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The Recombination Parameter :
Modeling and Comments

Alfredo Sanchez Garcia

Abstract—The recombination parameter ~ appears in mathe-
matical expressions for the temperature coefficient of solar cells.
This work presents a new analytical expression for this parameter.
The expression is derived assuming that all nonradiative recom-
bination occurs in the neutral region of the cell, where carrier
diffusion is the dominant transport mechanism. The model shows
a direct relation between ~ and the temperature sensitivities of
the carrier mobility and lifetime. Problems concerning the original
definition of ~ and its temperature and voltage dependence are
discussed and, when possible, amended. A further investigation of
the possibility of defect characterization through ~ is presented.
This yields two analytical expressions that link ~ to defect char-
acteristics. A numerical evaluation of the derived expressions is
performed for a number of impurities. It is concluded that the
recombination parameter ~ alone may not be suitable for defect
characterization.

Index Terms—Analytical expressions, open-circuit voltage,
Shockley—Read-Hall (SRH) recombination, temperature coeffi-
cients (TCs), temperature sensitivity.

I. INTRODUCTION

T IS of general knowledge in the solar photovoltaic (PV)
I community that increasing temperature has a negative effect
on the efficiency of solar cells [1], [2]. Solar cells are usually
characterized under standard test conditions, which often differ
from real operating conditions, and therefore, being able to
describe the temperature sensitivity of solar cells is important
to accurately predict the energy yield. For this, a single-valued
temperature coefficient (TC) is usually employed [1], [3]. The
TC of a solar cell parameter shows a general trend of how the
respective parameter changes with the temperature. Among the
solar cell quantities, the open-circuit voltage V. is the parameter
whose temperature sensitivity has been studied the most [1],
[3], [4]. The reason for this is that it has been shown in the
scientific literature that the TC of V,. accounts for approxi-
mately 80%-90% of the total temperature sensitivity of the
cell [1].

Among previous research on the TC of V., the works in
[1] and [4] are the most relevant for the present work. In [1],
Green derived an analytical expression for the TC of V. and
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introduced the recombination parameter -y to account for the
implicit temperature sensitivity of the mechanisms determining
Ve [5]. Later, in [4], Dupré et al. made use of the external
radiative efficiency to include nonradiative recombination. This
allowed to redefine the expression for the TC of V. previously
derived by Green, yielding an explicit expression for ~. This
was significant because it showed a direct connection between
the TC of V,. and material properties such as the ERE or the
bandgap.

After its explicit derivation in [4], the v parameter has been
studied from an experimental perspective [6], [7], [8]. In the
referred works, photoluminescence imaging (PLI) was used to
construct spatially resolved images of the v parameter in wafers
and solar cells by applying Green’s expression for the TC of
Vie. Particularly, in [6] and [7], the ¥ parameter was used in the
context of studying dislocation clusters in wafers. Low ~y values,
and even negative, were reported in areas of dislocation clusters
with low V. temperature sensitivity.

Motivated by Green’s [1] and Dupré et al.’s [4] papers, the
present work intends to further explore the connection between
~ and material parameters such as carrier lifetimes and mobility.
The results of this exploration are shown in Section III, where
a semiconductor physics approach is taken to relate minority
carrier diffusion to . This results in an expression that shows
an explicit dependence of + with the temperature sensitivity of
the carrier’s lifetime and mobility.

The goal of the present work is to theoretically investigate the
possibility of using « to identify impurities in semiconductors
dominated by Shockley—Read—Hall (SRH) recombination, such
as crystalline silicon [9]. The hypothesis is that if the value of 7y is
unique and characteristic of an impurity, then it should suffice to
measure the local V;, and its TC to identify the aforementioned
impurity. However, while studying this possibility, several prob-
lems regarding the definition of -y and its dependence on the tem-
perature and V, itself are found. These problems are presented
and discussed in Section IV. In Section V, possible solutions
to these problems are suggested. Using these solutions, values
of y are calculated for several impurities, whose experimental
data were obtained from the work in [10]. This work concludes
that the recombination parameter -y, by itself, is not enough
to uniquely identify impurities, but may be useful in labora-
tory settings in conjunction with other defect-characterization
techniques. For the self-consistency of the present article, Sec-
tion II gives an introduction to the ~ parameter and its re-
lation to the TCs. Readers familiar with this may skip this
part.
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II. BACKGROUND

