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Abstract Silicon Solar cells efficiency is hindered by Auger recombination wherein the eXCiton 
recombination energy is transferred to a third charge carrier. Consequently the lifetime of the 
circulating carriers and fill factor of the device are severely limited. This research explores the 
oscillatory theoretical dependence of the rate of Auger ionization on the shape of the Nano-crystals 
and the value of the potential well surrounding it, to control the Auger recombination by modifying 
the Nano-crystal surface and size. Numerical modelling and simulation are used to analyze 
recombination losses with due consideration to the generated carrier concentration, carrier transport 
and conservation. Optical and carrier recombination losses in All Back Surface Field and All Local 
Back Surface Field silicon wafer cells were investigated using various Auger parameterizations 
namely Altermatt, Kerr and Richter, with each implemented in Sentaurus TCAD. The overal| 
efficiency of the Silicon wafer Solar Cell improved from 18.7% to 20.25% at 315K. This signifies an 
enhancement in the efficiency of the device by 8.3% of its initial value. 
Keywords Auger recombination, Auger ionization, Auger parameterization, Solar cell, Exciton 

Photovoltaic cells have evolved over many 
years in a bid to improve on incident photon 
conversion efficiency and optimizing cost of 
production in an environmentally safe manner. 
Previous study reveals that there is a direct 
relationship between the auger recombination 
and the efficiency of silicon solar cell [1, 2]. In 
tropical locations like Nigeria, high carrier 
injection in Silicon solar cells as a result of high 
intensity of sun, causes droop in the efficiency 
of the device. Contrary to the much expected 
increase in the efficiency of the Silicon solar 
cell, the Auger recombination affects the 
performance of the device adversely during 
high carrier injections. This created the need to 
understand the principles of occurrence of 
Auger recombination and possible ways of 
suppressing It. 

An evaluation of Silicon wafers reveals 
variations in the amount of crystal defects and 
grain boundaries. A reduced minority carrier 
lifetime is observed for both bulk and surface 
recombination process that occur through these 
defects. Among other factors, recombination is 
associated with the lifetime of the material, and 
thus of the solar cell. Previous study reveals that 
auger recombination is a reverse ionization 
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process which involves three carriers [3]. An 
electron and a hole recombine, but rather than 
emitting the energy as phonon or as a photon, 
the energy is given to a third carrier, an electron 
in the conduction band or a hole in the valence 
band. In the case of an electron, the electron 
then thermalizes back down to the conduction 
band edge. Consequently, in silicon based solar 
cells, auger recombination limits the lifetime 
and its efficiency [4]. Also, these recombination 
losses affects both the current and voltage 
parameters of the solar cell such as the short- 
circuit current (I,..) and the open-circuit voltage 
(V,,). In the investigation of the contribution of 

Auger effect to the overall efficiency of the 
Silicon solar cell, the various aggregates of 
carrier recombination is classified according to 
the region of the cell in which it occurs. 

Here we evaluate the recombination at the 

surface termed Surface recombination, the 

recombination at the bulk of the solar cell 
described as Bulk recombination, and the 
recombination which occurs at the depletion 

region termed Depletion Region 
recombination. In order to maximize the 

yet 

that will promote the generation of electron-
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hole pairs while minimizing the recombination 
of electron-hole pairs. Previous reports on the 

statistics of carrier recombination in relation to 
Auger recombination have established the 

guiding principles of this research. Auger 
recombination process is directly dependent 
upon the strength of carrier-carrier coulomb 

coupling and the degree of spatial overlap 
between the electron and hole wave functions 

involved in the auger transition [5]. Also, auger 

decay rate is directly related to the steepness of 

the interfacial potential of a material. It is 

therefore the focus of this research to leverage 
on these factors that relate directly to auger 

recombination process to improve the chemical 

and photo stability of silicon solar cell against 

ionization. This is advancement in the 

fabrication of silicon beyond state of art 

technology. 

2.0 Materials and Methods 

The first approach was to engineer the 

interfacial potential of the Silicon wafer. 

Nanocrystals of CdZnSe/ZnSe(Cadmium Zinc 

Selenium/Zinc Selenium) were used to ach
ieve 

a smooth confining potential by app
lying a 

smooth confining potential in a graded 

composition of the nanocrystal inte
rfacial layer. 

