0.995 24.46 21.5 26.24
n-on-p - 0.895 19.0 23.19

Table 3.2: Open circuit voltage, maximum power output and efficiency for different

heterojunction solar cell structures.

It is interesting to see that open circuit voltage for the same pair of materials in a p-n
heterojunction is not the same when p and » type materials are swapped. The short circuit
current density, on the other hand, remains unchanged as it has been calculated as a
function of E,, (band gap of the lower band gap material) assuming that all photons
having energy highér than E,; have contributed one electron. As a result, the conversion

efficiency is changed as the n and p type materials are interchanged.

As the mobility of eleetrons are higher than that of holes, it is expected that p-on-n
structures should achieve higher Vpe and efficiency than n-on-p structures. But as

revealed by the results shown in table 3.2, this is not always true. In fact, open circuit
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voltages are higher for n-on-p structures, if heterojunctions are formed between III-V
compound semiconductors and other materials Jike Ge and Si. The value of Nc is higher
than Ny for materials like Ge and Si, but for III-V compound semiconductors (like GaAs,
InP, GaP) this is reverse. So, for those p-on-n structure, the product of N¢ and Ny is
much higher than that of #-on-p structures. Even though, the mobility difference between
electrons and holes are much higher for p-on-n structures as compared to n-on-p
structures, the effect is over shadowed for those pair of materials. The dark saturation
current, given by equations 3.17 and 3,18, is therefore higher and hence open circuit
voltage is lower for p-on-n structurcs as compared to that of n-on-p structures. On the
contrary, when heterojunctions are formed between two I11-V compound semiconductor
materials, open circuit voltage and conversion efficiency is higher for p-on-n structures as
in this case N < Ny for both n-on-p and p-on-n structures and so the mobility difference
between electrons and holes can be exploited more effectively. In case of p-on-n
heterostructures formed with two III-V compound semiconductors, dark current is
entirely dominated by holes and so it becomes much lower than that of n-on-p structures
where it is dominated by clectrons. These facts become conspicuous from table 3.2,
which shows that much higher open circuit voltage and efficiency can be achieved if p-
on-x structure is used instead of n-on-p structures formed between two III-V compound

semiconductor materials.

3.4. Conclusions

The influence of some parameters like density of states and mobility in determining
conversion efficiency have been high lighted and based on that some suggestions have
been made for exploiting theses parameters in making high efficiency heterojunction
solar cells. The results of this chapter show that the open circuit voltage and hence
conversion efficiency for a p-n heterojunction solar cell is not same if the p and n type
materials are interchanged. Generally speaking, the value of Ny is higher than that of N¢
and the mobility difference between electrons and holes are much prominent for III-V

compound semiconductor materials. When p-n heterojunction solar cell is made from
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such materials, the band gap of the p-type material must be higher than that of n- type
material to reduce dark saturation current and hence to achieve higher open circuit
voltage and conversion efficiency. It is noteworthy that the efficiency of a p-GaP/n-GaAs
heterojunction solar cell is higher than that of p-GaAs/n-GaP cell by more than 13%.
Even better improvement, around 19%, can be achieved if p-GaP/n-InP heterostructure

are used instead of p-InP/n-GaP heterostructure as solar cells.
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CHAPTER 4

HETEROFACE SOLAR CELLS

4.1 Introduction

There are mainly two reasons behind low conversion efficiency of a single material p-n
junction solar cell. First, as p-n junction responds only to the photons with quantum
encrgy higher than the band gap of its material, a single material homojunction solar cell
fails to absorb all the photons within incoming solar radiation. The photons with energy
less than the band gap of the material are not absorbed at all and are lost. The second
reason is the loss introduced by the internal recombination of the photogeneréted carriers
within the cell. Under illuminating condition, a p-n junction becomes forward biased due
to the accumulation of electrons and holes in n-type and p-type materials respectively.
Due to such forward biasing, the potential barrier of the junction is reduced and a portion
of the photogenerated charge carriers overcome the barrier and ultimately recombine
within the cell. This leaves fewer charge carriers available to flow through the external
load. It was pointed out in the earlier chapters that although photons with wider range or
band of energies can be absorbed by using materials with low energy gap, use of such
low band gap materials’ would increase the rate of internal recombination of
photogenerated carriers. In case of junctions formed by materials with low energy gap,
the built in potential becomes much smaller which causes easy flow of photogenerated
carriers over the junction. It has been reported that the optimum band gap for such single
material p-» junction solar cell, under the concentration of 1 sun, is 1.35 eV [23] which 1s

close to the band gaps of InP and GaAs.

To alleviate the above mentioned limitations, heteroface solar cells were proposed where
a layer of high band gap material has been added to a typical p-n homojunction. The p-n
homojunction layer is used to absorb the low energy photons of solar radiation. The high

band gap layer is, on the other hand, used to minimize the internal recombination by
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offering higher potential barrier to either electrons or holes generated by optical
excitation. The high band gap material also helps to enhance spectral response of the cell
by absorbing high-energy photons more efficiently just like a heterojunction solar cell. A
heteroface solar cell with a GaAs p-n homojunction and an added layer of high band gap
p-type Al,Ga;4As, was introduced in 1973 [11]. The conversion efficiency of this cell,
having p-Ga; Al As/p-GaAs/n-GaAs strﬁcture, has been reported to be more than 22%
[11-12]. The efficiency of such heteroface solar cells are limited by the fact that it is not
possible to use arbitrary small band gap material to fabricate the p-n junction as that
would increase the rate of internal recombination of either of the carriers whose flow is

not prevented by the Iayér of high band gap material.

