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ABSTRACT: The capture cross sections of both electmrend holess, were determined for the defect formed by
interstitial molybdenum in crystalline silicon ovre temperature range —110 t&@ Carrier lifetime measurements
were performed on molybdenum-contaminated siliceingia temperature controlled photoconductanceumsnt.
Injection dependent lifetime spectroscopy was &ppht each temperature to calculateand g,. This analysis
involved a novel approach that independently detexdchthe capture cross sections assuming a knofectdiensity
and thermal velocity. Bothy, and g, were found to decrease with temperature in a d@sbonsistent with excitonic

Auger capture.
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1 INTRODUCTION

Molybdenum (Mo) is a transition metal and a potnti
source of contamination in silicon devices [1]rdsbv et
al.[2] measured a significant amount of Mo in
commercially available multicrystalline silicon aolcells
which can reduced the efficiency of solar cell mg dhird
as reported by Davigt al. [3]. Mo remains in interstitial
form within the lattice structure of silicon andeates an
electrically active defect. Graff has summarisdtke t
published information about the electrical propertiof
Mo in silicon, mostly based on deep level transient
spectroscopy (DLTS) [1]. The defect has a singleate
energy level E), that is donorlike and exists at
0.28 £ 0.01 eV above the valance band edge obsilks,.

Rohatgiet al. [4] applied DLTS coupled with dark and
illuminated I-V measurements and concluded the adefe
energy to bek;,= Ey +0.30 eV. Hamaguchét al. [5]
applied DLTS and optical-DLTS to investigate the -Mo
related defects in silicon and reporteéd= E, + 0.31 eV.
Similarly Petterssoret al. [6] applied Junction Space
Charge Techniques (JSCT) and locaed= E, + 0.298
eV. Recently, Reiet al. [7] applied a combination of
temperature and injection dependent lifetime spsctpy
to determineE; and the ratio of capture cross sections
(ai/ ). Furthermore, he determined the T-dependent trend
of the capture cross sections by measuring théntiéeat
sufficiently low temperatureE; determined by Reiret
al. [7] was slightly higher than that determined byT3,
however the value afi/ g, was about half. In this work we
explicitly measure the temperature dependence tf &p
and g, from which we determine the temperature
dependent trend afy/ g,

This paper presents a novel and relatively simple
technique for the determination of T-dependent esgion
for g, and g, using temperature and injection dependent
lifetime spectroscopy (TIDLS) with a T-controlled
photoconductance (PC) measurement instrument. 8ectio
two explains the carrier lifetime theory and its
simplification in order to determine the temperatur
dependent expression foy andg,. This is followed by an

experimental section which presents the detailsthef
measurement procedure, the instrument, and
preparation of Mo-contaminated samples for thiskwdm
the results and discussion section, we present the
temperature-dependent expressions &r and g, and
analyse their trends to determine the effectivetwrap
mechanism.

the

2 THEORY

The simplified version of the SRH lifetime [8, %jrfa
single defect that does not behave like a trap Aine= Ap)
can be written as [10]

— rno(pl + P +An) + Tpo(nl N, +An) , (1)
(N + P +4n)

SRH

wherer,,andzy are the fundamental capture time constants
for electrons and holes; = Ncexp[(E-E)/ksT] andp; =

Ny exp[(E-E\)/ksT], Nc andNy are the effective densities of
states at the conduction and the valance band &dds,
Boltzmann'’s constant), andp, are the electron and hole
densities at thermal equilibrium, antih is the excess
carrier density.
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Figure 1: Carrier densitiesng, p1, hp andpy) for a defect
energy level £, + 0.28 eV).
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Table 1. Summary of the previous works

a, (cn?) g, (cnf) g,/ g, at 27°C E (eV) Ref and Technique
4.21 x 108x T 2% 7.60 x 10°x 7129 11+2 NA This work, TIDLS
1.6 x 10"*at27°C 6.0 x 10%at 27°C 26.67 E,+ 0.28 [1], Average
NA NA NA E,+0.31 [5], DLTS
NA NA NA E, + 0.30 [4], DLTS
7.8 x 10" at 27°C NA 13.0 E, + 0.317 [7], TIDLS
NA NA NA E, + 0.298 [6], JSCT

For a p-type wafem, can be neglected in comparison
to ppand whenAn is sufficiently less thap,, the effective
lifetime (74) can be expressed as,

— Tno(p1+ p0)+rpo(nl+nO+An)’ (2)
Po

eff

assuming that the overall recombination is domuhdtg
SRH recombination.