In the radiative limit and assuming nondegenerate conditions,
the total current produced by a solar cell is given by Shockley’s
diode equation [11]

J = Jsc - Jrad,O [eXP <I€qB‘;-,> - 1:| (1)

where Jy is the short-circuit current and Jyaq,0 is the thermal
recombination current [12]. The latter is given by

Jrado = q% /E g B2 exp (kBET> dE. 2)
In (1) and (2), h, q, ¢, and kg are Planck’s constant, the ele-
mentary charge, the speed of light, and Boltzmann’s constant,
respectively. As Jg is several orders of magnitude larger than
Jrad 0, the approximation Jy. — Jyad,0 = Jic holds for solar cells
described by (1). Using this approximation, the open-circuit
voltage, V. can be obtained from (1) by setting J = 0 [13]

e ) : 3

Jrad,O

kT
%c:Blog<
q

A. Temperature Coefficient

As mentioned earlier, the TC of a solar cell parameter de-
scribes how the parameter changes with the temperature. Letting
X be an arbitrary solar cell parameter, the TC of X, denoted here
Bx (T), is defined as the derivative of X with respect to the cell
temperature, i.e., [14]

dX
AT

In general, Bx (T') is going to be a function of the tempera-
ture [15]. However, as the temperature dependence of most solar
cell parameters is approximately linear for normal operating
temperatures [1], the derivative in (4) is approximately constant
and, therefore, referred to as the TC.

Bx(T) “4)

B. Green’s Model for the TC of V.

The TC of Vi, Bv,.. has been studied from an analytical
perspective in multiple works. In [16], Green derived the first
analytical expression for Sy, . For this, the author noted that
from (3), one can write

_E
Jeo(T) = AT7 exp ( . 1{0) exp <IZ§T) (5)

where A is a constant, Ey is the bandgap linearly extrapolated
to 0 K, and v is a parameter that includes the temperature
dependencies of the remaining parameters determining J.,q.0.
Taking the derivative with respect to the temperature at both
sides yields

dJse _ ~—1 ~ 4 dVic Voe — Eg(‘/q
ar (AWT AT T ar T

Voe — B
X exp <w> . (6)

At this point, Green argued that since J is not strongly
temperature dependent, the term d/«/dT can be neglected in
comparison to the remaining terms of the equality. Using then
the definition of TC in (4), one can arrive at [16]

dVoe Ew/q — Voo + (k5T /q)

By, = a T (7

from which Green concluded an approximately linear decrease
in V. with an increasing temperature.

C. ERE and Dupré’s Expression for

To account for nonradiative recombination, Green introduced,
in [17], the concept of external radiative efficiency (ERE).
The ERE is defined as the fraction of the total dark current
recombination in the cell that results in radiative emission from
the cell [17]. Dupré et al. inserted the ERE into (1) and (3),
resulting in [4]

1 qV
J = Js — ﬁjmd,o €Xp <M> (8)
kgT
Ve = 8L 10 [EREJ] ©)
q Jrad,O

where ERE,. is the ERE evaluated at an open circuit. From (9),
By, is obtained by taking the derivative of V. with respect to
ERE].

the temperature. This yields
J;ad,O )
Jsc EREOC Jrad ,0 '

Voo kT [ J..

T q
where the prime denotes the derivative with respect to the
temperature. From (2), it can be shown that J,,q0 is well

By = (10)

E
approximated by Jraq,0 ~ kBTEéef’ﬂTgT. The last term in (10)
is then given by

! /
. 1 E E
rad,0 - — 4 zig - 20 (11)
Jrad,O T Eg ]'CBT2
where the bandgap, FE,(7') has been linearized as

Ey(T) = Ey + T'Ey. Substituting into (10) yields

Voe  ksT 1 E, ERE, J! E
B, = =4+ == - 22 e e
T T “Ey BEBRE, Je kpT?
_ Ve B kT (1 E, ERE,
T qT q T Eg EREoc Jﬂc
1 E kT
:T|:oc_g0_ P&'}/] (12)
with

E] ERE/ J!
— 14T ot oyl
T, T UERE.

dlog X
dlogT

13)

In [4], the notation
are equivalent.

