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Abnormally high effective carrier lifetimes have been observed in multicrystalline silicon wafers
using both transient and steady-state photoconductance techniques. A simple model based on the
presence of trapping centers explains this phenomenon both qualitatively and quantitatively. By
fitting this model to experimental data acquired with a quasi-steady-state photoconductance
technique, it is possible to determine the trap density, trap energy, and the ratio between the
mean-trapping time and mean-escape time. A correlation between trap density and dislocation
density in the material has been found. ©1999 American Institute of Physics.
@S0003-6951~99!03212-X#

Photoconductance measurements of cast multicrystalline
silicon ~mc-Si! wafers often show unusual behavior, particu-
larly at low illumination levels. The photoconductance decay
after a light pulse does not follow a pure exponential
function,1,2 implying effective lifetimes that increase mark-
edly as the excess carrier density decreases. These apparent
lifetimes can reach values in the hundreds of microseconds,
even in poor-quality material. Similar problems have been
observed when using the quasi-steady-state photoconduc-
tance~QSSPC! technique with mc-Si.3,4 They have also been
reported in other materials, including single-crystal silicon,5

thin-film polycrystalline silicon, and CdTe.6

These extremely high apparent lifetimes in mc-Si have
been suspected to be due to trapping effects, although the
physical mechanisms remained unclear and a quantitative ex-
planation of the experimental data had not been attempted. In
this letter we examine a trapping model developed by Horn-
beck and Haynes,7 and also by Fan,8 which was used in the
mid-1950’s to explain unusual carrier behavior in poor-
quality single-crystal silicon. While the main focus of the
Hornbeck and Haynes paper was on the analysis of the tran-
sient photoconductance decay, we concentrate here on the
steady-state situation, adapting the model for use with the
QSSPC technique. In this technique, the photoconductance
of the wafers is measured inductively while the sample is
subjected to a slowly varying source of illumination. Pro-
vided that the rate of change of the light intensity is suffi-
ciently slow, a steady-state analysis can be used to determine
the effective lifetime. This technique provides a convenient
way of exploring the behavior of the photoconductance un-
der a broad range of illumination conditions.

Figure 1 shows QSSPC data from four mc-Si wafers,
depicted on a log–log scale. The four samples are from dif-
ferent parts of ap-type multicrystalline solar grade silicon
ingot grown by directional solidification at Eurosolare, SpA.
Wafers labeled 6A, 6B, 6C, and 6D come from the top, near
top, center, and bottom of the ingot, respectively. The
samples studied were phosphorus gettered, etched, and then
given a light phosphorus diffusion and oxidation to passivate
the surfaces. Grain sizes were, typically, about 40 mm2 and,

considering that the QSSPC technique measures a region of
around 4 cm2, the results are effectively averages over sev-
eral grains.

The extremely high effective lifetimes at very low injec-
tion cause the QSSPC technique to overestimate the lifetimes
due to a partial breakdown of the quasi-steady-state
assumption.4 This can be corrected for by multiplying the
lifetimes teff by a factor (t light2 teff)/tlight , where t light

5 2.3 ms, the characteristic decay time of the flash used. To
ensure that the correction was adequate, true steady-state
measurements were also taken with a low-intensity halogen
lamp. These measurements are shown in Fig. 1 and provide
extra confidence in the corrected QSSPC measurements.

Figure 1 also shows the adapted trapping model of Horn-
beck and Haynes fitted to the QSSPC data. The essential
features of the model are illustrated in Fig. 2 in the form of
an energy-band diagram. An assumption of the Hornbeck–
Haynes model is that recombination only occurs through a
set of deep recombination centers at a rate proportional to
1/t r , wheret r is the recombination lifetime, which is as-
sumed constant over the injection-level range considered.
The recombination rate perfectly balances the generation
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FIG. 1. Quasi-steady-state photoconductance measurements of the effective
lifetime for wafers from the top~6A!, near top~6B!, center~6C!, and bottom
~6D! of the same mc-Si ingot. True steady-state measurements are indicated
by crosses, and the continuous lines represent the trapping model fitted to
the data. The values of the fit parameters for each wafer are given in
Table I.
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rate, which is provided by steady-state external illumination.
Also present are a number of relatively shallow levels, which
trap electrons, but do not contribute directly to recombina-
tion. The relevant density relating to these traps is the density
of normally empty trapsNt , which is dependent on the tem-
perature and the Fermi level. The material used in this study
wasp-type mc-Si~0.8V cm!, and so, the Fermi level is quite
close to the valence band, resulting in almost all the traps
being empty when in equilibrium at room temperature. Con-
sequently, the density of normally empty traps is effectively
equal to the total trap density. Carriers are trapped at a rate
proportional to 1/t t , wheret t is the mean time before trap-
ping when all the traps are empty. The trapped carriers es-
cape back to the conduction band at a rate proportional to
1/tg , with tg is the mean time spent in a trap, and is inde-
pendent of the proportion of traps occupied. Under steady-
state conditions these rates are in balance.

In order to establish a physical picture of the effect of
the traps, first consider the case when the carrier concentra-
tion is much greater than the trap densityNt , a condition that
can be obtained with strong illumination. In such a situation
the proportion of electrons in the traps is small, even if most
of the traps are full, and the excess hole and electron densi-
ties, Dp and Dn, respectively, are hence nearly equal. Re-
combination proceeds through the deep centers at a rate pro-
portional to the photogeneration, reflecting the bulk lifetime
of the material. Consider now different experimental condi-
tions with lower light intensities. As the carrier concentration
decreases to near and belowNt , the proportion of electrons
in the traps rises. Charge neutrality demands thatDp5 Dn
1 nt , wherent is the trapped electron concentration. Hence,
as the trapped electron concentration begins to be appre-
ciable, the excess hole concentration becomes significantly
higher than the level that would be expected without traps.
The result is a larger photoconductance and, therefore, an
increased effective lifetime. The excess conductivityDs
~due to the untrapped carriers! is

Ds5 qDn~mn1 mp!1 qntmp , ~1!

where mn and mp are the electron and hole mobilities. At
injection levels well belowNt , the proportion of trapped
electrons approaches a constant value determined by the
trapping and escape timest l andtg , resulting once again in
a constant but significantly larger, effective lifetime.

