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Abstract
This work includes a theoretical study to the effect of different diffusion lengths of
electron on the parameters of the single crystal silicon solar cell.

Different values of diffusion length of electron are used and by using electronic
calculator programme in visual basic language. The results show increasing the parameters of
single crystal silicon solar cell with increasing the diffusion length of electron and
consequently calculating the theoretical efficiency of the cell, which varied between (13.352 -
30.076) %.

The relationship between values of the diffusion length of electron and the input
parameters in calculating the cell efficiency has been drawing and then drawing the
relationship between these diffusion lengths and the theoretical efficiency of this cell as well
as noticing effect of other parameters on that efficiency and important notes and conclusions
is achieved which can be summarized in two features:

Firstly: Improving the diffusion lengths in both the top surface and the back surface would
reduce losses due to bulk and surface recombination velocities at the front and back surface
and bring measured photocurrents closer to the idealized values.

Secondly: Using a base layer of a thickness smaller than the minority carrier diffusion length,
which improve the collection efficiency of the solar cell.
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1- Introduction

The increasing demand for fossil fuels and the environmental impact of
their use are continuing to exert pressure on an already-stretched world
energy infrastructure. Significant progress has been made in the development
of renewable-energy technologies, such as solar cells, fuel cells, and biofuels.
However, although these alternative energy sources have been marginalized in
the past, it is expected that new technology could make them more practical
and price competitive with fossil fuels, thus enabling an eventual transition
away from fossil fuels as our primary energy sources. Solar energy is
considered to be the ultimate solution to the energy and environmental
challenge as a carbon-neutral energy source.

The conversion from solar energy to electricity is fulfilled by solar-cell
devices based on the photovoltaic effect. Many photovoltaic devices have
already been developed over the past five decades[1][2][3]. However, wide-
spread use is still limited by two significant challenges, namely conversion
efficiency and cost [4][5][6]. One of the traditional photovoltaic devices is the
single-crystalline silicon solar cell, which was invented more than 50 years ago
and currently makes up 94% of the market[7]. Single-crystalline silicon solar
cells operate on the principle of p—n junctions formed by joining p-type and n-
type semiconductors. The electrons and holes are photogenerated at the
interface of p—n junctions, separated by the electrical field across the p—n
junction, and collected through external circuits. In principle, the single
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crystalline silicon semiconductor can reach 92% of the theoretical attainable
energy conversion , with 20% conversion efficiency in commercial designs .
However , because of the considerably high material costs, thin-film solar cells
have been developed to address the product costs[8][9][10]. Amorphous
silicon (a-Si) is a candidate for thin-film solar cells because its defect energy
level can be controlled by hydrogenation and the band gap can be reduced so
that the light-absorption efficiency is much higher than crystalline
silicon[11][12]

The problem is that amorphous silicon tends to be unstable and can lose
up to 50% of its efficiency within the first hundred hours. Today, commercial
roof products are available that operate at ~15% efficiency. Bridging the gap
between single-crystalline silicon and amorphous silicon is the polycrystalline-
silicon film, for which a conversion efficiency of around 18% is
obtained[13][14][15][16]. Compound semiconductors, such as gallium
arsenide (GaAs), cadmium telluride (CdTe), and copper indium gallium
selenide (CIGS), receive much attention because they present direct energy
gaps, can be doped to either p-type or n-type, have band gaps matching the
solar spectrum, and have high optical absorbance[17][18][19]. These devices
have demonstrated single-junction conversion efficiencies of (16—32)% [20].
Although those photovoltaic devices built on silicon or compound
semiconductors have been achieving high efficiency for practical use, they still
require major breakthroughs to meet the long-term goal of very-low cost
(US$0.40 kW / h)[1].

In this paper the effect of different diffusion lengths of electron on the
parameters (VO,W,Le, I, VooV FF)and then on the efficiency(n)of the

oc?’ "sc? “oc!?

single crystal silicon solar cell have been studied.