In this chapter the analytical expressions for a heteroface solar cell have been developed
first to predict their theoretical conversion efficiency. Then it have been shown that even
better conversion efficiency can be achieved if, instead of a p-n homojunction layer, a p-
n heterojunction layer is used with the layer of high band gap material. Because in case
of the later structure with heterojunction layer, it would be possible to create reasonably
high potential barrier for both electrons and holes. At the same time it would be possible
to absorb even wider band of the solar radiation spectrum by using the low band gap

material of the heterojunction.

4.2 Analysis of Heteroface Solar Cells

A heteroface solar cell has been analyzed analytically in this section. Figure 4.1 shows
the band diagram of a heteroface structure having a p-n homojunction layer with a high

band gap p-type material. The band gap of the material forming p-» homojunction layer

I Egr

EF

Figure 4.1: Energy band diagram of a heteroface cell under equilibrium condition.
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is Eg; and the band gap of added p-type material is E;; where Egy>E,;. Light usually
enters through the high band gap layer which is therefore termed as window layer. The
photons with quantum energy less than Eg; passes through the windo';v layer and are
ultimately absorbed in the p-n homojunction layer. In case of the structure shown in
figure 4.1, the transition to the window layer is abrupt. Also Heteroface structures with
graded gap window layer adjacent to the p-» homojunction layer have been reported [9].
In both cases, it has been assumed that the high band gap p-type material works as a
window to the incoming photons having energy less than Fg;. But as pointed out in this
thesis, the main purpose of this layer is to increase the potential barrier to photogenerated

electrons and hence minimize the dark saturation current.

n-type layer p-type layer Window layer

Figure 4.2: Energy band diagram of a heteroface solar cell under illumination.

When illuminated, photons are mainly absorbed in the p-» homojunction layer and so, as
discussed in chapter 2, the junction becomes forward biased. Figure 4.2 shows the energy
band diagram of the structure under illuminating condition. As the p-n junction becomes
forward biased, the potential barrier is reduced and the Fermi levels for electrons and
holes are separated. The quasi Fermi levels for both electrons and holes have been
assumed to be flat across the depletion region of p-n junction according to the quasi-
Fermi level assumption [9]. The separation between the quasi Fermi levels for electrons

and holes at x = 0, gives the voltage developed across the depletion layer of p-n
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homojunction (¥;) and the total voltage developed across the cell (V) as well. The quasi
Fermi level Eg, for electrons has been shown to decrease slightly to allow recombination
of electrons in the p-type material of the p-n homojunction. On the other hand, the quasi
Fermi level for holes has been assumed to be same in both p-type materials implying
same work function for the materials. The total voltage, ¥ is given by the difference
between the quasi Fermi levels for electrons in the n-type material and for holes in the p-
type material forming the window layer. The voltage developed across the abrupt
junction between the p-type material of p-n homojunction and the window layer has been
represented by ¥, and is given by the difference between the quasi Fermi levels for
clectrons and that of holes at x = w. Due to recombination of electrons in the p-type layer,

¥, 1s slightly less than V or V.

As mentioned earlier, the potential barrier of the p-n junction is reduced due to-
illumination and so more electrons become successful to overcome this barrier. Some of
these clectrons recombine in the p-type layer causing the quasi Fermi level for electrons
to drop slightly. It is clearly seen from figure 4.2 that the ultimate barrier for electrons is
much higher than that of holes. To get an analytical expression for the electron and hole
components of the current (termed as dark current in chapter 2), we have to find the

expressions for minority carrier distributions in n-type, p-type and window layers first.

For a neutral region of a semiconductor where no electric field is present, the distribution
of excess electrons, assuming low injection, is given by the following partial differential

equation:

8? An(x) _An(x)
ox’ D,

0 | | (4.1)

where n(x) is excess electron concentration at any point x and D,, 1, are diffusion

constants and life times for electrons in the neutral region.
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We will first find the excess electron density distribution in the p—type layer (0 x w)
and in the window layer (x w), as shown in figure 4.2. This electron distribution can be

found by solving equation 4.1. The excess electron density in base region (0 x  w) @n

be expressed as

Any(x)=Cie "t + Cpe™' i (4.2)

For window layer, on the other hand, the distribution is given by:

An,, (x) = Cye™ ) b (4.3)

where C;, C, C; are arbitrary constants and L, are diffusion lengths of electrons in p-

type and window layers respectively. The boundary conditions for the heteroface

structure under consideration are the followings:

atx=0, ¢, +C, = npap(eqy'/kr -1)=An, (4.4a)
atx=w’, Cle_wu”” + Czeij’”” = M (™" 1y = An,, (4.4b)
atx=w', Cy =n,, (""" -1 (4.4c)

where 4n, and 4n, represent the excess electron concentration at x = 0 and x = w
respectively. Here Npop and Mpo. Tepresent the equilibrium electron concentration in the p-
type and window layer respectively. These minority carrier concentrations exponentially

decrease with the band gaps of the respective layers. np, can be expressed in terms of

band gap by the following equation [4]:
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Similarly, equilibrium hole concentration in any n-type material can be expressed as:
—E, IkT
oy N cNve *
Pno— n; ’IND_ -
ND

‘where n, is the intrinsic carrier concentration. The electron current density in the window
layer as a function of x can be given by

er (-x) = —Q&LM

: ox

(forx >w) (4.52)

nw

Using equation 4.3 and 4.4c¢, the electron current density at x=w’,

J — . anw (quszT _1) - (45b)

W L n pow
nw

Similarly electron current density as a function of x in the p-type region is given by

D OA
‘]nP(x) = q it "p(x)
L Ox

np

(4.6)

The values of C; and C; can be found by solving boundary conditions 4.4a and 4.4b:

“‘I'L"p _W’[‘Ln,n
C = Ane —An, C. = An , —Ange @.7)

1 ew;‘l_"ﬂ _e—wu.,,,, ’ 2 ewf.f.,,,, _e—wIL,,P
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It is interesting to note that for w ,Cr = npob(e‘?”’” ~1) and C; = 0. So the cxcess

electron distribution in the p-type material becomes

x/ erp

Any(x) = 1y, (€714 —)e”

pop

which is identical to a p-n homojunction. It is also quite visible from equation 4.4¢ that,
since equilibrium minority carrier concentration (n,,) decreases exponentially with
energy band gap of the material, C; and hence ., approaches zero as the band gap of the
window layer (Eg;) approaches infinity. This is quite reasonable because if such high
band gap window layer is used, almost no electron will be able to surmount the abrupt

barrier at the transition from the p-type layer to the window layer.

