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ABSTRACT: In this paper the microwave-detected phatolcmtance decay (MWPCD) is evaluated in detail to
allow a reliable determination of the interstii@n content with high spatial resolution. The effef the iron-boron-
pair dissociation within a surface passivated sgtade silicon wafer on the MWPCD signal is demaistt. An
advanced evaluation method of the MWPCD signal [dieg, revealing the minority carrier lifetime aguamction of
the excess carrier density. After the MWPCD sigealdlibrated by a quasi-steady-state photocondoeté®SSPC)
measurement, the interstitial iron content is daked from the difference in the lifetime in bottates of the iron-
boron pairs. The interstitial iron content of a timystalline silicon wafer is mapped, showing dueed content at
the grain boundaries due to gettering. At the exfgie Czochralski silicon ingot an increasing intiéiedtiron content

is found, which is caused by indiffusion from tres@mbient during ingot pulling.
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1 INTRODUCTION

Iron is one of the most common and detrimental
impurities in solar grade silicon. To a large exteon is
precipitated in the silicon and only a small frantiof is
interstitially solved. The latter part induces etatn the
silicon band gap, which cause strong carrier
recombination. Iron in solar grade silicon is often
inhomogeneously distributed due to diffusion preess
and agglomeration at other precipitates as well as
crystalline defects. To understand these procegsexf
great interest to map the iron content. Fortunateig
content of the interstitial iron can be easily detieed in
boron doped silicon, exploiting the defect reactiith
boron.

There are several techniques, which use the chiange
the minority carrier lifetime in both states of tiren-
boron pairs in order to map the interstitial ircontent.
These are surface photo voltage (SPV) [1], infrared
lifetime mapping (ILM) [2], photoluminescence (P[3)]
and microwave-detected photoconductance decay
(MWPCD) [4] measurements. In this paper a reliable
method to measure the interstitial iron contenhwiite
MWPCD system is developed. The differences compared
to other methods are discussed and the appligalislit
demonstrated.

2 DETERMINATION OF THE INTERSTITIAL IRON
CONTENT BY MWPCD MEASUREMENTS

2.1 Effect of the iron-boron-pair dissociation ohet
MWPCD signal

The MWPCD signal referred to as transient is
measured using the commercial device WT-2066m
Semilab, which generates excess carriers by a fndse
(A =904 nm) with a maximum intensity of 16.4 Wém
and a spot size of about 1 rinfvMleasurements are done
on boron doped and silicon nitride passivated [5]
multicrystalline silicon or Czochralski silicon wase
with a thickness below 200 um. These wafers usually
contain considerable amounts of interstitial ir@rich
forms in p-type silicon meta-stable pairs with the

acceptor [6], e.g. boron. These iron-boron paieseasily
dissociated by illumination or heating of the saenpl
Association takes place if the wafer is stored ankdess

at room temperature. Both states of the iron-borainsp
induce different states in the silicon band gapictvitan

be described by the Shockley-Read-Hall (SRH) theory
[7]. Hence the dissociation of iron-boron pairs sesia
change in the minority carrier lifetime. This issaloved

by a changing MWPCD signal during illumination oéth
sample as it is depicted in Fig. 1. The iron-bopairs

are dissociated using the excitation laser of ttWRCD
system. In the iron-boron-pair state, only founsiants

are measured and averaged to avoid considerabie pai
breaking during the measurement. The measurements,
which are taken in the intermediate and completely
dissociated state, represent the average over 1024
transients to lower the noise of the signal.
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Fig. 1: MWPCD signal during the dissociation of
the iron-boron pairs.

This defect reaction, which is often observed ilarso
silicon, might originate from other impurities ihet solar
silicon. Hence it has to be scrutinized if this ebef
reaction indeed originates from the iron-boron gaiihis
can be done by investigating the association psodes
boron doped silicon solely chromium is known beside
iron to increase the lifetime in the mid to higleition
region after illumination [8, 9]. Both contaminamiifer
in the time constants of the exponential lifetimecaly
during the association process. The associatiore tim



constant of chromium-boron pairs is found to behia
range of several hours [10] compared to the tinmsizmt

for iron-boron pairs, which is in the range of ntiem
Hence, if a pronounced change in the signal occurs
several minutes after turning off the illuminatigsee
Fig. 1), the defect reaction originates mainly frahe
iron-boron pairs.
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Fig. 2: a) Minority carrier lifetime plotted as a
function of the excess carrier density in bothestat
of the iron-boron pairs. b) Interstitial iron contés
calculated from the data of part a) as a functibn o
the excess carrier density.