2-Theory

A solar cell can be constructed by putting a very thin, heavily doped n-
type layer on top of a thicker p-type layer. As can be seen in Figure (1), the
depletion region is mostly on the p-side. Light is absorbed through the n-type
layer. Because the n layer is so thin, most photons penetrate into the depletion
region, or the p-side before creating an electron-hole pair. When an electron-
hole pair is created in the depletion region the electric field moves the electron
into the n-side and the hole into the p-side. This gives the previously neutral
n-side a negative charge and the previously neutral p-side a positive charge.
When a load is connected to the cell, the electron can travel through the
circuit, do work, and recombine with the hole.
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Figure (1): Electron-Hole Pair Behavior in Solar Cell [21]

If the light penetrates into the neutral p-side, then there is no electric field to
separate the electron-hole pair. Instead the electron and the hole diffuse at
random through the material and recombine if they meet. The average time

between pair production and recombination for an electron is Te . In this time,
the electron diffuses a mean distance of L, =./27,D, where De is the

diffusion coefficient in the p-side. If the electron-hole pair is created within Le
of the depletion region, then the electron can diffuse to the depletion region
and be moved by the electric field over to the n-side. For this reason it is
important for the diffusion length L. to be as long as possible. The same
process takes place for electron-hole pairs created in the n-side. In silicon, the
diffusion length is longer for electrons than it is for holes. This is why the thin
top region is n-type, and the thicker region is p-type[21].

Recombination by Doping :

The lifetime, calculated according to the recombination processes:
a- Band to band (Radiative) recombination.
b- Trap assisted (Shockley Read—Hall(SRH)) recombination.
c-Auger recombination).
is thus

l = l =+ 1 =+ 1 ......... (1)

z.total z-radiation z-Auger 2-trap
All three depend to some degree upon dopant concentration. Figure (2) shows
a summary of these dependencies.
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Figure (2): Dependency of the different charge carrier lifetime
processes on doping

We again see that:

1-for doping less than 107cm3 (normal for almost all Si devices) radiative
recombination plays virtually no role, and carrier lifetime is determined by
the impurity level.

2-only at doping levels greater than 10'8cm=3 does Auger recombination
become dominant.

In the range 10"t010"cm=3 there is a marked discrepancy between
theoretical considerations and experimental results. This has already been
investigated by [22]. The relationship obtained empirically by Kendall {quoted
in[16]}, is frequently used at the moment, according to which the lifetime in
this range is calculated as:

T
= o IR 2
z N (2)
7 x10'°
In this equation the carrier lifetime z, in pure, undoped silicon was previously

assumed to be 400.s.

Lifetime and saturation current measurements

The effective minority carrier lifetime, Teff , of a silicon wafer can be
expressed as the sum of the recombination rates in the bulk and on the
surface. The recombination rate is in general inversely related to the
recombination lifetime, and the effective lifetime of a sample can be expressed
as:
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where Thuk and Tsurface are the bulk and surface recombination lifetimes,
respectively. The recombination rate in the bulk can further be divided into
the sum of independent recombination mechanisms via the inverse
recombination lifetimes as:

i 1+t 1 ... (4)

z-bulk 7’-rad TAug TSRH

Trad, TAuger, and Tsru are the radiative, Auger, and Shockley-Read-Hall
recombination lifetimes, respectively. Since silicon is an indirect band gap
semiconductor, radiative recombination is low and negligible to a good
approximation. Auger recombination is intrinsic to the material, and depends
only on the base resistivity. It therefore sets an upper boundary for the
theoretical effective lifetime of silicon. Shockley-Read-Hall recombination, on
the other hand, occurs via defects levels in the band gap, and depends
therefore on the material quality. It is usually the dominant bulk
recombination source in solar cells.

The surface of a silicon wafer can be regarded as a large imperfection in
the crystal, and it represents a continum of defects in the band gap. If the
surface recombination rate is low and equal on each side, T surface can be
approximated by:

1 2 Seff

= o &)

where W is the wafer thickness and Seff is the surface recombination velocity.

In silicon solar cells recombination in the emitter is also usually significant. It
is therefore common to add the emitter recombination rate, 1/Te, to the other
bulk recombination mechanisms in the expression for the effective
recombination lifetime (see Equation (4)). Under the assumptions that the
emitter is in low injection, and that the depletion approximation is valid, it is
possible get an analytical expression for an effective virtual surface
recombination velocity that includes both surface and emitter recombination.
The emitter, or depletion region, is treated as a virtual surface, and it can be
shown that expression for the effective emitter recombination velocity is given

as [23][24].
S f o ‘Joe - > "ttt (6)

Z-su rface

ef

where J, is the emitter recombination current, Npis the base doping density

of an n-type wafer, n; is the intrinsic carrier density, and Ap is the excess /
photogenerated carrier density. By inserting equations (5) and (6) into (4) ,
the total effective recombination lifetime of a silicon wafer with two equal
emitters can be expressed as[25][26].