Combining equation 4.6 ad 4.7 we get the expressions for electron current density at

x=w,

v/ L, -wiL,, )
J o (r=w)= qD,, npap(quszT _1ye™ b g b )—2npop(e“'y'”‘r 1
mp AT - L wi Ly, —wilL,,

np e —e
. (4.8a)

Assuming both ¢¥; and g7, much higher than &7 and w/L,, << 1,

- 9D, L,

Jp(x=w )= 7 P ”papr(eqwkT _qu]/kT) (4.8b)

np
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According to current continuity condition, Jy, (atx = w™) = J,. (at x=w ). Putting the

values of corresponding current densities from equation 4.8 and 4.5b, we get

qD,,, qVy /KT ZEP_QH Li(quz!kT — eh/kT) (4.9a)

pow pop
an an w

or,

n’poanww gV, /kT
. 4.9b
) (4.9b)

popnp~np

eI (14

Since E,; is reasonably higher than Eg; and equilibrium minority carrier concentration
decreases exponentially with band gap, it is quite obvious that 7,5, << n,,,. Moreover it
has been assumed that w << L,,. Also the mobility and hence diffusfon constants
decreases considerably in case of high band gap materials (for example Al,Ga; As, GaP
etc.). So it can be safely assumed that D,,,<D,, and hence the second term within the
bracket in the right hand side of the above equation can be ignored in comparison to 1.

Then for all practical condition,
V=V, =V (4.10)

It implies that by making the p-type layer very thin compared to the diffusion length of
clectrons in that layer (i.e. w/L,, << 1), it is possible to minimize the recombination of
electrons to such an extent that the quasi Fermi level for electrons remains practically flat

across the p-type material.

Due to the above condition /ny becomes almost equal to An,, and the expressions for C,

and C; are slightly modified,

(4.11)
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The electrons from the n-type layer, successful to overcome the potential barrier of the p-
n junction, either recombines with the holes within the p-type layer or enter the window
layer. So the total electron current density at x = 0 can be shown as summation of two

components.

Jo(atx =0y =Jp + (@t x=w") (4.12)

The first component (Jup), wlﬁch depends exponentially on the voltage ¥, is given by
the recombination rate of the electrons within the base layer. The second component
(J.), which exponentially depends on the voltage ¥, is given by the rate at which
clectrons become successful to surmount the abrupt barrier between the p-type and

window layer. The recombination current, J,,,can be expressed by
anr =-4qg — (413)
T
where AN is the total number of excess electrons in the base region and is given by

AN = f’Anp(x)dx (4.14a)
Using equation 4.2,4.10, 4.11 and 4.12, the final expression for AN becomes

g™ b

n —————
popTmp L e Ly

AN =2 (e?"'*T _y) (4.14b)
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Putting this value of AN and using the fact that L,, = (D,,pr,,;,,), we get the final

expression for Jnp,:

Dn 1— eﬂviL,,',,
Tapr =20 M ey T, (7 1) (4.152)
np e "
D wi L
=2g—"-n e (qu’kT ~1) (assuming w/L,, <<1) (4.15b)

L, **"2-wiL,

Finally, according to equation 4.12, the expression for electron current density at x = 0.

can be obtained by using equation 4.5b and 4.15 as:

D w/ L D
J (atx=0)=—g(2—2Ln "y Ty eV 4.16a
( ) q( an pop 2 _ W/L"p L npgv, )( ) ( )

aw

= Jys(e” T —1) (4.16b)

where J,, represents the voltage independent part of the above equation and termed as

dark saturation current.

The hole component of dark current (J,) density for the heteroface structure can be easily
found by normal Shockley equations [4]. This is because for holes the only barrier
existing is the junction potential barrier between top and base layer. So the expression for

hole component of dark current density can be expressed as

D
J,(atx=0)=gq L”” P, -1 (4.17a)
pn
C=J, (T - (4.17b)
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where D,, and L,, represents diffusion coefficient and diffusion length of holes and P,,
represents the equilibrium hole concentration in #n-type layer. Here also, J,s represents the
saturation current. The total dark current density at x = 0, is of course given by the

summation of the electron and hole current components given by equation 4.16 and 4.17.

As explained in chapter 2, under open circuit condition all the photogenerated carriers
ultimately recombine internally and so the total dark current becomes exactly equal to the
short circuit current. So the open circuit voltage Voc can be calculated as usual by

equating dark current density to the short circuit current density (Jsc):

kT Joe

Voo =—log(l+ ) (4.18)

ns Ds

According to equations 4.16 and 4.17, both J,; and .J,; depends on the band gaps of n-type
and window layers respectively, through the minority carrier concentrations (7,0, and py.)
in the mentioned layers. So, as seen from equation 4.18, the open circuit voltage 1s

expected to increase if the band gaps of those layers are increased.