Dupré noted that (12) is the same as (7), and concluded
that (13) explicitly described the  parameter previously intro-
duced by Green in [1]. From (13), it is seen that the recom-
bination parameter v corresponds explicitly to the temperature
sensitivity of the mechanisms determining V,. [4], [5].

was used instead of T’ % These
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D. Explicit Form of the ERE

From its definition given in [17], the ERE can be approx-
imated by the ratio between the current produced by radiative
recombination J;,q and the total dark current, here denoted Jy,,
i.e.,

J, rad

ERE =
Jaark

(14)

with Jp,q being given by the last term on the right-hand side
of (1). On the other hand, Jy,« can be expressed as [13]

Jaark = Jditr + Jser + Jrad (15)

where Jyiir is the current associated with minority carrier diffu-
sion and J, is the current generated in the space charge region
(SCR) of a p-n junction due to generation and recombination
of carriers. Ji,g may be significant in high-quality materials
dominated by radiative recombination, such as GaAs. For the
intended purposes of this work, nonradiative recombination will
be assumed to be dominant, as this is the case for commercial
silicon cells. Hence, .J;,q Will be negligible compared to Jg; and
Jser [13]. In semiconductors with an indirect bandgap, such as
crystalline silicon, diffusion lengths are much longer than the
width of the SCR. Most recombination, therefore, occurs in the
neutral region of the p-n junction, i.e., outside the SCR, where
diffusion is the dominant transport mechanism. Hence, Jy, can
be neglected in comparison with Jgifr. Therefore, for nonideal
materials with indirect bandgaps, J4ark may be approximated by

%4
Jaark = Jaie = Jaife,0 €xXp (quT> (16)

which allows re-expressing (8) and (9) in terms of Jy;f .

E. Diffusion Current

Jdifr,0 results from the recombination of minority carriers in
the neutral region [13]. Assuming that surface recombination is
negligible, Jyifr 0 is well approximated by [13]

D D
Jaitro = qn; | ——F, L_F,
diff,0 = 47 (NaLn L

where N, and Ny are the densities of acceptors and donors,
respectively. L; = \/D;7; (j = n, p) are the diffusion lengths,
with 7; being the carrier lifetimes and D the diffusion constants
of the minority carriers. The latter is related to the mobility of
carriers, y, through Einstein’s relation [13]

7)

_ qD;

= (18)

Hj

In(17), F; = tanh(w/L;) are factors that account for the cell

thickness w. These simplify to F; = 1 in the limit where the cell

is thick compared to the diffusion lengths. This is the case if,

e.g., w > 3L;. Finally, n; is the intrinsic carrier density and is
given by

19)

E
n? = NyN.exp (kBgT)

with N, (z = c, v) being the effective conduction (CB) and
valence (VB) band density of states and given by

3
m*k 2 3
N, =2 z T2
(27rh2) :

(20)

where m], denotes the effective mass of the CB (VB) and £ is
the reduced Planck constant.

III. ANALYTICAL EXPRESSION FOR 7y

The explicit form of the ERE given by (14) allows for an
explicit expression of the parameter . For this, assume a solar
cell made of a p-doped wafer. Because the n layer is thin in
comparison, most recombination processes will occur in the p
region, and therefore, the expression for Jyig o simplifies to

D,
F,.
N.L,

Jaitr,0 = qni (1)

Taking now the derivative of V,. with respect to the tempera-

ture yields
kT d < Jse >
+——lo .
g dT' s Jaie 0

Js is dependent on the cell temperature through the bandgap,
which is here assumed to vary linearly with the temperature, i.e.,
0E,

Eg(T) ~ Egc + TaiT

AVoe _ Vi
dT T

(22)

+O(T?)
T=T.