L1l Nt

Tt TsRH  Caug Wan,
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Minority Carrier Diffusion Length

The performance of a solar cell is limited by the collection efficiency of
the minority carriers. A parameter strongly affecting the collection efficiency
is the minority carrier diffusion length (Diffusion length is the average length
a carrier moves between generation and recombination) which is related to
the minority carrier lifetime by equation:

L, =/D,7,. L, = Doy eveee (8)

Here Ln, Lp, are the minority carrier diffusion lengths of electrons and holes,
respectively. To ensure efficient carrier collection the minority carrier
diffusion length should be two to three times the distance between the
location of generation and the region where the minority carriers are
extracted[27]. The minority carrier diffusion length as a function of lifetime
for 20 Q-cm n-type silicon is illustrated in Figure (3) .

1,500 —

Diffusion Length {pm})

0 500 1,000 1,500
Lifetime (ps)

Figure (3): Minority carrier diffusion length as a function of effective
lifetime for 20 Q-cm n-type silicon

The equations used in calculating the solar cell parameters are[28] :

I, =gAG(L, +W +L,)--------(9)

V.. =k—T|n['—L+1j---------(10)
q .

I, =1 (™" —1).-eeneel.(1D)

V. =V, /(KT /q)--------- @a2)
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v, —In(v,, +0.72)

FF —_° ~ \oc = 2% ... (13)
vV, +1
P 1.V _.FF
—_max _ _sctoc’ ... 14
Y P, &9

3-Results and Discussion
In silicon, the diffusion length is longer for electrons than it is for holes.
This is why the thin top region is n-type, and the thicker region is p-type.
When a solar cell is illuminated, the incoming photons generate hole-
electron pairs by collision with valence band electrons. The hole-electron pairs
are separated into individual holes and electrons and these individual charge
carriers are collected, becoming a photo generated current (I, ). The photo

generated current values is obtained from equation (9) where Ais the area of
the single crystal silicon solar cell and G is the generation rate of electron —
hole pairs. Therefore the increase in(L,)will lead to increase in photo

generated current (1, ) as shown in Table (2).

The open circuit voltage indicates a situation in which no current is fed
to a load and all of the separated holes and electrons remain in the solar cell
until they recombine. This produces a significant voltage across the junction,
but no power is delivered to the load. The open circuit voltage for a solar cell is
given by equation (10) i.e. the open circuit voltage is proportional to the
logarithm of the ratio of photo generated current to dark current. Where | is

the reverse saturation current.

Open circuit voltage of the cell is strongly dependent on the surface
recombination velocities, minority carrier diffusion length, device thickness
and doping level. Figure (4) show increase in open circuit voltage with
increasing diffusion length of electron.

Since in good solar cells the short circuit current (Short -circuit
current (1) (occurs on a point of the curve where the voltage is zero, at this

point, the output power of the solar cell is zero)) very quickly nears a
saturation value as listed in Table (2).

Short circuit current is strongly affected by bulk and surface
recombination of minority carriers in all regions of the device. In addition,
short circuit current is affected by the optical properties of the solar cell such
as the quality of the anti-reflection coating.

The equation (11) mean the increase in the open circuit voltage lead to
increase in the short circuit current as obvious in figure (5) and Table (2).

The normality voltage(v,.) calculated from the equation (12), here The

normality voltage is directly proportional with open circuit voltage, this clear
in figure (6) and Table (2).

The fill factor is so named because when graphically represented it
indicates how much area under neath the I-V characteristic is filled by the

rectangle VI in relation to the rectangle V. I ..

The fill factor normally lies in the range (0.7- 0.85) for good cells and it
is calculate from the equation (13) which show the increase in (v, ) will lead to

increase in (FF) as it is shown in figure (7) and Table (2).

227



Journal of University of Babylon, Pure and Applied Sciences, Vol.(26), No.(6): 2018

The efficiency of photovoltaic energy conversion is very limited for
physical reasons. Around 24% of solar radiation has such a long wavelength
that it is not absorbed. A further 33% is lost as heat , as the excess photon
energy ( in the short wavelength region) is converted into heat. Further losses
of approximately (15-20)% occur because the cell voltage only reaches around
70% of the value which corresponds to the energy gap.