4.3 Analysis of the Structures having a p-n Heterojunction with a Window Layer

In case of heteroface structures -discussed in the previous section, a window layer has
been used to reduce the electron component of the dark saturation current by creating
higher potential barriers for electrons. In fact it has been shown in the next section that as
the band gap of window layer is increased, the electron component of dark saturation
current becomes negligible as compared to that of hole component. So it is quite obvious
that the open circuit voltage can be increase further by creating higher potential barrier
for holes also. If this can be done without reducing the short circuit current, considerable
improvement in conversion efficiency can be achieved. This section proposes a structure,
which provides such a higher potential barrier for holes by using a p-» heterojunction,

instead of p-n homojunction, with a window layer. With this structure, it is possible to
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reduce both electron and hole component of dark saturation current with out any
reduction of short circuit current. In fact use of p-n heterojunction will improve the photo
response as two different band gap material cam be exploited to absorb a wider band of

solar radiation more efficiently.

n-type layer p-type layer Window layer

i : .
'. Egn !
—_— —— ——— p— — .|__.__.__.!-____ —_— —
)
E ]
o 1 [V !
|
AEV H
_____ !
i
< } >
w

Figure 4.3: A Solar cell structure with heterojunction and window layer under

equilibrium condition.

Figure 4.3 shows a solar cell structure consisting of a heterojunction of a wide band gap
n-type material and narrow band gap p-type material along with a high ban gap p-type
window layer. It is quite obvious that, with this structure, it would be possible to suppress
both the electron and hole components of dark current. At the same time, it would be
possible to absorb the photons of 2 much wider band of solar radiation by the low band

gap p-type material of the heterojunction.

The analysis of this structure can be carried out exactly in the similar fashion as we did in
the previous section for the heteroface structure. The notch like discontinuity between the
conduction bands of n-type and p-type layer has been ignored. So the expressions derived
for the heteroface structure remains unchanged for this structure. However, as two

different band gap » and p type materials are used to form heterojunction, different values
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of density of states corresponding to the materials have to be used in calculating the
equilibrium minority carrier concentrations (pa, and np,) in p-type and n-type materials

respectively.

The expressions for equilibrium minority carrier density at n-type, p-type and window
layers can be expressed in terms of density of states and band gaps of the corresponding

materials:

: N~N,. _
pna — nm — Cn'"Vn Egn"kT (4_]93)
NAn NA"
2
_ony NNy e nr
- _ (4.19b)
NDP NDP

2

" _ Ny — NCWNVW e_EgW"'kT (4.19¢)

where #,,,. Tepresents intrinsic carrier concentrations and Ny, pppw represents doping

density in n-type, p-type and window layers respectively.

The final expressions for dark current density and open circuit v.oltage can be obtained by
putting these values of equation 4.19 into equations 4.16,4.17 and 4.18. So the dark

current density for the structure presented in this section is given by:

D P NCPNVP e_Eg,u”kT W/L”P + an NCWNVW e_ng"kT_l_DP" NCnNVn e*fgn’!kT)

J=g(2—=%

np

aw

(4.20)

In the above equation, summation of first two terms represents electron component and

third term represents hole component of dark saturation current.
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4.4 Results and Discussions
4.4.1 Heteroface Structures:

A heteroface solar cell with »-GaAs/p-GaAs/p-Al,Ga;As structure was studied
analytically to highlight the importance of various factors in determining open circuit
voltage, short circuit current and hence the efficiency. The short circuit current has been
calculated from figure 2.4b of chapter 2 [7], assuming that all photons having energy
higher than E,; (fig 4.1) will contribute one electron. The total dark saturation current for

this structure can be expressed as

D w/ L D
JS — (2q LﬂP n np +anw )+qlp,w (421)

n
pop pow
np 2-w/ an an Lpn

~ As | mentioned earlier, since fip, Mpew and py, decrease exponentially with their
corresponding band gaps, the dark current density and also the open circuit voltage
depends on the respective band gaps. In figure 4.4, the calculated value of open circuit
voltage has been presented as a function of the band gap of the window layer. It 1S
observed that open circuit voltage increases exponentialty with the window layer band
gap up to a certain value and then becomes saturated. This is because, when the band gap
of window layer approaches to a high value almost no electron succeeds to overcome the
abrupt barrier between base and window layer. So, the second component of electron
current, expressed by equation 4.16a, becomes negligible as compared to the other
components of currents. Also, as w is much smaller than Z,,, the first term within the
bracket representing the electron current due to recombination is also very small. As a
result for high values of Eg,, dark current is almost entirely carried out by the holes and
so open circuit voltage becomes constant with respect to the band gap of the window

layer.
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Open circuit voitage as a function of the band gap of window layer
1.02 T T I I I T T

Open circuit voltage {Voc)
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band gap of window layer {eV}

Figure 4.4: Open circuit voltage as a function of the band gap of window layer.

In figure 4.5, the J-V characteristics and the variation of power density with load voitage
has been presented. In calculating the results the mobility values have been chosen in
accordance with the published result [27-29]. The doping density in both n-type and p-
type layer have been assumed to be 10'7 ¢cm™. The results have been shown for three
different band gaps (E,of fig. 4.1): 1.34, 1.42 and 1.5 eV of n and p type layers. The first
two band gaps correspond to InP and GaAs respectively. For the third one, material
parameters corresponding to GaAs have been used. The band gap of the p-type
Al,Ga,,As window layer has been assumed to be 1.99eV. It is seen from the figure that
short circuit current decreases and open circuit voltage increase with the band gaps of p
and n layers. It is interesting to note that Jsc and Voc increase for decrement and
increment of the n-p homojunction layer band gap from 1.42 eV, corresponding to the

band gap of GaAs. But in both cases the maximum out put power density decreases.
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Figure 4.5: Current and power density as a function of voltage for different band gaps of
n and p layer.