For the temperature region whergT) + ny(T) >> An
is valid andpy(T) << po(T) is valid, Equation (2) can be
expressed as,

T
T =Tp +——=XxAN" ®)
Po
2.4x10°
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Figure 2: Measured lifetime data depicting linearity with

the fitted model foAn << pg according to Equation (3)

The slope of a plot ofy againstAn therefore gives
70/ Po @nd the intercept gives, as shown in Figure 2.
Hence g, and g, can be calculated using the measured
slope and the intercept of the linear plgtagainstAn for
different temperatures as,

N S 1 , @)
P Tpovthp NT g Ope X povthp NT
o=+ = L . ®

n

TpoVimNy  Interceptx v, Ny

wherevy,, andvy,, are the thermal velocities of holes and
electrons andN; is the defect concentration.

3. EXPERIMENTS

A silicon ingot was grown at the Institut fir
Kristallzucht (IKZ) with the pedestal growth techne
and boron-doped with a resistivity 13 cm. The ingot

was intentionally contaminated by adding 2800 pprha
molybdenum in the silicon melt [11]. A Mo concettiva

of 2 x 13 cm?® was determined by Neutron Activation
Analysis (NAA) as described in detail elsewhere][1We
assume that all of these Mo atoms are interstiad
active, and therefor&l; = 2 x 13 cm®. The experiment
was performed on a silicon sample sliced from tigot.
The wafer was subject to a phosphorus diffusiop sti¢h

a sheet resistance of Dsq in an inline diffusion furnace.
The emitter was then removed by a chemical polgshimd

a cleaning followed by a Plasma Enhanced-Chemical
Vapour Deposition SiNx deposition optimised forfage
passivation as described by Colettal. [12]. The average
width of the sample was 285 micrond.ifetime
measurements were performed on a temperature dedtro
inductive coil photoconductance based instrument,
described in detail elsewhere [13].
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Figure 3: Injection dependent lifetime for temperatures -
110 to (°C in intervals of 10 °C.

The quasi-steady-state photoconductance (QSS PC)
technique [14] was employed to determine the aarrie
lifetime at different temperatures. The carrier ttigb
model developed by Reggiadi al. [15] was applied for
the subsequent analysis of the measured lifetirtee dhis
mobility model only accounts the effect of temperat
and dopant concentration and does not accountfteet e
of An. The Reggiani model for carrier mobility was
therefore modified by replacing the donor denslgywith
Np +An and the acceptor densilNy with Na + An. This
approximation was found to give a good agreemett wi
the mobility model of Klaassest al. [16, 17] at room
temperature. Reggiani's carrier mobility model was
preferred in this case because of it validity oaelarger
temperature range (-73 to 322). The temperature across
the wafers was found to vary by + 2% during measerg
and the uncertainty in the measured lifetime wa&%at
[13], which depends mostly upon the calibration of
illumination intensity and inductive coify was measured
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as a function of\n over a temperature range —110 t%C0
at intervals of 10C.
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Figure 4: Lifetime plot of Mo-doped (1.8 Ohm cm) wafer
for the selected injection range (1 x*402. x 13 cm®).

4. RESULTS AND DISCUSSION

74 Of the test wafer at low level injectionrf < 2.2 x
10" cm®) was found to increase with temperature. The
upper limit of temperature Tfg) for which
ny(T) +ng(T) << An is valid and py(T) << po(T) is
determined to be T . ny(T) andp,(T) were calculated by
using the reported values Bf = 0.28 eV [1], which gave
most conservativel .. No(T) was determined by using
the doping densityN,) and the temperature dependent
intrinsic carrier concentratiom;(T) [18]. Freeze-out of the
boron atoms in the wafer is taken into accountatlow
temperature (< 77C) by adopting the T-dependent model
of po(T) [19]. T-dependent models for the thermal
velocities reported by Greeet al. [18] is employed to
calculated, and g, using Equations 4 and 5.