(23)

where FEy. = Ey(T,) + Eé(TC)TC and 7. =300 K. For,
e.g., crystalline silicon, Eg. = 1.206 eV and Eé =-273 x
10~*eV K~! [1]. Accounting for the temperature dependence of
the bandgap, given by (23), and inserting (21) into (22), allows
expressing Sy, as

Ey kT
V.. — Zee _ Epl
ocC q q

T

By = (24)

with v now given by

J/ /
Serl- ancsch(an)]T%

/
Tﬂ,

7
v=5- xpesch(2x,) —

— [1 4+ 2z,csch(2x,)|T (25)

27y,

where x,, = w/L,, and csch is the hyperbolic cosecant function.
The csch function has a fast decay rate to zero when its argument
increases. Therefore, if the cell is thick compared to the diffusion
lengths, (25) simplifies to

7T / 7
7=3 —TJ—%+T2‘L” - T (26)

This expression for the y parameter is equivalent to (13) [4].
The difference here is that the ERE has been explicitly quanti-
fied, allowing for a connection between ~ and material prop-
erties. Finally, note that for an n-doped semiconductor, the
expression for v would take the same form, but the subscript
n would change to p.



IV. DISCUSSION

The next step toward finding a link between material impu-
rities and the recombination parameter + is to assume that the
nonradiative recombination in the cell is dominated by SRH
recombination [18], [19]. The last term in (26) should then be
evaluated at 7, = 7sry. One can then proceed to evaluate the
derivative. By doing so, a series of issues, that can be traced
back to the definition of ~, appear. In this section, these issues
are pointed out and, when possible, amended.

A. Temperature Dependence of vy

It is worth noting that even though (26) describes the same ~y
parameter as (13), these are not the same -y as the one appearing
in (5) and (7). The reason for this lies in the definition of v that
Green gave in [1]. If ~y is supposed to include the temperature
dependencies of the parameters determining Jy (or V. [4]),
then, unless these are constants, v must be a function of the
temperature and should, therefore, be included in the derivative
in (6). In fact, note that (13) and (26) show both explicit and
implicit dependencies with the temperature. The latter is implied
in the derivatives. To address this issue, let v = v(T"). Taking
the logarithm on both sides of (5) gives

B | qVoc
longC *10gA+’YlOgT* ]{37+ T

Taking now the derivative with respect to the temperature and
neglecting .J/_ results in

27

dy 1 Eyo
OZ(IOgT)ﬁ-‘rT +W_

which is equivalent to

Ve
kT2

qa dVie
kT dT

(28)

B =~ (qu" ~ Vit Tyt (TlogT)j;D C(29)

Note that for constant -, the last term in (29) is zero and (7) is
recovered. Two conclusions can be drawn from the discussion
presented in this section. First, Green’s y in (7) only equals
Dupre’s « in (13) in the particular case v = constant. Second,
and most important, as v is, in general, temperature dependent,
it should not be considered a single-valued parameter.

B. Voltage Dependence of vy

Next, note that already in (9), the term ERE,. = ERE(V,.) is
introduced, implying that (9) is an implicit equation in V. of the
form V. = f(Vic). Because of this, when deriving an expression
for Sy, , the derivative with respect to the temperature should be
taken implicitly. This yields a general expression of the form

_ o d o N Ofda | OF Vi
BVM —ar ﬁf(%c) o p Ox; dT OVoe dT
of dx, of
Z dx; dT 0

where x; are the remaining physical quantities in (3). The general
form in (30) can be identified in (12). As ERE,. = ERE(V,.),
the term in (13) involving the derivative of ERE,, with respect to

the temperatures depends on both V. and Sy, . Therefore, (12)
is an implicit equation in Sy, , and -y is a function of both Vo,
and Sy,

In the case of the expression derived for v in this work, since
the ERE is voltage dependent, so is Jqig,0. This can be easily
shown with the example of a semiconductor dominated by SRH
recombination. For a p-doped semiconductor, the carrier lifetime
Tn, 18 given by

Dt } + Tho {THA"] 31)

= 1 —_——
TSRH = Tn0 [ + N, + An N, + An

where i (j = n, p) are the capture time parameters of electrons
and holes, and with ny and p; being the electron and hole
densities when their quasi-Fermi level matches the trap energy
level E;. These are given by

E;

Pt = Ny eXp[kT} (32)
E, — E,

ny = Ng exp[ T g’}. (33)

Equation (31) also contains the excess carrier density, An.
For a p-doped semiconductor, An follows from

np — n72 ~ N,An + An* = nf {exp (“;) — 1} . (34
t

Note from (34), that An is a function of the voltage An(V).
This explicitly demonstrates the dependence of Jgif o with the
voltage.

