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Abstract

In this paper, the authors present and extend on an existing model, which has been developed to determine the radiative
recombination lifetimes in quantum well solar cells. Given the fact that recombination reduces cell performance, the main
future use of this new model is to aid in optimisation of cell designs and increase cell e0ciency. In this work the authors
introduce a coe0cient de2ned as the delta factor which is based on material parameters into the existing model. The
introduction of this factor into the existing model has shown an improvement in radiative recombination lifetime determination
of approximately 11% when comparison is made with the previous model. This has lead to an overall average improvement
in lifetime determination of approximately 9% when comparisons are made between the new model and experimental data.
This is a signi2cant improvement in lifetime determination, which will bene2t cell designers.
? 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the past few years, quantum well solar cells
(QWSC) have attracted great research attention. This
revolutionary device invented by Professor Keith
Barnham of Imperial College shows great potential in
surpassing the 40% e0ciency mark and perhaps the
50% mark under solar concentration [1]. Although
progress has been fruitful these e0ciency 2gures have
yet to be achieved [2,3]. One major factor, which
has contributed to lower cell performances, has been
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carrier recombination. Recombination reduces the
number of photo-generated carriers, which inevitably
reduces cell performance. As mentioned in a previous
paper, recombination occurs in three main process [4],
Auger, SRH and radiative. In this paper, the author
presents the latest results regarding a new approach
to mathematically determine radiative recombination
lifetimes for QWSC. It is intended that the model
developed here will improve radiative recombination
lifetime determination and be used to optimise future
cell designs and improve cell e0ciency.
A detailed review of the fundamentals of recom-

bination lifetime modelling has been performed by
Pratt et al. [4]. Since then many researchers have con-
ducted calculations and experimentation for various
electronic devices [5–13,15,17]. Our choice to study
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radiative recombination is seen through Barnham’s
original work [1]. It is assumed to be the dominant
form of recombination within the QWSC. The new
approach presented here is based on the radiative re-
combination equation of Pratt et al. [4] combined with
a new approach to determine the thermal generation
rate using a Burr distribution and the optical param-
eters of the QWSC [12]. The simple concept was to
use the Burr distribution combined with the optical
parameters of the QWSC to determine the probability
of an electron–hole pair forming through the process
of impact ionisation [13]. From this point the radiative
recombination lifetime can be easily determined. The
authors in Ref. [12] have presented and established a
detailed approach used to form these links and draw
the conclusions that the Burr distributions are simply
the approximations of the more complex Giest–Wang
distribution [14].
The work presented here is an extension and

improvement of the above Burr distribution-based
model [12]. The authors show how considering the
semiconductor parameters such as dielectric parame-
ters, photo-carrier masses and operating temperature
can improve the determination of the lifetime results
generated. Furthermore, comparisons between the
new, previous (Burr-based) and experimental data
are drawn to show the improvement and any discrep-
ancies in the models are discussed.
The equation for radiative recombination lifetime is

given by [4]

�R =
n2i

GR(n0 + p0)
; (1)

where ni is the intrinsic carrier concentration, n0 the
background concentration, p0 = n2i =n0 the hole con-
centration and GR the thermal generation rate.
The authors have previously given a detailed de2-

nition of the Burr distribution can be combined with
QWSC’s reJectivity to obtain radiative recombination
lifetime results [12] (Fig. 1).
Following the approach documented in Ref. [12]

and introducing the delta function (�), which is de-
pendent upon semiconductor parameters, we obtain

GR = 2× P × N × �; (2)

where according to Ref. [12] P is the Burr distribu-
tion probability density function of an electron–hole

pair forming and is de2ned as

P =
CD
B

(
x − A
B

)−C−1

×
(
1 +

(
x − A
B

)−C)−D−1

; (3)

where x is the variable being distributed, A the location
of the peak distribution, B the scale of the distribution,
C, D the shape of the distribution.
The above four parameters can be treated as 2t-

ting parameters. Typically the parameters are A = 0
and B = 1. As for C and D they can range between
3 and 6. Exceeding 6 often leads to lifetimes which
are too short, whilst values of 1–2 give lifetimes typ-
ically too long. A successful attempt would be to en-
sure that the 2nal distribution plot has a peak value
nearest to PDF=1 but does not exceed the PDF max-
imum value of 1. If this occurs then the parameters
chosen would most likely give incorrect lifetimes. A
PDF value of less than 0.85 can also lead to the same
erroneous results. Given these rules the determination
of the parameters can be quickly isolated. Typically,
parameters of integer value are su0cient to generate
reasonable results. If one desires accuracy a more so-
phisticated calculation can be easily performed with
the use of a computer program and the use of iterative
loops. This was not performed given the accuracy of
the experimental data was taken from a graph from
which the authors could only determine lifetimes of
accuracy to only two decimal places. For the calcula-
tions the values of A = 0, B = 1, C = 4, D = 4 were
used.
The use of 2tting parameters may deem the theory