2.2 Extraction of the minority carrier lifetime frothe
MWPCD signal

MWPCD measurements reveal a signal proportional
to the excess carrier density [11]. To obtain alsol
values of the excess carrier density the signaltbdse
calibrated. This point will be discussed in detail
section 3. Usually the MWPCD signal is fitted
exponentially and the time constant of the decay is
interpreted as the minority carrier lifetime. Asnche
seen in Fig. 1, this conventional evaluation method
reveals only a bad approximation to the MWPCD signal
and thus leads to a loss of information about theeral.
To overcome this problem an evaluation method was
developed [12,13], which analyses the MWPCD sighal a
every time point as follows

) = ———
° d(InAn(t))/dt )

With this approach the minority carrier lifetimgcan be

determined as a function of the excess carrierigjens.

But this evaluation method is only applicable, ifnth
(w<200um) and surface passivated wafers with
minority carrier lifetimes in the range of about
1 ps <1, <100 us are investigated [13]. Fig. 2a shows the
MWPCD measurements of Fig. 1 in both states of the
iron-boron pairs, which are evaluated using Eg. The

iron-boron-pair dissociation causes the typicalngfeain

the minority carrier lifetime as it can also be etved by
quasi-steady-state photoconductance (QSSPC)
measurements [14].

The anomalous increase in the lifetime at low exces
carrier densities as observed in Fig. 2a is cabsethe
minority carrier trapping effect [15] and by theptition
region modulation effect (DRM) [16].

2.3 Calculation of the interstitial iron content

The difference in the minority carrier lifetime
measured in both states of the iron-boron pairs lman
used to determine the interstitial iron content.isTh
method was first applied to surface photo voltege\()
measurements [17] and later extended to QSSPC
measurements [18]. It relies on the complete kndgde
of the SRH parameters in both states of the iromior
pairs. If the lifetimestr; and 1z are measured in the
respective states, the interstitial iron contengiieen by
(18]

[Fe]=C(a 1

Teg(AN)

n) L
T (AN) o)

The prefactor Cfn) is calculated using the SRH
formalism with the parameters taken from Ref. [168¢ a
Ref. [20] for the iron-boron pairs and interstitiabn,
respectively. If the lifetimes are obtained foaege range
of the excess carrier density, the interstitiahimntent
can be calculated as a function of the excessecarri
density. Of course the interstitial iron conteneslmot
depend on the excess carrier density and hencédsheu
constant, but this plot can be used to check toaracy
of the respective measurement method. The infeistit
iron content calculated from the data displaye#im 2a
is plotted in Fig. 2b. An interstitial iron conterdf
[Fe]=1.410"cm?® is found, which is constant for the
most part of the measurement revealing the evaluati
approach of the MWPCD measurement to be accurate.

3 CALIBRATION OF THE MWPCD SIGNAL

The knowledge of the excess carrier density at lvhic
the minority carrier lifetime is extracted is crakfor the
determination of the interstitial iron content. Hen it
will be discussed in more detail. There are thregsato
calibrate the MWPCD signal. First the evaluated
MWPCD signal can be compared to QSSPC
measurements. Second the proportionality factosdsen
MWPCD signal and excess carrier density can be
calculated using a model [21]. And last the MWPCD
signal can be approximated by a numerical simulaifio
the bulk lifetime in dependence of the excess earri
density is known [22]. The latter two methods aessl
applicable because the detailed setup of our coniater
MWPCD setup is unknown and the bulk lifetime is the
quantity, which has to be determined by the
measurement. Hence the comparison of the MWPCD
signal with QSSPC measurements will be used for
calibration.

The QSSPC tool measures the photoconductance
using an inductively coupled coil. This signal is
calibrated to wafers with known resistivity. If theilk
lifetime of a wafer is a function of the excessriear



density, the MWPCD signal can be calibrated by a
QSSPC measurement. The evaluated MWPCD
measurement is shifted horizontally until both tlifee
curves coincide (see Fig.3). This transformation
determines the proportionality factor between MWPCD
voltage and excess carrier density. Using the iclim
by QSSPC measurements a problem arises due to the
differing measurement spot sizes of MWPCD (~1%3nm
and QSSPC (~1 dn If the lifetime varies laterally, as is
usually the case in multicrystalline silicon, th&&PC
and MWPCD measurements differ quite strongly. Hence
in multicrystalline silicon a homogeneous regiors ta
be used for calibration. To avoid this problem anmo
crystalline Czochralski silicon wafer was taken foe
measurements displayed in Fig. 3. This calibration
routine has to be accomplished only once for ope tf
wafer, because it depends mainly on the dopinghef t
silicon.