The steepness of the interfacial 
potential leads 

to decreased exciton-exciton coulo
mb coupling 

which in turn suppressed the auger 

recombination. Another approach was to 

manipulate the degree of spatial overlap 

between the electron and ho
le wave functions 

of the generated carriers. 
This was achieved by 

changing the particle surface 
stoichiometry and 

hence the magnitude of surface
 charges. Also 

by inducing a piezoelectric 
field through the 

deposition of a lattice-mismatched shell 

material the Auger recombination 
process was 

suppressed. The repulsive coul
omb interactions 

provide an additional dr
iving force that in 

combination with an energy 
gradient at the 

hetero-interface, keeps electrons and holes 

apart. The measured time resolved 

photoluminescence spectra 
indicates a transient 

red shift of the PL maximum 
indicating partial 

separation between electrons 
and holes which 

produces the exciton- 

exciton repulsion. Another step is to manage 

Auger auto-ionization and electron 
thermalization in the device. The Nano-crystal 
can be Auger auto-ionized only if the band 
offset in the conduction or valence band is 
smaller than the Nano-crystal band gap energy. 
But by removing the photo-excited hole from 
the Nano-crystal to the Nano-crystal surface, 
the rate of electron thermalization is reduced. 

Also removing the hole from the Nano-crystal 

decreases the probability of energy transfer 

from the electron to the hole which again 

reduces Auger-like thermalization process. 

Consequently the magnitude of the auger 

recombination at high carrier injection density 

was controlled. Also the partial spatial 

separation between electrons and holes reduces 

electron-hole overlap integral which decreases 

the rate of auger decay therefore extended the 

auger lifetime by approximately -2nS. The 

process of controlling the Auger recombination 

is presented in Figure 1. 
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Figure 1: Suppression of Auger recombi
nation in a 

Silicon Solar Cell achieved through man
ipulation of the 

Effective Spatial Extent of Electronic 

Wave Functions. 

2.1 Theory/Calculations 

A, Auger Recombination Process 

Basically, auger recombination involves a 

three-particle interaction wher
e a conduction 

band electron and a_ valence band hole 

recombine, with the excess energy being 

transferred to a third free electron or 
hole. In 

this recombination process, the charge car
riers 

involved are assumed to be non-interacting 

quasi-free particles. If the excess energy is 

transferred to another electron, it is denoted as 

eeh (electron, electron-hole) with 

recombination rate given by:



Where C, is the auger coefficient; n and p are the 
concentration of free electrons and free holes 
respectively. 
Similarly, the ehh (electron-hole, hole) is 
considered when the excess energy is 
transferred to another hole with recombination 
rate given by: 

Usnn = CynP* (2) 

Where Cis the auger coefficient. 
The total auger recombination rate, U 
given by: 

‘Kitigor 1 

U ager = Cyn P + ConP? (3) 

Auger recombination life time in n-type silicon 
under low injection (t Auger ];) and injection and 
high injection (T ,,.,) is given by: 

i 

Tauger lip = ceNB (4) 

= \ 
Uuger tin = (Cyt Cpl ap? (5) 
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where N, and N, are the net donor and net 

acceptor concentrations respectively; An and 

Ap are the excess electron density and excess 

hole density respectively. 

The carrier lifetime indicates the quality of 
silicon material. This quality depends primarily 
on the growth process such as Float Zone (FZ) 
and Czochralski method (CZ). Previous reports 
shows that lifetime can change when wafers are 
processed at high temperature or subjected to 
certain treatments. In this research, the 

Zochralski method was applied with some 
modifications. The usual Auger recombination 
which is the dominant mode of recombination 
in silicon for high injection levels and for high 
dopant densities as occurs in heavily doped 
emitter regions of silicon solar cells were 
effectively controlled [6 8]. 

T, iner.aose 

A. The effect of Auger parameterization on 
surface passivation 
In order to reduce the impact of surface 
recombination in the Silicon solar cell, a special] 

passivation technique was deployed. General y, 
highly efficient silicon wafer solar cells are 

developed using improved surface passivation 
schemes. The Local Back Surface Field solar 
cells (LBSF) sometimes referred to as 
Passivated Emitter Rear Contact (PERC) or All 
Back Contact (ABC) also referred to as Inter- 

digitated Back Contact (IBC) solar cells are 

examples of highly efficient silicon wafer solar 
cells previously used. These device structures 
are achieved through effective engineering of 
auger parameterization on the surface 
passivation of the solar cells. The target is 
therefore to use improved surface passivation to 

suppress surface recombination. A lower 
surface recombination is achieved by reducing 
the metallized area fraction. An advanced 
surface passivation using field effect 
passivation is applied on non-metalized 
surfaces. Field effect passivation was achieved 
using dielectric thin films of SiN. This provided 
an excellent surface passivation due to strong 
field-effect passivation in combination with 
chemical passivation. Both strategies applied 
accordingly reduced the impact of surface 
recombination [9 12]. 