4.4.2 Solar Cell Structures Composed of Heterojunction and Window Layer

This section presents the results obtained by using the expressions developed in section
4.2 and 4.3 for the structure with heterojunction and window layer. A n-GaAs/p-Si/p-

AlGa,_As structure have been studied and the results have been compared with typical

heteroface and other structures proposed for solar cell.

As can be seen from equation 4.20 and 4.18, the dark saturation current and hence open

circuit voltage depends on the band gap of n, p and window layers. The open circuit
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voltage will increase if the band gaps of any of the three layers is increased. But, since
the low band gap p layer absorbs the low energy photons, increasing the band gap of this
layer can be detrimental as far as short circuit current is concerned. Figure 4.6 represents
the variation of open circuit voltage as a function of the band gaps of n-type and window
layers .1t is seen from figure 4.6 that, like the heteroface structure, here also Vo becomes

saturated as either Eg, or E,, approaches higher value.
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Figure 4. 6: Variation of Vo with the band gaps of n-type and window layer

When E,, approaches higher value dark current is entirely carried by electrons. On the
other hand, when Eg, is increased hole component of dark current becomes dominant.
Figure 4.6 also reveals the effect of p-layer width on open circuit voltage. As the width is

decreased, the component of dark current due to the recombination of electrons in the p-
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layer becomes smaller. So it is quite expected that open circuit voltage increases in both

cases as w/Ln, decreases.

The current density and power density variation with load voltage for
n-GaAs/p-Si/p-AliGa)..As structure has been presented in figure 4.7. The figure also
shows the variation of the characteristics with the band gap of p-layer of the p-n
heterojunction. It is revealed from figure 4.7 that the short circuit current can be

improved by choosing low band gap material for p-layer.
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Figure 4.7: J-V and P-V characteristics of n-GaAs/p-Si/p-Al,Gaj4As.

But at the same time the open circuit voltage reduces with such choice. So Power density
although first increases with the decrease of the energy gap of p-layer, it ultimately
reaches a maximum value and then start to decrease with further reduction of the band

gap of p-layer.
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[ Structure Jsc Voc | Prnax n

' (mA/cm?) V) | (mW/icm?) %
p-n homojunction of GaAs 24.46 0.981 21.10 25.75
n-GaAs/p-GaAs/p-AlGaAs 24.46 1.019 22.00 26.84
n-AlGaAs/n-GaAs/p-GaAs/p-AlGaAs 24.46 1.100 23.94 29.22
n-GaAs/p-Si/p-AlGaAs 34.30 0.872 2595 31.67

Table 4.1: short circuit current, open circuit voltage, maximum output power density and

efficiency for various solar cell structures.

Finally table 4.1 shows some comparative results among p-n homojunction of GaAs, »-
GaAs/ p-GaAs/ p-Al,Ga,.As (heteroface), n-GaAs/p-Si/p-Al;Ga; As (heterojunction
with window layer) and n-Al,Ga,..As / n-GaAs/ p-GaAs/ p- Al,Ga;,As. In case of the
last structure the hole component of dark current also has the form similar to the electron
component of dark current given by equation 4.16. The last structure with double window
layer shows better performance than conventional heteroface structure. This is because,
in case of the last structure, both electron and hole componen-ts of dark current have been
reduced by window layers on both sides of the cell. It is clearly visible from table 4.1 that
conversion efficiency can be improved by both the new structures proposed by this thesis
and it is maximum for n-GaAs/p-Si/p-Al,Ga;,As (heterojunction with window layer)

structure.

4.5 Conclusions

This chapter has revealed that heteroface structures can achieve higher conversion
efficiency than typical p-n homojunction solar cells by suppressing one of the
components of dark current. The efficiency can be improved even further, as shown in
table 4.1, if two window layers are used with a p-» homojunction. But both these
structures face the same limitation as single homojunction solar cells regarding photo

response. To avoid this limitation, a structure composed of a p-n heterojunction and a p-
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type window layer has been proposed. In this structure, photons with wider band of
energies can be absorbed using materials of different band gaps forming the
heterojunction and at the same time higher open circuit voltage can be achieved by
reducing both electron and hole components of dark current. The calculated results show
that the efficiency of this proposed structure is 22% and 17% higher, as compared to p-n

homojunction and heteroface structures r'espectively.
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CHAPTER 5

CONCLUSIONS

5.1 Discussions

In this thesis the reasons behind the low conversion efficiency of a p-n homojunction
solar cells has been studied and some heterojunction structures and strategies have been
proposed to improve the scenario. This work has pointed out that the mobility difference
between clectrons and holes along with the vanation in density of states for different
materials forming heterojunction can be exploited to improve the conversion efficiency.
The conversion efficiency of p-n heterojunction solar cells depends on the orientation of
p and n type materials and so in some cases the efficiency can be improved significantly
by just rearranging the p and n type materials of the heterojunction structure. This work
has also proposed a structure for solar cell where a p-n heterojunction has been used
along with a high band gap material to increase the overall efficiency. This structure,
which is a modification of heteroface solar cell [11-12], has shown considerable promise

in achieving higher conversion efficiency.