One important point to note when deriving an expression
for By, is that An cannot be chosen independently but must
follow from (34) evaluated at an open circuit, i.e., at V = V.
Therefore, one should technically write Jgifr,0.0c instead of
Jaifr,0 at an open circuit. This is the same problem as with
ERE,. = ERE(V,.), but it is now explicit: The dependence
of the ERE with the voltage comes from the dependence of
Jair,0 with injection-dependent lifetimes. In  (25), v will be
dependent on An(Vy.) = An, and its derivative with respect
to the temperature. Explicitly, the dependence of 7,, with Vi,
can be seen by evaluating the derivative in the last term in (26).
When taking the derivative of the lifetime with respect to the
temperature, a term dependent on Sy, will also appear. To see
thislet, = 7, (1 (T), 22(T), ..., 2n(T), Ane.(T); T'), where
the x; correspond to capture cross- sectlons, thermal velocities,
etc. The last term in (26) becomes

i - z dlog T, dz; alog T, Olog T, dAng. (35)
Tn ox; dT oT 0Any. dT
with
dAng.  0Ane AV . OAng.  0Ang ,6’ 3An0c
T Ve AT | aT | ov =T Tar
(36)

from where it is clear that
‘/:)(, and ﬁ Vi

oc*

v is, in general, dependent on both
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V. ISOLATING THE VOLTAGE DEPENDENCE OF 7y

As 7 is dependent on both the cell temperature and Vi,
it is clearly not, in general, a single-valued parameter for a
particular impurity. Although one could, e.g., tabulate values
of v at T'= 300 K, the voltage dependence of v complicates
relating y to specific impurities as two cells contaminated with
the same impurity will have different values of + if they have
different values of V.. A possible solution to amend this prob-
lem is to isolate the dependence of v with V;. and Sy, i.e.,
writing v as v = f(Voe, fv,; T) + T'(x(T),x'(T'); T'), where
x(T) :=A{x1(T),...,z,(T)}. As all V,.-dependence has been
isolated in f, I' is only dependent of the physical mechanisms
(and their temperature derivatives) intrinsic to the impurity.

Looking at (25) and (26), obtaining I'(x(7"), x'(T'); T') may
only be possible in the limit where the cell is sufficiently
thick, compared to the diffusion lengths, as otherwise the terms
involving csch(w/L.,), which are dependent on Any,, will make
it impossible to isolate the dependencies on V. and Sy, .
In (26), only the term involving the derivative of the lifetime
with respect to the temperature is dependent on An,.. Then,
if one can write 7n/7,, = h(Voe, Bvi; T) + 9(x(T),x/(T); T), a
voltage-independent I' can be obtained. An example of this is
h(Voe, Bv,; T) = Pvee/Vie = B, which yields expressions for
Bv,. and ~ similar to (24) and (26). With a bit of manipulation,
one can write

By  kgT
1\ Vee—Zx—talp
1— = 4 g 37
BV < 2%0) T (37
where v, = 4Voe/kpT and
7 J! 7 1
l=--TX4+72 __T ), x(T);T). 38

If the cell in a study is dominated by SRH recombination,
g(x(T),x'(T); T) will contain the physical mechanisms intrin-
sic to the impurity and one may say that the I" presented in (38)
is characteristic to the impurity. However, this very particular
case, in general, will not hold. This is because isolating the
Voc-dependence already constitutes a transcendental equation
and only a few of these equations have closed-form solutions.
Among the few possible analytical solutions, it is worth men-
tioning 7, = 7, (x(T),x'(T); T), i.e., carrier lifetimes that are
not voltage dependent. This possible solution will be further
explored in the following section.