The An range of 1x 1 to 2 x 16*cm?®, which
satisfies the above mentioned conditions for thedafigns
(2) and (3) is selected for the TIDLS analysis. Therier
densities(ny, p1, Ny and pg) and An for the analysis are
depicted in Figure 1 for the defect energy level of
Ey + 0.28eV in silicon. This graph shows + ng << 1 x
10™ cmi®for the temperature less than P80andp; << p,
for the temperature less thar’@ Table 2 depicts the
temperature ranges for which the assumption
(n1 + ng) <<An andp, << py is valid for different reported
values ofE;, where we require the negligible value to be
no more than 1% of the significant value. Typicgéction
dependent lifetime plots over th&n range chosen for

analysis are depicted in Figure 3 for different
temperatures.
Table 2: Temperature for which the assumptions

(n1 + ng) <0.01xAn andp; <0.01xpy is valid for analysis.

E (ny +ng) <<An P1<<po _Ref
Ey +0.28 eV T<160°C T<0°C [1]
E,+0.30eV  T<158°C  T<10°C [4]
E,+0.317eV  T<155°C T<18°C [7]

The measured value of determined with Equation
(4) is found to decrease with temperature over the
temperature range —-110 to°@. This indicates either
Excitonic Auger Capture (EAC) [20] or cascade captas

only two possible capture mechanisms [21]. The
Multiphonon Emission Capture (MPE) [22] in which
capture cross section increase with the temperaamebe
ruled out on this case. This temperature dependeheg

is best described by the EAC mechanism, with a
temperature-independent pre-factoropf 6.5 £ 0.8 x 10

14 e¢m?and the T-exponent ef = —1.03 + 0.05, as shown
in Equation (6). Figure 5 depicts the measured eslof
op(T) with an EAC fit and previously published values.
The calculated value of, at 27°C is 1.86 x 1d° which is
about 3 times less than the value reported by Gijff
from DLTS data.
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Figure 5. Hole capture cross section for Mo in silicon
fitted for excitonic Auger capture mechanism.

Temperature-dependent valuesogfare extracted by
employing Equation (5) for the temperature rangg0-fio
0°C. o, is also found to decrease with temperature, and
can be best described by an EAC mechanism. The flEAC
of the measured,, gives a temperature-independent pre-
factor ofay = 4.21 + 0.4 x 18 cm? and the T-exponent of
o =—2.95 + 0.2. Measured valuesaffitted according to
the EAC fit are extended to room temperature and
compared with previously published values by Gfaff
and Rein [7] at room temperature as shown in Figure
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Figure 6: Electron capture cross section for Mo in silicon
fitted with excitonic Auger capture mechanism arideo
previously published values at RT.

o, (T) =421+ 04x10°¢ )T (o002 ()
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The capture cross section ratig/¢,) was also found
to be temperature dependent, even though bottecaare
best described by the same capture mechanism (ERC).
dependents,/o, values are depicted in Figure 7. The
extended value of/o, for room temperature agrees very
well with the value reported by Re@hal. [7].
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Figure 7: Capture cross section ratio of Mo defact
silicon at different temperatures.

The measured values of, and o, for temperature
range -110 to 8C depict a T-dependent trend which is
used to calculate, and g, at room temperature (2T).
Calculated values of, and g, at room temperature were
found lower than previously reported values [1, ag
shown in Figure 5 and 6. A possible reason for ighithe
use of higher number of Mo defectd)( for calculation of
o, andg, than the exact number appeared in the test wafer
as the active defect level. This may occur whenhal
atoms do not act as active defect [1]. This reasduarther
supported by the calculated value agf /g, at room
temperature which is not dependent upgnand gives a
similar value to that reported by Rein [7]. Usindpigher
value of Ny for the calculation only lowers the T-
independent pre-factor however it does not alter the T-
dependent exponenty), nor does it alter the conclusion
that the capture mechanism is by EAC.

5. CONCLUSIONS

Temperature-dependent expressions dprand g, of
molybdenum in silicon were determined independeiatly
the temperature range —110 t& using a temperature
control photoconductance measurement device. The T-
dependent trend ef, ando, best matched for the excitonic
Auger capture mechanism, giving coefficientg =
421+04x18 6.5+0.8 x10* and exponentsa =
2.95+0.2 and 1.03+0.05, where the uncertainty srts
a 95 % confidence interval.
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