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ABSTRACT: The conductivity mobility for majority carrier holes in compensated p-type silicon is
determined by combined measurement of the resistivity and the net doping, the latter via electrochemical
capacitance-voltage measurements. The minority electron mobility was also measured with a technique
based on measurements of surface-limited effective carrier lifetimes. While both minority and majority
carrier mobilities are found to be reduced by compensation, the impact is greater on the minority electron
mobility. The Hall factor, which relates the Hall mobility to the conductivity mobility, has also been
determined using the Hall method combined with the capacitance-voltage measurements. Our results
indicate a similar Hall factor in both compensated and non-compensated samples.

1. INTRODUCTION

A large amount of experimental data and numerous
models concerning mobilities in non-compensated silicon
exist in the literature.[1-9] This allows one to easily deduce
the bulk dopant density from resistivity data, for example.
Knowing the dopant density one can also predict the
minority and majority carrier mobility for a wide range of
temperatures and injection levels, and thus characterize and
simulate the behaviour of solar cells or other devices under
various conditions.

Solar-grade silicon often contains high concentrations
of both acceptors and donors. Such dopant compensation
reduces the net doping (po=Na-Np for p-type silicon) and
thus increases the resistivity (p=1/qpopp). For the same
resistivity, a compensated sample will therefore have more
ionised impurities than a non-compensated sample. The
resulting greater ionised impurity scattering can be
expected to reduce the mobility in the compensated
sample.[10] Previous measurements using Free Carrier
Absorption,[11]  Capacitance  Voltage[12-14], Glow
Discharge Mass Spectroscopy,[15] or the Hall method[12,
16, 17] have shown that the majority carrier mobility in
silicon is affected by compensation. Other measurements in
compensated germanium have shown a similar trend for
majority carriers[18, 19] and minority carriers[20].

The increased impurity concentration and the different
scattering properties of ionised acceptors and donors are
only two of the peculiarities that make carrier mobilities in
compensated silicon intriguing. Another interesting aspect
is that the effect of compensation is not the same for
electron and holes. In p-type compensated silicon, even
though both electrons and holes will be scattered by more
impurities (N5 and Np), they will also see fewer free holes.
The lower hole concentration will result in lower hole-hole
screening and lower electron-hole scattering. This means
that while the higher impurity concentration reduces the
electron mobility, the lower free hole concentration will
tend to increase the electron mobility. The problem of
mobility in compensated silicon is thus not straightforward,
and experimental data for both majority and minority
carrier mobility are needed to ascertain the degree of
impact of the various scattering mechanisms.

In this paper, the majority hole conductivity mobility,
which is essential to deduce the bulk net doping p, from
resistivity p measurements, is measured for different
acceptor and donor concentrations.

As solar cells are minority carrier devices, it is also of
fundamental importance to assess the minority carrier
mobility in compensated silicon. Diffusion lengths have
been measured in compensated silicon before [15, 17, 21,
22] but until now, no direct experimental data concerning
minority electron mobility in compensated p-type silicon
has been measured.

A common method for measuring the majority carrier
mobility is the Hall method. Unfortunately, the Hall
method requires knowledge of the Hall factor in order to
convert the Hall mobility into the conductivity mobility,
which is the parameter of interest for solar cell operation.
The Hall Factor has been measured before in low purity
compensated silicon [23] and in lightly doped silicon
highly compensated with thermal donors.[12] In our study,
the Hall factor is determined by a direct comparison
between independent measurements of the Hall mobility
and conductivity mobility on the same samples (boron and
phosphorus doped).

Finally, it is also of interest for further simulation and
characterization to know if conventional mobility models
such as Klaassen’s[2, 3] model can be used safely for
compensated silicon. We therefore compare Klaassen’s
model with our experimental results to assess its accuracy.