to be a function of trial and error but it is not an un-
common practice. Nelson et al. [15] use 2tting param-
eters to determine steady state carrier escape of par-
ticles from a single quantum well. But nonetheless a
link to existing theory does exist and is discussed in
detail in Ref. [12].
The number of photons absorbed by the cell is given

as [12]

N = A(�)× NI; (4)

where NI is the number of incident photons on the cell.

A(�) = 1− R(�);
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Fig. 1. Radiative recombination lifetime versus background concentration. Clearly a linear relationship is observed and as concentration
increases the radiative recombination model breaks down and the dominant eMects of Auger recombination take over.

R(�) (as a percentage) as a function of wavelength
is determined using Ref. [16].
Assuming the use of standard solar spectrums AM0

or AM1.5G. The number of incident photons will be
related to the spectrum radiance, cell area, time of
exposure and spectrum.

NI =
W × CA × T

e
× 1

SE
; (5)

whereW =0:135 mW=cm2 (AM0) or 0:100 mW=cm2

(AM1.5G), CA=0:09 cm2 is the area of the cell, and
T the time of cell radiation. This was assumed to be
100 sec in order for steady-state cell operation to be
achieved, and e = 1:6× 10−19 C.

SE =
hc
�

is the solar energy spectrum (units eV);

(6)

where � is the appropriate wavelength spectrum. In
this case, 300–1100 nm for AM1.5G.
Clearly the approach documented here is based

on simple statistics and the determination of the ex-
pectation value. In simple terms if one knows the

number of photons absorbed by the cell and the
probability of an electron–hole pair forming then
the generation rate is determinable. Using this and
combining with Eq. (1) above, the radiative recombi-
nation lifetime is determined as a function of doping
concentration.
The number of photons absorbed by the cell is de-

pendent upon the number of incident photons on the
cell. This is dependent upon the spectral irradiance and
the cell’s absorption coe0cient. This is in turn depen-
dent upon the cell’s reJectivity. Using Eqs. (4)–(6)
above allows one to determine this.
However, not all absorbed photons will produce

an electron–hole pair. This follows given that pho-
tons of energy less than the semiconductor energy
gap will not produce photo-carriers whilst photons
of higher energy tend to produce phonons, which
produce heat in the material and hence reduce semi-
conductor performance [13]. In order to consider
these factors the probability function (Eq. (3) above)
was introduced and modelled upon these above
assumptions.
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The theory behind the probability function used in
this work is based on the work of Wolf et al. [13] and
Giest andWang [14]. The present author has described
this link in detail in Ref. [12]. Concisely presented
here, the conclusion is; the complex Giest–Wang dis-
tributions can be simply approximated using the Burr
distribution. This is clearly seen in Figs. 2 and 3. Fur-
thermore, support for the theory is seen through the
probability density functions; they model the assump-
tions documented above. For energies below the en-
ergy gap the distribution show a zero likelihood of an
electron–hole pair forming. As we move to the energy
corresponding to the energy gap, the likelihood of an
electron–hole pair forming is approximately 1 and as
we go up in energies beyond the energy gap and ex-
ponential decay in the likelihood of an electron–hole
pair forming is observed. This corresponds with the
assumption that energies in this region are likely to
form phonons, which reduce cell performance.
Having introduced the probability approach one

must show the similarities and diMerences compared
to existing theories. This is performed next.
According to Pratt et al. [18] the generation rate is

de2ned as

GR =
8�n2

h3c2

∫ ∞

Eg

a(E)E2

exp(E=kT )− 1
dE; (7)

where a(E) is the absorption coe0cient, n the refrac-
tive index, h the Planck constant, c the velocity of
light, and E the energy spectrum, k the Boltzmann’s
constant and T the operating temperature in kelvin.
Following the approach, the above equation can be

simpli2ed to

GR = 1:29× 1030(kT )9=2 exp
(−Eg
kT

)

×
[(
Eg
kT

)2
+ 5

(
Eg
kT

)
+ 8:75

]
: (8)

From other work of Pratt et al. [4]

GR = 5:8× 1013�1=2∞

[
m0

me + mh

] 3
2
[
300
T

] 3
2

×[E2
g + 3kTEg + 3:75k2T 2]; (9)

where �∞ is the free space permittivity, � the relative
dielectric for GaAs=12:91,m0 the mass of an electron,
me the eMective mass of an electron and mh the mass
of a hole.