The efficiency of a solar cell is defined as the ratio of the photovoltaically
generated electric output of the cell to the luminous power falling on it as
shown in equation (14).

Figure (8) and Table (2) reveals increase in the efficiency with increasing
the previous parameters.

When using electronic calculator programme in visual basic language
and input the constants and variables (Table 1) in addition to the equations
(9,10,11,12,13,14 ) of the parameters which we would calculate it and run the
programme we obtain the results (Table 2).

I:-rls'l'_-" (I; r:l
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Figure (4) The diffusion length versus open circuit voltage.
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Figure (5) The diffusion length versus short circuit current.
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Figure (6) The diffusion length versus normality voltage.
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Figure (7) The diffusion length versus fill factor.
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Figure (8) The diffusion length versus efficiency.
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Table (1) show the constants and variables used in electronic
calculator programme in visual basic language (data are presented
for solar cell made from silicon) .

Constants
Quantity Symbol Value
Boltzmann’s constant k 1.38x102JK ™
absolute temperature T 298K
Electronic charge q 1.6x107"° Amp.sec
Acceptor concentration N, 2x10"%cm™®
Donor concentration N, 10°cm®
Depletion layer width W 0.0108051264 x10~*cm
Built-in voltage Vv, 0.886448291 Volt
Intrinsic carrier concentration n, 1.45x10"cm™®

Permittivity of a medium & 105.36498x10** Farad/cm
Solar cell area A 78.5cm?
Generation rate Qf electron — hole G 1.423026646<10% cm® sec-t

pairs
Hole diffusion length L, 1.7x10"cm
Saturation dark current I 5.177470261x10"° Amp/cm?
Variables
Electron diffusion length L, (100—220)x10*cm
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Table (2) show the results obtained by run the electronic calculator

programme in visual basic language

LUm A | Ve | 1e® | vw) FF 7%)
100 0.181789905 0.683285181 | 0.181789901 | 26.58438599 0.843859227 13.35279255
110 0.199663120 | 0.685695559 | 0.199663120 26.6781659 0.844264389 14.72441348
120 0.217536334 0.687899146 | 0.217536334 | 26.76390024 0.844632765 16.10107391
130 0.235409549 | 0.689928638 | 0.235400549 | 26.84286112 0.844970341 17.48235995
140 0.253282764 0.69180954 0.253282759 | 26.91604087 0.845281758 18.86791957
150 0.271155978 0.693562135 0.271155977 | 26.98422858 0.845570691 20.25745215
160 0.289029193 | 0.695202815 | 0.289029192 | 27.04806206 | 0.845840097 21.65069512
170 0.306902408 | 0.696745019 | 0.306902408 | 27.10806416 0.846092388 23.04741915
180 0.324775622 | 0.698199902 | 0.324775613 | 27.16466801 0.846329561 24.4474208
190 0.342648837 | 0.699576826 | 0.342648836 | 27.21824049 0.846553282 25.85052201
200 0.360522052 | 0.700883721 | 0.360522052 | 27.26908748 0.846764961 27.25655913
210 0.3783952669 | 0.702127367 | 0.378395259 | 27.31747367 0.846965798 28.66538663
220 0.396268481 | 0.703313605 | 0.396268472 | 27.36362632 0.847156824 30.07687395

4-Conclusions
The minority carrier lifetime and the diffusion length depend strongly
on the type and magnitude of recombination processes in the semiconductor.
For many types of silicon solar cells, SRH recombination is the dominant
recombination mechanism. The recombination rate will depend on the
number of defects present in the material, so that as doping the
semiconductor increases the defects in the solar cell, doping will also increase
the rate of SRH recombination. In addition, since Auger recombination is
more likely in heavily doped and excited material, the recombination process
is itself enhanced as the doping increases. The method used to fabricate the
semiconductor wafer and the processing also have a major impact on the
diffusion length. From the results, we conclude that:
1-Semiconductor materials that are heavily doped have greater recombination
rates and consequently, have shorter diffusion lengths.
2-Higher diffusion lengths are indicative of materials with longer lifetimes,
and is therefore an important quality to consider with semiconductor
materials.
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