2. SCATTERING MECHANISMS

Solar cells are low electric field devices, and the carrier
mobility of interest in solar cells is the bulk mobility.
Various scattering mechanisms contribute to limit the bulk
carrier mobility in silicon. These include defect scattering
(crystals defects, dopants, impurities), carrier-carrier
scattering and lattice scattering (intra and intervalley[24]).
Hole-hole (unp) and electron-electron (. e) scattering can
not alter the total momentum but can increase the
momentum transfer rate,[25] as such they only represent a
second order effect on the mobility.[2, 3]

In single crystal silicon at room temperature, crystal
defects are insignificant in terms of carrier scattering, and
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the bulk mobility of electrons and holes has previously
been shown to be mainly affected by ionized donor and
acceptor impurity scattering (Me p, e Hnps Mna), electron-
hole scattering (Men, Mne) and lattice scattering (e,
Mn)-[3] Using Matthiesen’s rule, the total mobility is given
by the sum of these terms:[2, 3]
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How will compensation affect these various scattering
mechanisms? Figures 1 and 2 show the contribution of all
these mechanisms in compensated p-type silicon for
various compensation ratios (Rc=(Na+Np)/(Na-Np)). From
Rc=1 (non-compensated, Np=0 cm-3) to Rc=100 (nearly
fully-compensated, Np=0.98xN,) the graphs shows the
effect of introducing donors at a fixed acceptor
concentration  (N,=1x107cm-3). The mobilities are
simulated with Klaassen’s mobility model.[2, 3] Figure 1
shows the majority hole mobility. The compensated donors
are ionised at room temperature and thus act as additional
ionised scattering centres, reducing the mobility. For
increasing donor concentration (increasing compensation),
the acceptor scattering mechanism becomes slightly less
effective. This is due to screening of acceptors by donors.
This means that acceptors are more effective scattering
centres for wvery low compensation ratio. Near full
compensation (Rc=100), the effect of the acceptor and
donor becomes similar. The global result of the three
scattering mechanisms shown in Fig. 1 is that the majority
carrier (hole) mobility is only very slightly reduced by
compensation. This is due to the fact that in this example
the dominant mechanism is lattice scattering.

Figure 2 corresponds to the minority electron mobility.
Because electrons are minority carriers they see many
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Figure 1: Majority hole mobility as a function of
compensation ratio for silicon with N,=x10"cm?, the
contributions of the various scattering mechanisms are
shown.

holes, whereas holes virtually see no electrons (pxn=n;®).
This means that electron-hole scattering is a significant
scattering mechanism reducing minority electron mobility
in lowly-compensated materials (Rc<3 in Fig.2). In
compensated silicon the hole concentration is reduced,
leading to a strong reduction of the electron-hole scattering.
The contribution of the electron-hole scattering on the total
minority carrier mobility becomes negligible. Nevertheless,
this effect is not sufficient to counteract the additional
donor scattering, and so the minority electron mobility still
decreases slightly with compensation. The total carrier
mobility in Figs 1 and 2, showing only a small dependence
on R¢, may lead one to believe that compensation does not
have a significant impact on mobility. This is true in the
sense of the addition of donors to a given acceptor
concentration not altering the mobility much. However, the
addition of donors produces a tremendous change on the
free carrier density and hence on the resistivity. If a
comparison was made between silicon of the same
resistivity, one compensated and the other not, then the
impact of compensation on carrier mobility would be
larger. This is the type of comparison most commonly done
in practice.

3. EXPERI MENTAL METHODS

The samples used in these studies were 155x155 mm
pseudo-square, p-type, <100>-oriented Czochralski-grown
silicon wafers with random pyramid texture. The samples
came from three control ingots (non-compensated), which
were boron-doped, with sample resistivities of 4.78 Qcm,
1.28 Qcm and 0.48 Qcm, and from two compensated
ingots, doped with both boron and phosphorus, with sample
resistivities of 1.14 Qcm and 0.43 Qcm. For more details
regarding these samples see Ref. 23. The acceptor
concentrations N, were previously determined using a
method based on the association time constant of iron-
boron pairs.[26] The donor concentrations Np were
determined using net dopant densities measured by
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Figure 2: Minority electron mobility as a function of
compensation ratio for silicon with Na=1x10Ycm™®, the
contributions of the various scattering mechanisms are
shown
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Table 1. Measured and modelled (Klaassen) minority and majority carrier mobility in compensated and non-compensated
silicon