If we closely look at the above Eqs. (7) and (8) it
is obvious that our approach is similar. On a super2-
cial overview one can observe the similarities to the
previous work. Our approach to determine the num-
ber of photons absorbed by the cell (N above/Eq.
(4)) through the use of the absorption coe0cient and
the energy spectrum is similar to that of the term
a(E)E2 above. Introducing the probability function
and solving the function through the determination of
the root mean square (RMS) [12] takes the form of the
integral.
The reasoning behind the delta factor is seen

through the work of Wolf et al. [13]. According to
Wolf et al., the generation rate is proportional to the
absorption coe0cient and the transitional matrix. In
our approach the absorption coe0cient and the tran-
sitional matrix are determined using the approach
documented in Ref. [16]. However, in our case the in-
troduction of the probability function has changed the
proportionality relationship. Therefore, to compen-
sate for this the authors have de2ned a new constant
associated with the proportionality. This new constant
(delta factor) is shown related to the photo-carrier
masses, dielectric constants and operating tempera-
ture.
The dependency of the delta factor on the above

material parameters is shown in the previous work of
Pratt et al. [4] in Eq. (9) above. The work shows the
generation rate above can be represented as a func-
tion of semiconductor energy gap, particle masses,
dielectric constants and temperature. Given this it
would make sense to relate our constant in a similar
nature.
To determine the delta factor one relies on the

2tting parameter approach [15] justi2ed above. Af-
ter numerous simulations the delta factor is de2ned
as

�= �∞�0:5


(m0

me
+
m0

mhh

)−3( T
300

)3
2


 ; (10)

where the parameters are based on those of Eq. (9)
and mhh is the mass of a heavy hole.
Following the approach documented above and in

Ref. [12] the radiative recombination lifetime as a
function of background concentration is easily deter-
mined.
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Fig. 2. Burr probability distribution used for lifetime analysis Ref. [12].

Fig. 3. Probability distribution proposed by Geist and Wang Ref. [13].

It must be made clear that the present authors are not
claiming the present approach is equivalent to those
above. However, from a super2cial level the present
work shows similarity in de2nition and clear diMer-
ences, which justify the approach. Furthermore, the
results obtained in comparison (discussed later) to

previous (Burr) model and experimental data match
accurately. Clearly the approach presented and that
existing of Pratt are diMerent. The work of Pratt [18]
is based on a simple semiconductor material whilst
that presented here is of a QWSC. Clearly quantum
con2nement will change the parameters.
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Table 1
Comparison table of radiative recombination lifetime versus back-
ground concentration

Model Background concentration (per cm3)

1015 1017 1019

New model 1:65 �s 0:0165 �s 0:00165 �s
Previous (Burr)
model Ref. [12] 1:48 �s 0:0148 �s 0:00148 �s
Experimental
Refs. [9,12] 2:00 �s 0:0250 �s 0:00800 �s

Discrepancy
(new–previous) 11% 11% 11%
Discrepancy
(previous–experimental) 35% 41% 81%
Discrepancy
(new–experimental) 17% 34% 79%

Model improvement 18% 7% 2%

Comparison between new, previous and experimental data shows
an overall improvement in determining radiative recombination
lifetime. An average improvement of 11% is seen between new
and previous models. An average improvement of 9% between
model and experimental data is determined.

2. Computer-generated results

In accordance with the previous model (Burr-based)
and experimental data documented in Ref. [12] the
same QWSC device was considered and new simula-
tions were performed with the delta factor introduced.
Fig. 1 shows the linear relationship between radiative
recombination lifetime and background concentration
for the documented device under AM 1.5G spectrum.
Furthermore, Table 1 shows the comparison and the
accuracy of the new model compared to the previous
(Burr-based model) as well as a comparison with ex-
perimental data.

3. Discussion

Investigation into radiative recombination lifetime
modelling has been performed extensively. As men-
tioned before, there have been numerous papers which
have performed theoretical and experimental inves-
tigations. These have included various structures in-
cluding low-dimensional structure (quantum wells).