A detailed discussion of the differences between
QSSPC and MWPCD signal is given in Ref. [13].
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Fig. 3: The minority carrier lifetime of a Czochralski

silicon wafer is measured by MWPCD and QSSPC.
To calibrate the MWPCD signal the lifetime curve is
shifted until it agrees with the QSSPC measurement.

4 MAPPING OF THE
CONTENT

INTERSTITIAL IRON

The approach described in section 2 can now be used
to obtain two dimensional maps of the interstifi@n
content using the MWPCD measurement system. There
are several techniques to map the interstitial content.
Two dimensional maps can be obtained using SPV [1].
This method is operating in low injection, hence th
prefactor in Eq.(2) is well known. However, a
measurement is time consuming, causing errors due t
association of the iron-boron pairs during the niagp
The effect of the iron-boron-pair dissociation edso be
visualized very fast by infrared lifetime mappirig$ and
photoluminescence images [3]. In both cases themsf
illuminated with a homogeneous light source. The
measured signal of both methods is proportionahto
excess carrier density, thus it has to be calidréig a
QSSPC measurement or by reference wafers. If the
electronic quality of the investigated wafer is
inhomogeneous, as is usually the case in multiaitirse
silicon, the excess carrier profile will vary laa#ly under
homogeneous illumination. This disturbs the calioita

of the interstitial iron content from the images kinth
states of the iron-boron pairs, because the prafant
Eq. (2) depends strongly on the excess carrierityens
The last method to observe the effect of iron-begpain
dissociation spatially resolved is the MWPCD
measurement [4], using the conventional approach to
evaluate the transient. This method also suffens fthe
unknown excess carrier density during the measureme
But also the linear fit to the transients as depldte
Fig. 1 leads to erroneous results.
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Fig. 4: The image of the interstitial iron content a)
of a multicrystalline silicon wafer is comparedao
optical scan image b) of the same wafer. The
brightness of the scan image is inverted.

The problem of an unknown excess carrier density at
each point can be avoided if the MWPCD signal is
measured point by point and subsequently evaluased
described in section 2. Maps of the interstitiabnir
content, which are obtained by applying this methosl
displayed in Fig.4a and Fig.5a. In Fig.4 a
multicrystalline silicon wafer with a silicon nitte
surface passivation is investigated. The image hef t
interstitial iron content is compared to a scangenaf
the wafer (see Fig. 4b). Clearly visible is a redlce
interstitial iron content at the grain boundarieseg
arrows 1 and 2 in Fig.4a and b). The reduced iron
content at the grain boundaries is caused by gaiter
Unfortunately, not all grains are visible on tharsémage
(see arrow 4). Some grain boundaries do not show a
decreased interstitial iron content as depictecrgw 3
in Fig. 4b.

In Fig. 5 the border area of a Czochralski silicon
ingot is investigated. In this region usually higbn
contents are observed due to indiffusion of iramfithe
ambient gas during pulling of the ingot [23]. Timaige



of the interstitial iron content measured on a ,SiN
passivated Czochralski silicon wafer is shown in. Bay
Clearly visible is the decrease of the interstitian
content from the border towards the center of tigot.

In Fig. 5b the average of the interstitial iron @t in
the y-direction is compared to the numerical solutof
the iron diffusion equation [24]. It is assumedtthze
fraction of the interstitial iron content compartx the
total iron content does not vary and is 0.01. é&iti$
known in the literature about the temperature cioms
during the ingot pulling, because such informai®mnot
disclosed by the companies. Hence a rough estimafio
7 h at 1000 °C is used to simulate the diffusione Th
diffusion coefficient is taken from Ref. [20].
Nevertheless, a very good agreement between the
measured and simulated iron content is found rengal
the increased iron content at the edge of the immdte
caused by solid state diffusion. The deviation loé t
measured iron content from the simulated one caigi
from the temperature profile within the ingot dgrithe
pulling process. The constant iron content, whish i
observed in the inner regions of the wafer, steromf
iron contaminated silicon feedstock.
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Fig.5: a) Map of the interstitial iron content of a
Czochralski silicon wafer. The border of the ingot i
at x=0. In part b) the average over y-directien i
compared to a numerical solution of the iron in
silicon diffusion equation.

5 CONCLUSION

The impact of the iron-boron-pair dissociation be t
microwave-detected photoconductance decay (MWPCD)
is analyzed and used to determine the interstitai
content with high spatial resolution. Therefore, an
advanced method to evaluate the MWPCD signal is
applied. Two dimensional images of the interstittah
content are taken from multicrystalline and Czodakial
silicon wafers, which exemplify gettering of irom the
grain boundaries and indiffusion of iron from thasg
ambient into the Czochralski ingot during the pulin

process, respectively.
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