- a1 Klaassen mobility
Measured mobility (cm?V's™ e
Concentration (cm™®) y( ) (cm®vish

(ng) Majority Minority Majority Minority
Na Np Po Hall Conductivity
p-type control
470  2.10x10% - 2.10x10® 316 - - 456 1283
1.28 1.15x10'6 - 1.15x10%® 281 435+ 13 1120 + 100 425 1082
0.48  3.50x10% - 3.50x10% 246 37211 765 + 80 382 878
p-type compensated
1.14  4.00x10% 2.5x10% 1.50x10%® 244 365+ 11 660 + 57 358 838
053  8.10x10'®  4.05x10'®  4.05x10'® 218 291+9 476 + 87 315 684

Electrochemical Capacitance Voltage (ECV) combined
with acceptor density values, via Np = Na — po, and as
listed in Table I.

All the samples were surface etched to remove the pre-
existing random pyramid texture. The samples were cut in
1 x 1 cm? pieces using a dicing saw. Aluminium contacts
were then evaporated at each corner of the samples
according to the Van der Pauw structure.[27] The resistivity
(p) was measured using a four point probe setup on the four
aluminium contacts.

The conductivity carrier concentration (pgc) was then
measured on the same samples using a CPV21 ECV
profiler with contact on the Al pads. The area of the ECV
crater was measured externally by a pin profiler (Dektak).
This allowed for the correction of the calculated dopant
density as explained by Bock et al.[28] The profile was
found to stabilize after 0.1 pm. To minimize the
uncertainty, more than 30 net dopant measurements were
made until a depth of 0.4-0.5 pm was reached. The dopant
density value was determined as the mode of the net dopant
values. By avoiding the use of the average value, the initial
measurements and the local false measurements (mainly
due to bubbles in the electrolyte) were excluded. The
conductivity mobility was then calculated (Uc=1/qpo cp).

In order to perform minority carrier mobility
measurements with the technique developed by Sproul et
al.[29] further 155x155 mm square wafers were cut into 4
x 4 cm? pieces. The wafers were then etched to different
thicknesses ranging from 90 pm to 170 um using a standard
HNOs:HF etch. This tends to yield non uniform surface
thickness near the edges. Nevertheless the 2 x 2 cm? central
part was found to be uniform in thickness. The surfaces
were next abraded to yield infinite surface recombination
velocities. The effective lifetimes were then dominated by
surface recombination, and their magnitudes determined by
the diffusivity (or mobility) of minority carriers, as
described below.

These lifetimes were measured using the microwave
photoconductance decay (MW-PCD) technique with an
excitation wavelength of 904 nm. This is the same
wavelength used by Sproul et al.[29] The lifetime variation
due to increasing laser power was monitored in order to
achieve a high signal/noise ratio without reaching high-
injection conditions, which would affect the mobility.

The lifetime was measured more than 25 times with
averaging over 1024 pulses to get a low standard deviation.

Figure 3 shows the reduction of the measured effective
lifetime with thickness, plotted in the manner used by
Sproul, allowing the minority carrier electron mobility to be
determined on each of the samples. The uncertainty in the
mobilities was estimated using a best fit within the error
bars of the 1/t vs (w/W)? data (with W the sample
thickness).

The Hall carrier concentration (po ) Was then measured
on the Van der Pauw structure using an Accent HL5500PC
Hall Effect measurement system with a magnetic field
strength of 0.32T (low magnetic field). This allowed for the
determination of the Hall mobility (pp=1/qponp). Using
both Hall and conductivity measurements allows us to
determine the Hall mobility and the conductivity mobility,
and therefore the Hall factor. By making both carrier
concentration measurements at the same place on the same
sample, we avoid any uncertainty due to dopant differences
between samples.
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Figure 3: Plot of 1/t vs (m/W)? to determine the minority

carrier mobility. The error in the mobility is determined
using the best fit within the error bars
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Figure 4: Majority conductivity hole mobility in
compensated and non-compensated p-type silicon versus
acceptor concentration for different donor concentrations