In more recent time focus has been on solar cell per-
formance. Work performed by Wolfe et al. on SiGe
alloy comprised of a detailed calculation of cell perfor-
mance through band structure, impact ionisation and
probability density functions of photo-carrier genera-
tion [13]. A detailed balance theory was placed forth
by Araujo and Marti [17]. This was done through a de-
tailed evaluation of the absorption properties and opti-
misation of the cell structure through detailed continu-
ity equations relating to the spectrum and photo-carrier
generation.
The work presented here focuses on a new approach

used to determine the radiative recombination lifetime
of photo-carriers in QWSCs. It is intended that the
work will aid in understanding the fundamentals of
photo-carrier transport within the device and aid in op-
timisation of the device to increase cell performance.
Our approach is based on a new probabilistic approach
to determine the thermal generation rate through the
process of impact ionisation [12,13]. This is combined
with the original equations de2ned by Pratt et al. [4].
Recent results presented here have shown the intro-
duction of a constant de2ned above as the delta fac-
tor which is based on semiconductor parameters im-
proved determination of the radiative recombiantion
lifetimes.
Although similar avenues as seen in the existing

work are being explored, the main diMerences and
advantages of the approach documented here is it
is intended to be a simpli2ed approach in computa-
tion whilst still giving reasonably accurate results.
This is obvious given there is no need to calculate
complex quantum mechanical band structures and
the use of complex integrals which often have to
be solved numerically. Further insight into the re-
lationship between the radiative recombination life-
time and the optical parameters (cell reJectivity) are
explored.
From Fig. 1 we observe the radiative recombi-

nation lifetimes versus background concentration
for an aluminium gallium arsenide–gallium arsenide
(AlGaAs/GaAs) QWSC. According to Ref. [12] the
background concentration simulated was the range
1015–1019=cm3. It is clear a linear relationship is
established and overall the simulated values match
well with the experimental data. From the graph we
observe values of lifetime ranging from 1.5 to 2:0 �s
at low concentration (1015=cm3) through to 1.5–8 ns
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at high concentration (1019=cm3). Furthermore, we
observe the radiative recombination model breaking
down as background concentration increased. This
is expected and has been well documented by An-
dreev et al. [5] and discussed in detail in Ref. [12].
As concentration increases the eMects of Auger re-
combination become dominant above the 1017=cm3

concentration level. This is clearly observed. Al-
though this is a break down of the model it is not a
concerning matter given that according to Barnham’s
original design methodology [1] a background con-
centration of nd6 1015 cm−3 is a su0cient upper
limit.
From Table 1 we observe and compare results of

the new and previous (Burr-based) models as well
as their performance with experimental data. Three
main points across the graphs in Fig. 1 have been
taken to make the comparison. These correspond to
the respective radiative recombination lifetimes as-
sociated with background concentration levels 1015,
1017 and 1019=cm3. In the case of the 1015=cm3 con-
centration level: we observe a new model lifetime
of 1:65 �s, a previous model lifetime of 1:48 �s and
an experimental lifetime of 2:0 �s. From these 2g-
ures we determine the discrepancy between new and
previous model to be approximately 11%. A discrep-
ancy between previous model and experimental to be
approximately 35% and a discrepancy between new
model and experimental to be approximately 17%.
Clearly the last two values show an improvement in
overall lifetime determination of the new model with
the introduction of the delta factor to have improved
by 18%.
As we increase background concentration to 1017

and 1019=cm3 we observe and overall improvement of
approximately 7% and 2%, respectively. This leads to
an average model improvement of approximately 9%
over the background concentration range. The reduc-
tion in improvement as concentration increases can be
attributed to the increased Auger recombination dom-
inance discussed above and in detail in Refs. [5,12].
The discrepancies between newmodel and experimen-
tal results are slightly large (average discrepancies of
43% over the concentration range). This is due to the
model breaking down as the background concen-
tration increases. The eMects of Auger recombi-
nation become more dominant as described by
Andreev et al. [5]. Nonetheless a signi2cant im-

provement in lifetime determination is observed
and will lead to greater accuracy in lifetime
modelling.

4. Conclusion

A new approach to determine radiative lifetime
for an AlGaAs/GaAs QWSC has been presented.
The new approach is based on a Burr distribution
model combined with a previous model to deter-
mine the photo-generation of electron–hole pairs
within the semiconductor layers and semiconductor
parameters such as dielectric constants and particle
mass to. The new model is compared to the pre-
vious model and shows an improvement of 11%.
The new model results are then compared to exist-
ing experimental data and an improvement of 9%
is observed. The discrepancies with the results are
discussed and conclusions are determined. The ap-
proach is valid and would be an aid to semiconductor
specialists.
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