5.1.1 Rearranging p and »n Type Materials of a p-n Heterojunction Structure

A p-n junction subjected to shinning becomes forward biased and its potential barrier is
reduced. Consequently, a considerable portion of photogenerated carriers is lost through
the internal recombination of the carriers successful to overcome that reduéed potential
barrier. This gives rise to the dark current which depends on electron and hole mobility
in the cell material for a particular doping density and voltage. The reported works
mainly concentrated on the band gap of the p-» junction structures without giving, due

consideration to the fact that this difference between the mobility of the electrons and
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holes can play an important role in determining the overall efﬁciency-of a solar cell [26].
This work has pointed out that, since the potential barriers for electrons and holes are not

equal in a p-n heterojunction, such mobility difference of electrons and holes can be
exploited effectively for achieving higher conversion efficiency using such structure. As
the mobility of electrons are much higher than the mobility of hole, the structures having
higher potential barrier for electrons (known as p on n structure) is expected to have
higher efficiency than the structures having higher barrier for holes (known as n on p
structure). But it has been shown in chapter 3 that, the built in potential barrier, which is
another determining factor of the magnitude of dark curren‘t density, is not same for the
two above mentioned heterojunction structures if same doping density is used for both p
and n type materials. It is seen from the expressions presented, that built in potential
depends on the density of states in conduction and valence bands (Nc and Ny
respectively) of n and p type materials of the heterojunction. So the conversion efficiency
does not remain same if n and p type materials are interchanged. In fact, the dark current
density depends on the product of respective carrier mobility and density of sates in
valence and conduction bands. For semiconductors like S1, Ge ete., N¢ is greater than Ny,
but for III-V compound semiconductors like InP, (aAs, GaP etc., the condition is
reversed. So it has been found that when heterojunctions are formed between III-V
compound semiconductors and other elements like Si or Ge, the product of respective
carrier mobility and density of states and hence dark current 1s larger for p on n structures
than for n on p structures. However, the above mentioned condition is reversed when
heterojunction is formed between two III-V semiconductors and considerable
improvement in conversion efficiency can be achieved if p on n structure is used instead
of n on p structure. These facts reveal that due consideration should be given in case of
choosing the band gaps of n and p type materials forming heterojunction solar cells. The
results presented in chapter 3 show that the efficiency of a n-InP/p-GaP heterojunction
solar cell is higher than p-InP/n-GaP cell by 19 %, where as the magnitude of
improvement achieved by interchanging the # and p type materials of GaP/GaAs p-n
heterojunction structures is around 13%. So it can be concluded that when p-n

heterojunction is formed between two I1i-V compound semiconductors, p-type material
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should have higher band gap than n-type material to achieve higher conversion

efficiency.

5.1.2 Modification of Heteroface Solar Cells

It has been reported that conversion efficiency of a p-n homojunction solar cell can be
improved by adding a layer of high band. gap matenal to it [11-12]. This structure is
known as ‘heteroface’ solar cell. The high band gap material is used as window layer
which absorbs the high energy photons and allows the photons with low quantum energy
to pass through and be absorbed by low band gap homojunction material. The window
layer also decrease dark current and hence increase the open circuit voltage by providing
higher potential barrier to either electrons or holes. Since electrons have higher mobility
than holes, practically fabricated heteroface structures use a high band gap p-type
material to suppress the electron component of dark current [12]. This work has presented
2 modification to the heteroface solar cells to achieve even higher conversion efficiency.
It has been shown in chapter 4 that if, instead of a p-n homojunction, the high band gap
window layer is added to a p-n heterojunction, the efficiency is increased significantly. In
case of this proposed structure, photoresponse and hence the short circuit current density
is increased significantly due to the use of p-n heterojunction instead of homojunction. As
a result the maximum power output is also improved as compared to heteroface
structures. The open circuit voltage of such structures can be increased by increasing the
energy gaps of both top and window layer materials, as shown in figure 6 of chapter 4.
Finally, some comparative results have been presented (table 4.1 of chapter 4) which
clearly reveal that the proposed n-GaAs/p-Si/jp-AliGa,.<As structure has improved
photoresponse i.e. short circuit current density and efficiency as compared with reported
heteroface solar cell of n-GaAs/p-GaAs/p-Al,Ga,..As structure [11-12 ] and n-Al.Ga,.As
n-GaAs/p-GaAs/p-Al,Ga,As. The later structure mentioned above has two window
layers of both n and p type materials added to » and p type layers of a p-n homojunction.
This structure has efficiency better than the heteroface structure due to its higher open
circuit voltage achieved by double window layer. It has been shown in table 4.1 of

chapter 4 that proposed n-GaAs/p-Si/p-Al,Ga,..As structure has 18% higher conversion
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efficiency as compared to reported n-GaAs/p-GaAs/p-Al,Ga,_ As heteroface solar cells
[11-12).

5.2 Limitations

In the following, the limitations of the work presented in this thesis has been discussed:

1. In the analysis presented here, it has been assumed that all photons having
quantum energy higher than the band gap of solar cell material are absorbed and create
electron hole pairs. But it is highly unlikely that all the photons absorbed will contribute
to short circuit current. As the short circuit current density of all the structures have been
calculated based on this assumption, they may be different from the practical values if the

structures are practically fabricated.

2. In determining the values of dark currenf and hence efficiencies for various
structures, the values of electron and hole mobility as a minority carrier should have been
used. But the data available in the published literatures mainly give the majority carrier
mobility as a function of majority carrier concentration [27]. The techniques for
measuring minority carrier mobility 1s not straigﬁtforward, and consequently, their data

. are scarce and limited only to some extensively studied semiconductors like St and GaAs.
Therefore in many cases of this work, minority carrier mobility has been assumed to
equal to the majority carrier mobility. This assumption may introduce some error, since
the variation of minority carrier mobility with both doping density and temperature have

been reported to be somewhat different from that of majority. carrier mobility [27-28].

3. In deriving the current voltage relations for the structures presented here, the
quasi Fermi levels for electrons and holes have been assumed to be flat across the barrier
region. This assumption, known as quasi-equilibrium assumption [9], is not strictly

correct as the quasi-Fermi levels must have some slope in this region [9].