4. RESULTS AND DISCUSSION

4.1.Majority carrier conductivity mobility

The majority hole conductivity mobilities determined
by ECV and resistivity measurements are listed in Table |
for two control samples and the two compensated samples.
Note that these four samples occur in two pairs with similar
values of py, which provides a useful basis for comparison.
The results reveal a 15-20% reduction of the hole mobility
in the compensated silicon wafers compared to non-
compensated silicon samples with similar net doping. For
both the controls and the compensated samples the
measured values are in very good agreement with those
predicted by Klaassen’s model.

The results are also plotted in Figure 4, as a function of
the acceptor concentration Na. Klaassen’s model is shown
for three cases, with Np=0 cm™, Np=2.5x10% cm® and
Np=4.05%10% cm. The Np=0 cm™ case corresponds to the
two control wafers, while the other two curves relate to the
two compensated samples. The plot again reveals the good
agreement with Klaassen’s model.

4.2.Minority carrier conductivity mobility

The minority carrier mobility was measured using the
Sproul method on samples with mechanically abraded
surfaces.[29] This method only requires a knowledge of
two quantities, the effective lifetime t and the thickness W
of the sample. Due to the very high surface recombination
velocity the lifetime is dominated in low injection by the
diffusion rate of the minority carriers to the surface. For the
case of an infinite surface recombination velocity, the
relation between the effective lifetime (ter), the diffusion
coefficient (D,), the sample thickness (W) and bulk lifetime

(1) is:[29]
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Figure 5: Minority electron mobility in compensated and
non-compensated  p-type  silicon  versus acceptor
concentration for different donor concentrations

Knowing the thickness and the effective lifetime one
can therefore deduce the electron diffusion coefficient.
Because some of our samples have quite low resistivity,
with low bulk lifetime, the diffusion constant was
determined from the slope of a plot of 1/t vs (m/W)? using
samples of different thickness, as explained by Sproul et
al.[29] This allows the impact of the bulk lifetime to be
eliminated from the analysis. The fit for a compensated
sample of resistivity 1.6 Qcm and non-compensated sample
of resistivity 1.2 Qcm is shown in Figure 3. The resulting
electron mobilities are listed in Table I. There is a
significant 35-45% reduction of electron mobility in our
compensated silicon samples compared to the non-
compensated silicon samples with similar net doping.

Figure 5 shows the minority electron mobilities plotted
as a function of N, in analogy to Figure 4. While the
control samples are in reasonable agreement with
Klaassen’s model, the compensated samples lie well below
the curves predicted by it.

5. Hall Factor in compensated silicon

The Hall factor depends on the carrier type, the
dominant scattering mechanisms, temperature and the
magnitude of the magnetic field. The Hall factor
approaches unity when the magnetic field is strong.[30]
However, for practical reasons it is often difficult to
measure under such high magnetic fields. Therefore it is of
fundamental importance to measure the Hall factor ry in
compensated silicon in order to be able to convert low-field
Hall mobilities into conductivity mobilities. Moreover the
Hall factor is larger than 1 in n-type silicon and smaller
than 1 in p-type silicon.[30] This raises uncertainty about
the value of the Hall factor when both dopant types are
present in the bulk, as is the case for compensated silicon.

The relationship between the Hall mobility py and the
conductivity mobility pc is expressed as py = rypc. The
resistivity has no part in the determination of the Hall
factor, and thus the Hall factor can also be expressed as the
ratio of the conductivity carrier density pyc over the Hall
carrier density poy as follows: ry = poc/pon. Using the
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Figure 6: Hall factor in compensated p-type silicon as a
function of the net doping

ECV and Hall carrier concentrations measured in this work,
the Hall factor at room temperature was thus determined.