A. Low Injection

The goal of this section is to show that under low-level
injection (LLI) conditions, it is possible to obtain analytical ex-
pressions for ~y that are not voltage-dependent. For this, assume
first a sufficiently thick solar cell, so that « is given by (26).
Assume also that the cell is dominated by SRH recombination.
The lifetime 7,, then follows 7, = Tsry, Where Tsry 1S given
by (31) with

1

=— 39
Nt’l}jO'j ( )

Ti0

where N, is the density of traps, v; is the thermal velocity of
the charged carrier, and o; is the capture cross-section of the
minority carriers. Both v; and o; are temperature dependent.
The former follows from 3m/,v? = 2kgT. The temperature de-
pendencies of ¢ are characteristic of the capture mechanism and
can be found in the literature (see, e.g., [20]). From (31), (32),
and (33), one can see that the value of 7ggy depends essentially
on the trap energy level Iy, the excess carrier density An, and the
capture cross-sections. The latter can be accounted for through
the symmetry factor k defined by k(T") = 7p0/Tmo ~ 0 /0 [20].
The value of k, which, in general, is a function of the tempera-
ture, is characteristic of the impurity in question.

Under LLI conditions, i.e., An < N, (31) simplifies to

LLI

n

A (40)

Given an impurity, i.e., at fixed k(7'), the position of the trap
within the bandgap will determine whether further simplification
is allowed. Assume now, a defect positioned in the transition
region of the bandgap, i.e., in between what would be considered
deep (E; — E4/2) and shallow (E, — E. ) [20]. Dividing the
bandgap in two halves, (31) simplifies to

(1 + ﬁ—:) Thno lower band gap half (L)

LLI __

TSRH = . 4D

(l + kﬁ,—i) Tno  upper band gap half (U)

Equation (41) is of interest because it automatically accounts
for all the possible cases where further simplification can occur
(see [20, Tab. 3.1]): For a deep defect, p;,n; < N, and
therefore, (31) simplifies to 7sgy = 7,,0. On the other hand, for
a shallow defect close to, e.g., the VB edge, p, > N, and (31)
simplifies to 7sry = To(P¢/N.). An analog discussion holds for
a defect close to the CB edge.

To shorten the notation, let 7y = n¢/N, and p; = p;/N,.
Inserting (41) into (26) yields

15 1 ZA)t 3 Et J’ ,LL/ OJ
_ 22 > s T n Tn
R <2+kBT) T Tou, T,
(42)
15 1 kiy (3 kK Ee—FE J!
= =~ __ Ty I ) pise
W T T ke <2+ K ket T
Iy, o
T T 43
Ty T 43)

where U and L denote the upper and lower bandgap halves,
respectively. Note that 1, and s are not voltage dependent and
are fully determined by the characteristics of the defect.

VI. NUMERICAL RESULTS

This section presents a numerical evaluation of the expres-
sions for ~y derived in this work. The simulations are performed
for silicon (Si) cells, with Ej;, = 1.125 eV at T = 300 K. The
bandgap is assumed to be linearly dependent on the cells’ tem-
perature. The temperature dependence of the carrier mobilities



TABLE I
TEMPERATURE DEPENDENCE OF THE CAPTURE CROSS-SECTIONS OF DIFFERENT IMPURITIES [10]

on(T) (cm?) op(T) (cm?)

Defect B (V) oo (cm?) = « E, (eV) 00 (cm‘)p( ) « E, (eV) v
Ti; 0.86 2.57x10~ 14 - 0.0039 1.35x10~1° - - 1.82
Ti; 0.26 3.90x10712 | 1.00 1.09%x10~16 - 0.0027 2.51
CrB 0.20 2.00x10712 | 1.20 430x10712 | 1.20 - 1.81
Fe; 0.34 347x10~ 11 | 1.48 4.54x10—16 - 0.05 2.37
FeB 0.87 5.10x10799 | 2.50 3.32x10~ 1 - 0.262 1.86
Zng 0.29 9.90x10~16 - - 2.00x10~14 - - 3.08
Zng 0.62 3.70x10~10 - 0.136 1.80x1079% | 3.93 - 5.76
Mo; 0.33 420x10798 | 295 - 6.05x10~ 14 | 1.07 - 1.63
W 0.32 1.20x10~15 - 0.017 1.20x10~16 - 0.018 3.43
Aug 0.31 2.90x10~— 1 2 - 3.50x10°15 - - 2.09
Aug 0.56 8.50x10~ 17 - 1.50 x10~1 | 1.30 - 3.11

The temperature dependencies of the capture mechanisms for the displayed impurities have one of the following forms:
(1) 0(T) = oo = constant, (2) 0 = oo (To/T)%or 0; = o exp [~ Fa/kpT] [10], [20]. The furthest right column
displays the corresponding values calculated with (26), i.e., for short diffusion lengths, at LLI conditions and 7'= 298 k.