5.3 Suggestions for Further Work

Based on the limitations discussed above, following works can be carried out in future:
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1. The photocurrent and hence short circuit current should be obtained by
calculating the generation rate of electron-hole as a function of distance from the

semiconductor surface and wavelength of the incident photon [ 4]:

Glx, A\ y=a(A)F@A)Y[I-R(A)] exp[-a (1) x] (5.1)
where a (4 ) is the absorption coefficient, F (1) is the number of incident photons/ cm? s
per unit bandwidth and R (1) is the fraction of photons reflected from the surface. The
variation of absorption coefficient with wave length is different for different materials. So
a comparative study of short circuit current density can be carried out to find the
materials and structure having best spectral response. Also the effect of the widths of
several layers of different structures on short circuit current density and hence efficiency

can be studied to design the optimum widths.

2. Research can be carried out to get the exact values of minority carrier mobility

as a function of doping density for different materials.

3. Rigorous numerical calculation can be carried out to get the exact variation of

quasi Fermi levels for electrons and holes under shinning conditions.
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Appendix A

Properties of Ge, Si, InP, GaAs and GaP at 300 K used for calculation

Semi- Bandgap | Effective Effective Mobility Diffusion length (cm)
conductors (eV) density of | density of (em?/V-S)
sates in sates in
conduction | valence band, | Electron Hole Electron Hole
band, NC Ny '
(cm‘3) (cm‘J)

Ge 0.66 1.04x10" 6x10' 3000 900 0.0032 0.0022
Si 1.12 2.80%10" 1.04x10" 800 350 0.02 0.009
InP 1.35 5.70x10" 1.10x10" 3500 125 0.001 0.00041
GaAs 1.42 4.70%10" 7x10" 4500 270 0.0015 0.00032
GaP 2.26 1.80%10% 1.90%10" 150 140 | 0.000016 | 0.000016

e Both acceptor and donor doping density (N4 and Np) has been assumed to be 107 cm”

in calculating the mobility values.

3
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Appendix B

MATLAB Program to calculate built in potential and to generate J-V

and P-V curves for p-on-n and n-on-p heterojunction structure

$generating J-V, P-V curves and calculating Vd

$values used
g=1.6e-19;kt=.026;

% optical current as a function of smaller band gap
eg=1.42;
jop=(0.7181.%eg."5-8.2694.%eg. " 4+35.5250.*eg. "3~
61.8203.*eg. "2+10.6480.*eg. 1+61.7508)

$ for Egp»Egn i.e p-on-n

$n is GaAs and p is GaP

un=150;up=270;

In=15.8e-6;1p=32.1e-5;

Dp=kt*up;Dn=kt*un;

nd=1el7; na=1lel7;
ncn=4.7el7;nvp=1.9e19; %Nc of GaAs & Nv of GaP
egp=2.26;

egn=1.42;

X=NCNn*nvp;

Vd=eg+kt*log (na*nd/x)

jsp=le3*g* (Dp/lp) * (x/nd) *exp(-1.*egn/kt);
jsn=1e3*g* (Dn/1ln) * (x/na) . *exp (-1.*egp/kt) ;
js=]jsp+jsn; '
voc=kt*log{l+jop./js);

v=0:.01:1.2;

j=jop-js.*{exp(v/kt)-1);

p=Jj-*v;

plot(v,.j,'r"}

hold on

plot{v,p,'r')

% for Egn>Egp i1.e n-on-p {existing)

¥ n is GaP & p is GaAs

un=4500;up=140;

ln=14.8¢-4;1lp=16e-6;

Dp=kt*up;Dn=kt*un;

nd=1el7; na=lel?;

ncn=1.8el9%;nvp=7el8§;

X=nen*nvp;

Vd=eg+kt*log(na*nd/x)

egn=2.26;

egp=1.42;

jsp=1e3*g* (Dp/1lp) * (x/nd) *exp (-1.*egn/kt) ;
jsn=1le3*qg* (Dn/ln) * (x/na} . *exp(-1.*egp/kt) ;
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js=jsp+jsn;
voc=kt*log(l+jop./is);
held on

v=0:.01:1.2;
j=jop-js.* (exp (v/kt) -1);
p=3.%v;

plot(v,3i, 'b')

held on

plot(v,p,'b"}

» for heterojunction formed by other materials values of different parameters have to

be changed
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Appendix C

MATLAB Program for p-r» homojunction of GaAs structure

$values used
g=1.6e-19;kt=.026;

% optical current as a function of smaller band gap
eg=1.42;
jop=(0.7181.*eg.*5—8.2694.*eg.*4+35.5250.*eg.*3-
€1.B8203.%eg."2+10.64B80.*eg. 1+61.7508)

% for Egp>Egn i.e p-on-n (our proposal)
$n is Si and p is Gals

%calculating thermal current
un=4500;up=270;

Dp=kt*up;Dn=kt*un;

nd=1el7; na=1lel7;

1n=14.8e-4;1p=32.1e-5;
ncn=4.7el7;nvp=7els;%Nc og Ge & Nv of GaaAs
egp=1.42;

egn=1.42;

X=Nncn*nve;

Vd=eg+kt*log{na*nd/x) ;
jsp=1e3*q*(Dp/lp)*(x/nd)*exp(wl.*egn/kt);
jsn=1e3*q*(Dn/ln)*(x/na).*exp(—l.*egp/kt);
js=jsp+jsn

voc=kt*log{l+jop./js)

hold on

v=0:.01:1.12;

j=jop-js.* {exp(v/kt)-1);

p=J.*Vv;

plot(v,j,'r")

hold on

plot(v,p,'r")