Figure 6 shows that the Hall factor at room temperature
is approximately constant in the 10'® cm™® to 10" cm®
dopant range. An average value of 0.71 is a good
approximation for both control and compensated samples.
The values of the Hall factor in the control samples are
close to those found in the literature for p-type silicon.[23,
31] In compensated silicon, the Hall factor is close to the
value of 0.74 estimated by Libal et al.[16] using Hall and
simulated conductivity mobility data. It is also in agreement
with the data of Morin et al.[23] in low purity compensated
silicon and Veirman et al.[12] in silicon compensated by
thermal donors.

Table | shows the measured Hall and conductivity
majority mobilities. Using a unity Hall factor would lead to
approximately a 30% error in the determination of the
conductivity mobility, which is quite significant.

6. Discussion

The measured conductivity mobilities were compared
to Klaassen’s mobility model. Klaassen’s model is the
standard low field mobility model used in semiconductor
simulations near room temperature. It has the advantage of
taking into account acceptor and donor scattering
mechanisms separately, and therefore has the potential to
properly account for scattering mechanisms in compensated
material of different compensation ratios and dopant
concentrations. The model inputs, namely the acceptor and
donor concentrations, are shown in Table 1.

Within experimental error, Klaassen’s mobility model
gives very good agreement with our measurements for the
majority hole mobility in compensated p-type silicon.
Combined with an accurate model of the bulk dopant using
known segregation coefficients for the dopant species
present,[32] this allows for the conversion of resistivity
measurements into net dopant densities in compensated
ingots.

However, the measured minority electron mobilities
are, even considering the uncertainties (see Figure 5),

significantly lower than predicted by Klaassen’s model for
the two compensated samples (by about 15 and 20%).

Klaassen’s mobility model uses the data of Masetti et
al.[4] in non-compensated silicon to quantify the main
scattering mechanisms. The discrimination between
impurity and electron-hole scattering is made using
theoretical calculations fitted to non-compensated data. The
amount of scattering due to these mechanisms is different
in compensated silicon, with less majority carrier screening
and electron scattering, but higher impurity screening and
impurity scattering. If not weighted properly, the altered
electron-hole scattering could lead to the discrepancy
observed between our experimental electron mobility data
and Klaassen’s model.

Our results also have implications for another current
question regarding compensated silicon, namely, whether
B-P pairs exist or not.[22, 33] If B-P pairs were present in
the material they would act as single scattering centres for
both holes and electrons. The resulting density of ionised
dopants causing scattering would thus be expected to be
lower. However, the fact that we observe a good agreement
with  Klaassen’s model wusing the total dopant
concentrations N and Np as inputs indicates that B-P pairs
are not present to any significant degree, in agreement with
other recent studies.[11, 34]

7. CONCLUSION

Klaassen’s model takes screening effects, lattice
scattering, electron-hole scattering and impurity scattering
into account, and predicts the resulting reduction in
majority carrier mobility in p-type silicon with reasonable
accuracy. As such this model is appropriate to convert
resistivity into net doping, provided the acceptor
concentration is known or the resistivity can be fitted to an
ingot segregation profile. However, those scattering
mechanisms can differ in compensated silicon and other
physical mechanisms can influence the mobility especially
at high compensation. There is thus room for improvement
in the modelling of mobility in compensated silicon.

We have shown that both the minority and majority
conductivity = mobilities are affected by dopant
compensation in silicon. In particular, minority carrier
mobilities are more affected than majority carrier
mobilities. For similar net doping, the majority hole
mobility is reduced by around 20% in the samples studied
here, while the minority electron mobility is reduced by
around 40%. This reduction in carrier mobility would, in
isolation, have a negative impact on the solar cell
efficiency, with minority carrier diffusion lengths reduced
by around 22% due to compensation. Nevertheless, the
diffusion length also depends on the carrier lifetime, which
is known to increase with compensation,[15, 16] and which
may offset the reduction in mobility. We have found the
Hall factor at room temperatures to be similar in
compensated and non-compensated silicon, with a value of
approximately 0.71. Contrary to previous conjectures,[16]
the decrease of the Hall mobility in compensated silicon
can not be explained by an increase in the Hall factor.
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