6 J— TiY
— Tit
>F 1— crB
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Fig. 1.  Values of v as a function of the temperature for the impurities displayed

in Table I calculated at LLI conditions with (26). The superscripts U and L, used
in the Ti;, Zng, and Aug defects, signify their position, upper and lower half,
within the Si bandgap (see Table I). Values of « previously mentioned in [23]
are displayed with dotted lines.

is calculated through Klaassen’s model [21], [22]. The studied
defects and the temperature dependence of their capture cross-
sections are obtained from [10]; a review paper that compiles
experimental data of defect recombination processes in silicon
from multiple articles of the scientific literature. A summary
of these is displayed in Table I. Here, the subscripts i and s
indicate interstitial and substitutional impurities, respectively.
The density of traps is assumed to be a constant with respect
to the temperature and has been set to N; = 3 x 10'> cm 3.
Finally, the doping density has been set to N, = 5 x 10'® cm 3.

Fig. 1 shows ~ as a function of the temperature for the
impurities displayed in Table I. In Fig. 1, the curves were
obtained using (26) evaluated at 7, = 74, with 755 given
by (40). Using (24) yields the same values. In the furthest right
column of Table I, the numerically calculated - values of the
studied defects at 7' = 298 K are displayed. These were also
obtained with (26). From the plot and table, it is worth noting
that the ~y values span the interval [1, 6] at T = 298 K. This is
in agreement with the values of ~ previously mentioned in the

literature, which are displayed in Fig. 1 with dotted lines [4],
[16], [23]. From Fig. 1, it is worth noting that vy decreases with
increasing temperature, although some of the studied defects
show a nearly constant behavior. The latter can be seen in the
curves of FeB and Mo; in Fig. 1.

A. Long Diffusion Lengths

The numerical results presented earlier were obtained by
means of (26). This expression for v was obtained from its
general form in (25) by assuming a thick cell compared to the
diffusion lengths. Although this assumption may be true for
highly contaminated cells, in commercial and industrial Si cells,
diffusion lengths should be much higher than the cell thickness
to ensure high quality. This can be deduced from (17): Higher
diffusion lengths result in a smaller recombination term and,
therefore, higher efficiency.

The reasoning behind assuming short diffusion lengths com-
pared to the cell thickness was to isolate the voltage dependence
of v, so that it would be possible to obtain analytical expressions,
such as (42) and (43) in the case of LLI. However, the numerical
experiments show that evaluating (26) at 7, = 7&xj; is the safest
way to compute v values as approximating (40) by (41) may
not always hold. The general form of ~, which does not make
any assumptions on the diffusion lengths, can also be evaluated
at LLI. Indeed, at LLI, the diffusion lengths in the argument
of the csch functions are not voltage dependent. While it may
not be possible to derive analogs to (42) and (43) using this
method, evaluating (25) under LLI conditions yields a ~ value
that depends exclusively on the defect’s properties and the width
of the cell.

To see the effect of accounting for the cell thickness, Fig. 2
shows «, given by (25) at LLI and 7" = 298 K, as a function
of the normalized parameter x,, = w/L,. From this figure, it is
worth noting that assuming short diffusion lengths may have a
big impact on the value of 7. Take, e.g., Zns (E; = 0.62 eV).
For this defect, the magnitude of -y increases with increasing dif-
fusion length. In the limit where w > L,,, Zng (E; = 0.62 eV)



GARCIA et al.: RECOMBINATION PARAMETER ~: MODELING AND COMMENTS

8 41— TV
— Tit
CrB
6 71— Fe;

FeB
Znk
zZnY
Mo;

AuY
Aut

_/_

1
10!

1072

L I
107! 10°

wi/L

Fig.2. Values of 7y as a function of the normalized cell thickness, z,, = w/L,,,
for the impurities displayed in Table I calculated at LLI conditions and T =
298 K with (25).

has a v value of 5.76 at T'= 298 K (see Table I). When the
diffusion length is higher, say z,, ~ 0.01, the ~ value of Zng
(Ey = 0.62eV)increases to 8.73. Another 3 of the 11 studied de-
fects also show an increasing dependence of v with the diffusion
length while the remaining 7 show the opposite behavior. Fig. 2
suggests a symmetry axis around v = 3 where the dependence
of ~ with the cell thickness is inverted, i.e., where the derivative
of v with respect to z,, changes sign.