According to the Hornbeck–Haynes model, the differen-
tial equations describing the kinetics of carrier populations in
p-type material can be written as
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wherege is the photogeneration rate of electron–hole pairs.
In the steady-state case, the left-hand sides of the above

equations are both zero, reducing the relations to

Dn5 get r , ~4!

nt5
NtDn

Dn1 Ntt t /tg
. ~5!

Note that for a given photogeneration rate the density of
free-electronsDn remains equal to that expected when no
traps are present. The main consequence of trapping is an
increased number of excess holes, resulting in an enhanced
photoconductance.

In the common interpretation of steady or quasi-steady-
state photoconductance measurements, the effective carrier
lifetime teff is calculated from the excess conductivity and
the photogeneration rate by assumingDn5 Dp:9

teff5
Ds

ge~mn1 mp!
. ~6!

The effective excess carrier concentration commonly deter-
mined in the QSSPC technique isDneff5 geteff . The model,
expressed by Eqs.~1!, ~4!, and ~5!, in conjunction with Eq.
~6!, can then be fitted to experimental data by adjusting the
parameters t r , t t /tg , and Nt . Note that when Dn
@Ntt t /tg , thenteff→tr , a constant, as expected~until high
injection effects become significant!. Also, if Dn
! Ntt t /tg , teff approaches the constant valuempt rtg /@(mn

1 mp)t t#. Our observations indicate that the ratiot t /tg is,
typically, of the order 0.1 – 0.01, and so,teff'10– 100t r in
this limit, much higher than the true minority-carrier recom-
bination lifetime.

The depth of the trap below the conduction-bandEC

2 ET can also be estimated via7

EC2 ET5 kT logeSNCtg

Ntt t
D, ~7!

wherek is Boltzmann’s constant andT5 300 K. NC is the
effective density of states in the conduction band,10 with a
value of 2.863 1019cm2 3. The calculated trap energies for
each of the samples studied are given in Table I, with an
average value of 0.386 0.03 eV below the conduction-band
edge. It is possible that this value represents an ‘‘average’’ of
more than one trap level present in the samples.

FIG. 2. Energy-band diagram depicting the carrier recombination and trap-
ping processes.

TABLE I. Values of the trapping model parameters for the four mc-Si
samples shown in Fig. 1. Each sample comes from a different region of the
same mc-Si ingot, with a resistivity of 0.8V cm.

Sample
Bulk lifetime

t r ~ms!
Trap density
Nr ~cm2 3!

Trap/escape
Ratio t t /tg

Trap energy
EC2 ET ~eV!

6A ~top! 0.75 4.03 1015 0.0015 0.398
6B 51 1.73 1015 0.025 0.348
6C ~center! 41 9.03 1014 0.019 0.371
6D ~bottom! 2.0 5.13 1014 0.008 0.409
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As Fig. 1 shows, the model is clearly capable of describ-
ing the behavior of a variety of mc-Si wafers with very dif-
ferent recombination lifetimes over a broad range of carrier
density levels. Table I contains the values of the fit param-
eters for the curves fitted to QSSPC data from the four wa-
fers studied, indicating that the top of the ingot has the larg-
est trap density and the bottom the lowest.

For the three samples with the highest recombination
lifetimes t r , the model fits the data very well. All these
samples have diffusion lengths close to or greater than the
sample thickness~300 mm!. However, for the sample with
the lowest lifetime~6A!, the diffusion length is only 50mm,
causing the white-light illumination to produce a nonuniform
carrier distribution across the thickness of the wafer. The
simplified analysis of the QSSPC data no longer calculates
the carrier density correctly, resulting in the calculated life-
times becoming ‘‘stretched’’ along the horizontal axis. Pos-
sible solutions to this problem include the use of thinner
wafers, or by illuminating with infrared light, which provides
more uniform photogeneration.

Previous work has suggested a link between the presence
of dislocations and trapping effects in single-crystal
silicon.11,12 Figure 3 shows a plot of the trap density against
the dislocation density for the samples in Table I, plus data

from five additional samples from the same ingot. The dis-
location density, which was determined by counting etch pits
under an electron microscope, is highest at the top of the
ingot, probably due to high thermal stresses resulting from
rapid cooling at the end of the casting process.

Figure 3 reveals that a correlation exists between the
densities of the trapping centers and dislocations for this par-
ticular mc-Si ingot. According to the results in Table I, there
also appears to be another relationship between the recombi-
nation lifetime t r and the ratiot t /tg . Additional work is
needed to verify these correlations for other mc-Si materials,
identify the physical origin of the trapping centers, and fi-
nally, their possible effect on device performance.

In conclusion, we have demonstrated that the anoma-
lously high apparent lifetimes measured in mc-Si at low in-
jection levels are caused by trapping of minority carriers, and
that a relatively old theoretical model explains the observed
injection-level dependence well. The trapping mechanism af-
fects not only the transient measurements of the photocon-
ductance, but steady-state measurements as well.
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FIG. 3. Dislocation densityNd vs trap densityNt for samples from the same
standard mc-Si ingot. The line of the best fit takes the formNt5 3.1
3 1013(Nd)0.29.
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