Appendix D

MATLAB Program for n-GaAs/p-GaAs/p-Al,Ga; As

structure

gvalues used
g=1.6e-19;kt=.026;

% optical current as.a function of smaller band gap
eg=0:.01:4;

jo=(0.7181.%eg.” 5-8.2694.%eg. " 4+35.5250.%eg. "3~
61.8203.%eg. 2+10.6480.%eg. " 1+61.7508) ;

pin= trapzleg,jo)

% for nomejumction of GaAs and then a reflector
$calculating thermal current

eg=1.42;

jop=(0.7181.%eg."5-8.2694.%eg. 4+35.5250.*eg. "3~
61.8203.*eg. 2+10.6480.%eg. "1+61.7508)
un=4500;up=280;unl=280;
Dp=kt*up;Dn=kt*un;Dnl=kt*unl;
1ln=14.8e-4;1p=32.1e-5;1ni=14.8e-4;

nd=1el?7; na=1lel?;

ncn=4.7el7;nvp=7el18;

.egn=1.42;egp=1.42;

X=ncn*nvp;

npo=x*exp (-1*egp/kt) /na;

pno=x*exp (-1l*egp/kt) /nd;
egl=1.99;ncl=1.74el9;nv1=1.235el93; %parameters for AlGaAs
npol=(nci*nvl) *exp (-1*egl/kt} /na;

r=.01;%w/Ln

isp=1ei*qg* (Dp/lp) *pno
jsn=1e3*q*((Dn*2*npo./{ln.*((2./r)—1)))+Dn1*npol/ln1)
js={jsp+jsn) ;

voc_homo=kt*log{l+jop./js)

v=0:,01:1.5;

j=jop- (jsp+jsn) * (exp{v/kt}-1};

plot(v,j,'g")

hold on :

p=j.*Vv;

plot{v,p,'qg"')

heteroface
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Appendix E

MATLAB Program for #n-Al,Ga, ,As/n-GaAs/p-GaAS/p-Al,Ga, As

structure

$values used
g=1l.6e-19;kt=.026;

% optical current as a function of smaller band gap
eg=0:.01:4;
jo=(0.7181.*eg."5-8.2694.*%eg. "4+35.5250, *eg. 3~
61.8203.*eg.”"2+10.6480.%eg.” 1+61.7508);

pin= trapzleyg,jo)

$calculating thermal current

eg=1.42;

jop=(0.7181.%eg."5-8.2694.*eg. "4+35.5250.*eg. "3~
6£1.8203.%eg. 2+10.6480.%eg. " 1+61.7508)
un=4500;up=280;uni=280;upl=70;
Dp=kt*up;Dn=kt*un;Dnl=kt*unl;Dpl=kt*upl;
‘ln=14.8e-4;1p=32.1e-5;1nl=14.8e-4;1pl=32.1le-5;
nd=1el7; na=lel?;

ncn=4.7el7;nvp=7el8;

egn=1.42;egp=1.42;

X=ncn*nvp;

npo=x*exp (-1l*egp/kt) /na;

pno=x*exp{-1l*egp/kt) /nd;
egl=1.99;ncl=1.74el19;nv1=1.235el9; %parameters for AlGals
npol=(ncl*nvl) *exp (-1*egl/kt) /na;
prnicl=(nci*nvl) *exp (-1*egl/kt) /nd;

r=.01;%w/Ln

jsp=leld*g* {{Dp*2*pno./(lp.*{{2./r)-1)))+Dpl*pnol/lpl};
jsn=le3d*qg* ((Dn*2*npo./ (1ln.*({2./r)-1})))+Dnl*npol/1lnl) ;
js=(jsp+jsn);

voc_homo=kt*log (l+jop./js)

v=0:.01:1.5;

j=jop- (jsp+jsn) * (exp (v/kt) -1} ;

plot{v,3,'b")

hold on

p=].*v;

plot(v,p, 'b")
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Appendix F

MATLAB Program for n-GaAs/p-Si/p-AlGa,. As structure

gvalues used
g=1.6e-19;kt=.026;

% optical current as a function of smaller band gap
eg=0:.01:4; ‘

jo=(0.7181.*%eg. 5-8.2694.%eg. "4+35.5250.%eg. "3-
61.8203.%eg. " 2+10.6480.*%eg. " 1+61.7508) ;

pin= trapez(eg, jo)

% for heterojumction of Si & GaAs and then a reflector
$calculating thermal current

eg=1.12;

jop={0.7181.%*eg."5-8.2694.%eg. "4+35.5250.*eg. "3~
61.8203.%eg. " 2+10.6480.*eg. " 1+61.7508)
un=800;up=280;unl1=280;

Dp=kt*up;Dn=kt*un;Dnl=kt*unl;
ln=34e-4;1p=32.1e-5;1nl=14.8e-4;

nd=1el7; na=1lel7;

ncn=4,7el7;nvp=1.04el9;

egn=1.42;egp=1.12;

X=nen*nvp;

npo=x.*exp (-1.*egp/kt} /na;

pno=x*exp(-1.*egn/kt) /nd;
egl=1.12:.01:1.99;ncl=1.74e19;nv1=1.235el19; %parameters for AlGaas
npol=(ncl*nvl) . *exp(-1l*egl/kt} /na;

r=.001;%w/Ln

jsp=1led*g* (Dp/lp) . *pno;

jen=le3+*qg.* ({Dn*2.*npo./ (ln.* ((2./r)-1)})+Dnl.*npol/1lnl};
js={jsp+jsn); ' ' :
voc_het=kt*leg(l+jop./js);
subplot {2,1,2);plot (egl,voc_het, 'X')
hold on
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