In order to accurately calculate the carrier 
lateral transport in the silicon wafer cell, auger 
parameterizations were implemented into 
Sentaurus TCAD via a physical model 
interface. Three auger parameterizations are 
implemented namely the Altermatt, Kerr, and 
Richter parameterizations. The difference 

between the three auger parameterizations for 
various doping densities and injection levels 1s 
compared and used as bases to evaluate the 

performance efficiency of the solar cell. The 

applied parameterization model for the 

complete intrinsic recombination is shown in 

equation 8 and 9 below [13]: 

An 

7 (np ~ gp M25 x 10-349, 1, +85 x 10-2 DonnPeo +3.0 x 10° An®™ +B By Biow ) 

(8) 
The enhancement factors described bv: 

ye" 

Goong) =14+13{1- tan |( "2 : yb 

Denn(Po) = 147.5 {1 - ~ tanh [(2— yn") 

All the variables are described in Table } 
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rw. 7



—_ 
International Journal of nal of Electrical and Telecommunication System Research Volume 9 Number 9, September, 2017-2019 

Table 1: Description of parameters for equation 8 

Be 
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N Blectron density (am) 

P Hole density (am™) 

By 
Equiltetam electro

n density (cm) 

Pe Equilteium hole densi
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4A. The Impact of Temperature on Auger 

Recombination 

At tropical locations where
 intense sun leads to 

elevated temperatures, the impac
t of Auger 

recombination is high. Temperature 

dependance of auger recombination has 

previously been studie
d by [14]. This is ver

y 

important as carrier injection level is very 

dependent on temperature
. Samples of Boron- 

doped wafer of 30Um 
p-type with thicknes o

f 

09.0421 cm. Grown by Czoch
ralski method were 

studied. Boron dopin
g concentration of 5

 x 

10cm® was applied to ach
ieve carrier lifetime 

measurements of exces
s carrier densities up t

o 5 

x 10cm” with a high i
njection. Using plasma 

enhanced chemical vapour deposition 

technique, Silicon n
itride films were ap

plied on 

the surface for passiva
tion. The carrier l

ifetime 

measurements were
 obtained with th

e aid of a 

modified temperature 
and injection depende

nt 

quasi-steady state photoconductance 
carrier 

lifetime apparatus. 
The study demonstrated

 that 

the ambipolar auger coefficient decrease 

between 243K 
and 303K, and 

then remain 

approximately 
constant at highe

r temperatures. 

In this research, 
the auger lifetime 

m crystalline 

silicon has been 
measured under 

high inyection 

conditions using 
an injection and 

temperature 

dependent photocond
uctance apparat

us, eae 

a temperature ra
nge from 240K 

to 475K. : € 

corresponding 
ambipolar Auge!

 coefficient 

was also found 
to have a value 

of 1.62 x 10 

®om/s at 300K 
at an injection lev

el of 5 x 

10%cm" in line with previous reports. The 

Auger coefficient was found to decrease 

between the 
ranges of 240

K to 300K, and 

remain approxima
tely consta

nt up to about 

AMIE 49 

AL The Impact of Size and Shape of The 

Microscopic Confinement Potential to Auger 

Recombination 

The oscillatory theoretical dependence of the 

rate of Auger ionization on the Shape and size of 

the Nano-crystals forms the basis for this study. 

In accordance with the report of George E. 

Cragg and Alexander L. Efros, the size and 

shape of the microscopic confinement potential 

affects the non-radiative auger decay 
rate of 

confined carriers [15]. The impact of 
size and 

shape of microscopic confinement pot
ential is a 

major factor in the control of Auger 

recombination. Calculations cond
ucted in the 

two-band, effective mass Kane 
model show that 

smoothing out the confinement potential 

reduced the rate of Auger re
combination by 

more than 3 orders of magnitu
de relative to the 

rate in structures with 
abruptly terminating 

boundaries. It was observed that as the 

confinement potential width
 is increased, the 

calculated rate of Auger recombination 

decreases overall, exhibiting 
very deep minima 

at regular widths. Consequently, by 

manipulating the Nano-crystal 
sizes the non- 

radiative auger processes are strongly 

suppressed. 