B. Applicability of v

The numerical results presented earlier show that the v values
for two different impurities may be quite similar. Examples of
this are the v values for Zng with Fy = 0.29 eV and Aug with
Ey = 0.59 eV. Although these are different defects, at different
trap levels and with different capture cross-section mechanisms,
their «y values differ by less than 1%. Furthermore, from Fig. 2,
note that it is virtually impossible to distinguish between the
curves of Ti (E; = 0.86 eV), CrB, and FeB. Moreover, from
Fig. 1 and focusing on Ti (£} = 0.86 eV), it is worth noting
that this impurity could be identified as six different defects,
depending on the temperature at which the measurements were
taken. This example shows that the hypothesis of a v being
unique to a defect is, in general, not true.

It is clear that a single value of v, by itself, is not enough
to uniquely identify impurities. Still, this does not mean that
~ cannot be used to reduce the number of possible candidates.
Take, e.g., the v maps obtained in [6] and [7]. There, the highest
reported value of v was v = 4. Then, based on the v values
displayed in Table I, it is unlikely that the studied cells/wafers
were contaminated with Zng (F; = 0.62 eV), given that the ~y
value of a silicon cell contaminated with this defect is closer to
6 at 298 K in the short diffusion length limit.

An important note to this discussion is areas within wafers
containing multiple impurities or impurity mixes. These are not
unusual in real wafers and cells. A « value cannot account for
these, at least in the way, it has been studied so far in the literature

and the present work. In this context, v may be used to see
how impurities distribute within the wafer. Say that one wanted
to know how Zng impurities distribute within a silicon wafer.
Then one could, e.g., contaminate a wafer with Zny and obtain
a v map through PLI. Areas with high ~ values (around 6 if
the cell is highly contaminated, following Table I and Fig. 2)
should be indicative of how the recombination centers distribute.
The same argument applies to wafers contaminated with several
impurities. For example, suppose that one knew, through other
characterization techniques, that a silicon wafer is contaminated
with Mo; and W. Areas with low and high ~y values, respectively,
in a v map would be indicative of how these two impurities
distribute within the wafer. This shows the potential of ~ in
combination with other characterization techniques for defect
identification.

Finally, it is worth mentioning that obtaining ~ maps at
multiple temperatures may be useful to characterize defects as
the temperature dependence of v may give extra information
regarding the impurity in question.

VII. CONCLUSION

In this work, analytical expressions for the recombination
parameter v have been derived. This was possible by using the
formal definition of the ERE and assuming that, for commercial
cells, radiative recombination can be neglected, and nonradiative
recombination occurs mainly within the neutral zone of the
junction. This allowed relating v to minority carrier diffusion
and resulted in an expression that shows its dependence on the
temperature sensitivities of the mobility and lifetime.

In the further theoretical exploration of the usability of ~ for
defect characterization, a series of problems involving its defi-
nition and temperature and voltage dependence were identified.
Under LLI conditions, analytical expressions for v were derived.
These expressions for v were fully determined by defect charac-
teristics, which opened the possibility of impurity identification.
From numerical examples, however, it was concluded that ~y
alone is not sufficient to uniquely identify impurities, as two
different impurities may have quite similar  values. Still, it
was discussed that v may be useful in conjunction with other
characterization techniques to study defects in silicon wafers.
Particularly, it was suggested the applicability of v maps in
studying how impurities distribute within wafers.

As a final note, with respect to further developments, the
present work has suggested applications of v under LLI con-
ditions. The voltage and temperature dependence of vy were
regarded as problems in the context of defect identification.
However, if this was not the goal, obtaining information on these
dependencies of ~ for a given impurity may be beneficial for
further characterization of the wafer in the study. This could
be done by, e.g, obtaining + maps at multiple temperatures
and light conditions. It is important to note that under these
circumstances, Auger recombination may become relevant and
should, therefore, be included in the modeling of ~. These
possibilities should be further studied both theoretically and
experimentally.
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