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ABSTRACT

Temperature controlled photoconductance is applied
to measure the electron and hole capture cross
sections of interstitial iron and iron—-boron pairs in
crystalline silicon. The injection-dependent lifetime
was measured before and after light soaking over the
range 0-90°C, and without light soaking over the
range 240-320°C. The data was then analysed to
determine the electron and hole capture cross
sections of the interstitial iron defect over the range
240-320°C, and of the iron—boron defect over the
range 0-90 °C. The first of these analyses involved a
novel approach that independently distinguishes the
capture cross sections assuming a known defect
density, energy level and thermal velocity, whereas
the latter involved the “characteristic cross-over point”
method, which compares carrier lifetime before and
after the dissociation of iron-boron pairs. This
approach independently determines the temperature
dependence of the capture cross sections over a wide
range of temperature and identifies their capture
mechanisms.

INTRODUCTION

Iron (Fe) is one of the most common contaminants in
silicon and can occur during crystal growth or wafer
processing by either mechanical contact or liquid
phase contact with iron-contaminated solutions [1].
Once incorporated into a device, Fe remains in either
dissolved or precipitated form. The precipitated Fe in
silicon contributes to increased leakage currents and
reduced breakdown resistance, which eventually
reduces the device performance [1]. Fe dissolved on
interstitial lattice sites of silicon is electrically active
and affects recombination in silicon and reduces the
performance of solar cells. The information on T-
dependent carrier capture cross sections of dissolved
Fe in silicon helps to identify the capture mechanisms
and find possible ways to minimize its effect on
recombination in silicon. Furthermore the T-
dependence of the capture cross section ratio (on / op)
also helps to resolve the ambiguity in previous results
obtained by  temperature-dependent lifetime
spectroscopy (TDLS) analyses that assumed o,/ op
to be temperature independent.

Dissolved Fe in silicon exhibits a donor level Fe;™ in
the lower half of the band gap (E, +0.39¢eV), as
detected by deep level transient spectroscopy (DLTS)
by various researchers and summarized by Graff [1]
and Istratov et al. [2]. The energy level of Fe'"™ is
below the valance band and has no direct effect on
carrier recombination. In  boron-doped silicon,
positively charged Fe; atoms form pairs with

negatively charged substitutional boron (B’) by
coulombic attraction. This state gives rise to a donor
level FeB* in the lower band half (€, + 0.1 eV), and
an acceptor level FeB” in the upper band half (E;—
0.27 eV) of silicon [1-3]. These three defect energy
levels within the band gap of Fe-contaminated, boron-
doped silicon act as recombination centres [2]. Figure
1 depicts the energy level of Fe"°, FeB™ and FeB®"
in the band gap of silicon.
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Fig. 1. Energy levels in silicon depicting Et(Fei+/0),
E(FeB"°) and E{FeB"").

The defect energy E; of the above mentioned defects
has been measured and reported by various
researchers using different techniques and found to
be quite consistent. However, the reported values for
their capture cross sections (onand op) and the
dependence of o, and o, on temperature are
inconsistent, as summarised by Table 1.

The T dependence of oy(Fej) was first determined by
Induskhar et al. [4] in 1966 using DLTS followed by
Wunstel et al. [5] in 1982 and Brotherton et al. [6] in
1984. Their results conclude the multi-phonon
emission (MPE) capture [7] to be the effective
mechanism for hole capture, but there is some
disagreement in their values for the activation energy
E, (varies from 0.040 to 0.048 eV) and the T-
independent pre-factor ., (varies from 1.6 x 107 to
6.8 x 107'%). On the other hand oy(Fe;) has not been
studied by as many researchers as op(Fe;). The first
result on on(Fe;) at room temperature was published
by Collins et al. [8] in 1957 followed by Zoth et al. [9]
in 1990 and Lagowski et al. [10] in 1993. Their
experiments were based upon surface photo-voltage
(SPV) with the photo-dissociation technique and
reported different values for on(Fe) at room
temperature. Later in 1999, Graff [1] presented a T-
dependent expression for on(Fe;) in his text by taking
the average of reported results from different
researchers. However this T-dependent expression
presented by Graff [1] does not lead to the same
on(Fej) at room temperature published by Zoth et al.
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Table 1. Summary of results