A. Effective Carrier Lifet
ime 

The evaluation of the 
effective carrier lifetim

e 

is a factor of the rate 
of recombination of t

he 

generated carriers. It has been shown that 

recombination greatly reduces the effective 

carrier lifetime, wh
ich therefore reduc

es the 

performance of the S
olar cells, particularly 

the 

cell voltage and efficiency. This research 

therefore describes 
processes that will 

extend 

the effective carri
er lifetime in the

 solar cell. 

The overall recomb
ination rate 1S g

iven by the 

sum of the individual recombination rates 

resulting ian effe
ctive lifetime Tr 

i -|3¢a* 
iL @ 

‘eff Tsan = ‘Auger tyad} ‘Surface 

Tog 1S the Shock
ley-Read-Hall

 Recombinatio
n 

Lifetime 

Tags 1S the Auger Re
combination Lifeti

me 

Ta is the Radiativ
e Recombination

 Lifetime 

TTosine is the Surfac
e Recombination

 Lifetime 
e
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The resulting effective lifetime is dominated by 
SRH recombination at low injection and Auger 
recombination at high injection level [16 18]. 

3.0 Results and Discussion 
In figure 2, it can be deduced that with 
decreasing §.,,..,. the contribution of the Auger 
recombination increases significantly, reaching 

about 35% of the total Joos At Sra equals 

12cm/s. However, by reducing S.,,,,, from 1000 

cm/s to 10 cm/s, the minority carrier density in 
the bulk and in the emitter region is increased by 
more than one order of magnitude. 

* = 

“SS atirss ce 

Lind 

Figure 2. Comparison of the various 
Recombination Mechanisms 

Figure 2 shows various recombination 
mechanism considering the recombination 
current density J,...,.,, at the Maximum Power 

Point, as a function of the effective rear surface 
recombination velocity Sires 

This confirms the influence of Auger 
recombination on the mpp recombination 

current density. 

The result achieved using silicon wafer with 
Nanocrystals of CdZnSe/ZnSe is as shown in 
figure 3. The device Auger recombination was 
heavily suppressed compared to figure 2. 
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Figure 3. Suppression of Auger Recombination 

The control of the abruptness of the interfaces 
modified the carrier relaxation 

and recombination. 
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Figure 4. Auger Recombination Lifetime 

The auger carrier lifetime depends on the 
inverse of the carrier density squared. It can be 
seen on Figure 4 that Auger recombination 

shows a stronger dependence with the injection 
level than radiation lifetime [19, 20]. 

More so, the silicon wafer with Nanocrystals ot 

CdZnSe/ZnSe demonstrates strong extension 

of generated carrier lifetime as shown in figure 

5 
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Figure 5. Extended Carrier Lifetime
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The efficiency of the developed Silicon Solar 
cell device was measured. The recorded overall 
efficiency result improved fro a 

20.25% at 315K. 
m 18.7% to 

This signifies an enhancement in the effici cienc 
of the device by 8.3% of its initial alte 
attributed to the suppression of Auger 
recombination in the device. 

Figure 6: Comparison of Bulk recombination 

lifetime curves for Auger ecombination, 

Radiative recombination, and Shockley 

Red Hall recombination. 

In figure 6, the Bulk recombi
nation lifetime 

variations with carrier injection density is 

shown to be more uniform 
at lower carrier 

densities than at higher carrier 
densities. 

4.0 Conclusion 

In this research, it was demon
strated that Auger 

recombination in a silicon
 solar cell can be 

controlled by modifying
 the Nano-crystals 

shape and size. Auger 
recombination which 

dominates the intrinsic r
ecombination at high 

carrier injection levels, greatly reduce the 

effective carrier lifetime 
which leads to poor 

performance efficiency of
 solar cells. So by 

controlling the intrinsic re
combination in the 

silicon solar cell through an innovative 

technology that suppresses Auger 

recombination, the effective e
fficiency of this 

silicon solar cell was enhance
d by 8.3%. This 

_ was achieved by engineer
ing the interfacial 

potential of the silicon wafer using Nano
- 

crystals of CdZnSe/ZnSe. T
his is very relevant 

in the development of 
Silicon Solar Cells at 

35 

tropical regions where intense sun leads to high 
carrier injections. The elevated Auger 
recombination causes a drop in the overall 
efficiency of the device. Silicon solar cells with 
enhanced efficiency can be used in the 
powering of electronic medical devices, 

household electronic gadgets, and various 
electronic devices. 

The patenting of this novel technology is in 

progress. 
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