oy, (Fei) on (Fei) o, (FeB) on (FeB) Ref and Technique
4.54x10%exp(-0.05/ksT) 347 x 101 x 148 3.32x10Mexp(-0.262/kgT) | 5.1 x 10°x T>> | This work, TIDLS
6.8x10"%exp(-0.04/kgT) | eeeeeeeeeee e e [4], TSCAP & DLTS
5.6x10"%xp(-0.048/kpT) | cemeeemeeeee L meeeeeeeee e [6], DLTS
1.6x10"%xp(-0.043/kgT) | mmeemeemeeem e e [5], DLTS & Hall
2.8x107%xp(-0.043/ksT) 1010 % 71 2.0 x 1077 at 400 K 1.6 x 1079 [1], Average of [6, 9, 11]
3.9x10 " %exp(-0.045/ksT) 4107 3x10M 25%x10M [2], Average of[4-6]
------------------------ 5.4 x 10" at 90K 1.8 x 10" at 90K | [11], DLTS
------------------------ 3x10M 25%x 100 [12] SPV & ELYMAT
------------------------ 1.1x10" 1.4 x 10" [13], CoP & TIDLS
------------ 3.6x107° 55x 107" 25%x 1070 [14], TIDLS
------------------------ 3x 10" 5x10M [15], CoP & IDLS
------------ >1.5x 107" - [8], Hall and Lifetime
------------ 26 %101 4x 1078 [9, 10], SPV

"Reported values are for room temperature (300 K) unless otherwise specified

Wounstel et al. [5] applied DLTS for the temperatures
between 50 K and 65 K followed by Gao et al. [16] at
the temperature 55K to measure op(FeB) and
published the result in 1982 and 1991, respectively;
neither investigated the thermal activation. Lemke et
al. [11] reported the value of op(FeB) and on(FeB) at
90 K applying DLTS. Later Zoth et al. [9] reported
on(FeB) at room temperature using DLTS with SPV
techniques. Walz et al. [12, 17] reported on(FeB) and
op(FeB) at room temperature using SPV and the
ELYMAT technique. Birkholz et al. [13] applied the
crossover point (CoP) technique with
photoconductance measurements and devices,
reporting on(FeB) and on(FeB) for FeB'. Later Paudyal
et al. [18] applied a similar technique to determine the
T-dependent expression and the effective capture
mechanism of oy(FeB) and op(FeB) for FeB". These
reported results are mostly based upon relatively
complex techniques and only gives the value at room
temperature. Furthermore the T-dependent
expressions reported by Paudyal et al. [18] for
on(FeB) was based upon the T-dependent models for
the averaged on(Fei) and op(FeB) suggested by Graff
(11

Hence, accurate and self-consistent T-dependent
expressions for on(Fe;), op(Fei), on(FeB) and oy(FeB)
have not yet been agreed upon. This paper presents
a novel and relatively simple technique for the
determination of T-dependent expressions for these
parameters using temperature and injection-
dependent lifetime spectroscopy (TIDLS) analysis
with a temperature-controlled photoconductance (PC)
measurement instrument. We first explain the carrier
lifetime theory and its simplification in order to
determine the temperature-dependent expression for
on and op for Fej and FeB. This is followed by an
experimental section that presents the details of the
samples used in this work, the temperature-controlled
PC measurement procedure, and the results obtained
by the implementation of TIDLS analysis and their
comparison to the previously reported values and

expressions. Finally, we discuss the effective capture
mechanism for all four carrier capture processes.

THEORY AND BACKGROUND

FeB pairs form in boron-doped silicon due to
coulombic attraction between a positively charged
interstitial Fe (Fe;") and a negatively charged boron
atom (B"). Such a coulombic bond can be broken by
the external supply of optical, thermal or electrical
energy which dissociates the FeB pairs back to
isolated Fe;” and B” atoms. The temperature at which
a complete thermal dissociation (T¢rp) of FeB pairs
occurs is dependent upon the concentration of boron
(Na) and Fe in silicon. Figure 2 depicts the Arrhenius
plot of a boron-doped Fe-contaminated 1.0 Qcm
wafer at An =5 x 10'® cm 3, which illustrates the Terp
at 235 °C and the effect of Fe; and FeB on the carrier
lifetime. Hence the analysis of effective lifetime
measurements at temperatures higher than Tcrp
gives parameters for Fe; defects only.
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Fig. 2. Arrhenius plot of 1.0 Qcm depicting the
complete thermal dissociation temperature ( Tcrp) for
FeB pairs and the effect of Fe; and FeB in Silicon.




The simplified version of Shockley Read Hall (SRH)
lifetime [19, 20] for a single defect without any traps
(i.e. An = Ap) can be written as [21],

T, (P, + p0+An)+rp0(n1 +n, +An) 1)

TsRH =

(Ny + P, +AN)

where 70 and 7o are the fundamental capture time
constants for electrons and holes, n1 = Nc¢ exp[(Ec
E:/ksT] and p1 = N, exp[(E+E\)/ksT], Nc and Ny are
the effective densities of states at the conduction and
valance band edge, ks is Boltzmann’s constant, ng
and po are the electron and hole densities at thermal
equilibrium, and An is the excess carrier density.

T-dependent values of on(Fei) and op(Fei)

For a p-type wafer no can be neglected in comparison
to poand when An is sufficiently less than py, the SRH
equation can be simplified to

Tt = Tno(pl + p0)+‘rpo(n1 +no)+i An- ()
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Fig. 3. Carrier densities po(T), p1(T), no(T) and n4(T)
for the temperature range 270 to 600 K for
AE;=0.391 eV and Na=2.6 x 10" cm™. Depicts the
upper limit of An << po(T) for TIDLS analysis.

The slope of a linear plot of 7.+ against An therefore
gives Tx/po and the intercept gives [rno
X (p1+ po) + Tpo X (N1 +n)l/po. Under conditions
when the Fe; defect dominates over all other
recombination process i.e. above Tc¢rp temperature,
p1 and nq can be calculated for any temperature using
Etre). The corresponding po and no can be calculated
using doping density Ns and intrinsic carrier
concentration (n;). Hence 1,0 and 10 can be calculated
using the measured slope of the linear plot and
corresponding values of p1, n1, po and ng at different
temperatures. The on(Fe)) and op(Fej) can then be
determined by using equation (3) and (4) using known
values of the slope and intercept, the T-dependent
value of the thermal velocity, and the Fe;
concentration (Nj).

PO S — 3)
TpoVin N;  slopex pVy Ny

D P+ Py 4)
" VN [Intercept — slopex (n,+n,)]x N

T-dependent values of on(FeB) and op(FeB)

The density of Fe; and FeB below T¢rp can be altered
in boron-doped silicon by dissociating FeB pairs.
Despite variations in the population of Fei and FeB,
the effective lifetime remains unchanged at a
particular excess carrier density known as the
characteristic crossover point (CoP) [3, 13]. CoP is
depicted in Figure 3 for 0.6 Q cm at 50 °C. The CoP
carrier density (Anc.p) is independent with degree of
dissociation of FeB pairs and only depends upon the
temperature and Na. Hence at CoP, if we consider
solely Shockley-Read-Hall recombination [19, 20], the
lifetime (zc.p) at Ancor can be simplified as,

1 1 1 1 1
—_— = = +

TCOP Tassociated Tdissocialm TSRH ,as(FeB) TSRH Las(Fei) (5)

1 1
+

TsRH dis(FeB)  © SRH dis(Fei)

where, 7,5 denotes the associated and ;s denotes
the dissociated lifetime at the crossover point.
Birkholz et al [13] solved equation (5) for Ancop for p-
type boron-doped silicon when ns(Fe;), pi(Fej),
p1(FeB) and no can be neglected in comparison to po,
giving,

_ o, (FeB)-o,'(Fe;)

AnCOF’

o, (Fe,) 0 (6)
. o, (Fe)) N, exp(_ E. - E(FeB)J
o, (FeB) kT

Therefore, from the slope and intercepts of the linear
plot of Ancop versus po at different temperatures, and
with the values of an(Fe;), op(Fei), Nc, and E{FeB), T-
dependent values for on(FeB) and op(FeB) can be
determined.

EXPERIMENTS

The experiment was performed on four boron-doped
silicon samples with resistivites 0.6, 1, 5.5 and
13 Q cm. The average widths of the samples were
250, 490, 199 and 445 microns respectively. Those
samples had been intentionally contaminated with Fe
by ion implantation with an implant dose of
1x 10" em™. After implantation the samples were
annealed at 900 °C for one hour in order to obtain a
uniform distribution of Fe throughout the bulk. The
dose is then divided by the width of the wafer to
calculate the Fe concentration within the bulk. In all
cases the Fe concentration is below the solubility limit
of Fe at 900 °C so that there should be very few Fe
atoms in precipitate form. Furthermore each sample
was coated with plasma enhanced chemical vapour
deposition PECVD silicon nitride in order to ensure
that the surface recombination was negligible relative
to the bulk recombination [21]. Lifetime
measurements were performed on a temperature



controlled inductive coil PC based device, described
in detail elsewhere [22].

The lifetime measurement technique itself is the well
established quasi-steady-state  photoconductance
technique [23]. The subsequent analysis employed
the carrier mobility model developed by Reggiani et
al. [24], which states how the mobility in equilibrium
depends on temperature and dopant concentration. It
was modified to account for the injection of An by
replacing the donor Np and acceptor Na
concentrations with Np + An and Na + An. When An <
Na (or Np),this approximation was found to give good
agreement with Klaassen’s mobility model [25, 26]
which does account for An. Reggiani’'s model was
preferred to Klaassen’s in this case because of its
larger temperature range. The temperature across the
wafer was found to vary by 2% during measurement,
and the uncertainty in lifetime was £ 6 % [22], which
mostly depends on the calibration of the illumination
intensity and inductive coil. The effective lifetime 7o
was measured as a function of the excess carrier
density An for each wafer over the temperature range
0-90°C and 230-320°C. The equilibrium
concentration for electrons ng was calculated using Na
and T-dependent model of intrinsic carrier
concentration no(T) suggested by Green et al. [27].
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Fig. 4. Measured lifetime data depicting linearity with
the fitted model for An << pg according to Equation 2.

Tero on 1.0 Q cm was achieved by heating the
sample above 240°C, which ensures the complete
domination of the Fe; defect on overall recombination
process as illustrated in Figure 2. Figure 4 depicts the
linearity with the fitted model according to Equation
(2) with the measured data for An << p,. Hence the
injection-dependent lifetime time measurement for the
temperature range 240to 320 °C were taken and
analysed for the determination of on(Fe;) and op(Fe).
Measured lifetime become inconsistent above 320 °C
as the intrinsic conduction begins in the sample.

Light soaking technique was applied for a partial
dissociation of FeB pairs in all four samples in order
to determine Ancop for different temperatures. Lifetime
measurements were taken before (zss) and after (zqis)
the light soaking for each temperature. Samples were
illuminated by a 25 W halogen lamp for two minutes in
a temperature controlled stage of the PC
measurement device for light soaking. All samples
were kept in dark for two hours before taking the next

measurement in order to repair a significant fraction of
broken FeB pairs by the light soaking. The experiment
was repeated from 0to 90 °C at 10 °C steps for all
samples. 90 °C is selected as the upper limit for CoP
analysis in order to satisfy the condition ni(Fe)),
p1(Fei), pi1(FeB) and ng << po for all samples under
test. Injection-dependent lifetime curve and CoP at
50°C 1 Q cm sample and the control sample (1 Q cm
sample without Fe contamination) is depicted in
Figure 5.
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Fig 5. Effective lifetime measured for 1.0 Q cm
sample at 50°C, depicts the difference in
recombination lifetime of Fe-contaminated wafer
with the control wafer and the cross-over point.

RESULT AND DISCUSSIONS
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Fig. 6. T-dependent relation for op(Fe;) with reported
model.

The measured op(Fe;) for the temperature range
240 — 320°C shows an increase with temperature
which suggests that MPE is the only effective capture
mechanism, consistent with previously reported
capture mechanism [1, 2, 4-6]. However, we find
different values for the activation energy (E;) of
0.05+0.006 eV and temperature independent pre-
factor (o) equals to 4.54 £ 0.5 x 10™"® cm?. The errors
for the results in this work are estimated from the
best-fit of the measured data to the equation of the
reported capture mechanisms [7, 28, 29]. The MPE
capture expression obtained in this work is extended
to 0°C and depicted in Figure 6 along with the
expressions reported by others.

_ 0.05 7
O pre,) = 4.54x107" exp(— kBTJ (7
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Fig. 7. T-dependent relation for on(Fei) with other
reported model and values at room temperature.

The measured T-dependent data for on(Fe;) over the
temperature range 240—320°C decreased with
temperature. Hence MPE capture mechanism can be
ruled out. Instead, the data shows a better fit to the
negative power relation to temperature, consistent
with the capture mechanism being either cascade
capture [28] or excitonic Auger (EA) capture [29]. As
the defect level of Fe; is treated as deep, the cascade
capture is unlikely in this case. Hence we fitted the
measured data for on(Fe)) for EA capture mechanism
give the T-independent pre-factor, o =
3.47+ 0.5 x 10" and the correlation exponent, a =
1.48 + 0.02. T-dependent expression for on(Fej) has
rarely been reported compared to op(Fe;). Graff [1]
reported T-dependent expression for on(Fe;) by taking
average value from various works [6, 9, 11]. Figure 7
depicts the expression for on(Fe;) obtained by this
work is extended to 0-320°C along with the other
previously reported values of on(Fe) at room
temperature.

temperature and comparable with the values reported
by Macdonald et al. [15] and Rein et al.[14] at room
temperature. The T-dependent trend of on(FeB)
resembles the T-dependent trend of on(Fe)) and
shows a better fit to the excitonic Auger capture
mechanism due to deep centres [29]. Figure 8
depicts the plot of excitonic Auger capture with the T-
independent pre-factor, op = 5.1+ 1.3 x 10™ and the
correlation exponent, a = 2.5 + 0.05 as per expression

9),

O premy = 5 1% 1077722 ©)

Similarly, op(FeB) was found to increase with
temperature over the temperature range 0—90 °C
and the measured data is comparable with reported
data by Brikholz et al. [13] however less than the
values reported by Macdonald et al. [15] and Rein et
al. [14] at room temperature as depicted in Figure 9.
The T-dependent trend of op(FeB) is increasing with
temperature. Hence the only possible capture
mechanism is MPE capture as depicted in expression
(10) with E;=0.262% 0.012eV and o0.=3.32%
1.22 x 10" cm?® Table 1 shows the reported values
and expressions for op(Fe;i),on(Fe;), op(FeB) and
on(FeB).
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Fig. 8. Electron capture cross-section of FeB pairs for
0 — 90 °C, measured data and Excitonic Auger
capture model fit.

on(FeB) and op(FeB) calculated on the basis of T-
dependent expressions determined earlier for oy(Fei)
and op(Fef) and using the measured slope and
intercepts of the linear plot of Ancop versus doping
density (po) for the temperature range 0—90°C.
on(FeB) was found to decrease with the increase in
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Fig 9. Hole capture cross-section of FeB pairs for 0 —
90°C, measured data and Multi-phonon emission
capture model fit.

CONCLUSION

T-dependent expressions for the electron and hole
capture cross sections of Fe; and FeB pairs in
crystalline silicon has been measured using
temperature  and injection  control lifetime
spectroscopy. The most likely capture mechanisms
were discussed. The approach for determination of
on(Fei) and op(Fei) is an alternative to DLTS
measurement. Furthermore, it allows measuring the
capture cross section regardless of the position of E;
in the band gap of the silicon. The measured data are
comparable with some previously reported values,
however the measured data are based upon the T-
dependent model for nj, Vvin and vup, so the
inaccuracy in these employed T-dependent models
have direct effect on the measured results. A better
accuracy and confidence could be achieved by
measuring different samples prepared in different



batches and doping densities and a comprehensive
error analysis in curve fitting.
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