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ABSTRACT
High efﬁciency solar cells have been fabricated with wafers from an n-type Czochralski grown (Cz) ingot using 100%
Upgraded Metallurgical-Grade (UMG) silicon feedstock. The UMG cells fabricated with a passivated emitter and rear
totally diffused (PERT) structure have an independently conﬁrmed cell efﬁciency of 19.8%. This is the highest efﬁciency
reported for a cell based on 100% UMG silicon at the time of publication. The current and power losses are analysed as a
function of measured material parameters, including carrier mobility, lifetime and the presence of the boron–oxygen defect.
Dopant compensation is shown to reduce both the minority carrier lifetime and mobility, which signiﬁcantly affects both
the current and voltage of the device. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Upgraded Metallurgical-Grade (UMG) silicon has raised
interest as an alternative material for silicon solar cells
[1–7]. UMG silicon is produced using a liquid phase
puriﬁcation of Metallurgical-Grade (MG) silicon, but contains more impurities than electronic-grade (EG, vapour
phase puriﬁcation) silicon, especially shallow acceptors
(B, Al) and donors (P). This leads to reduced carrier mobilities and the formation of boron–oxygen (BO) defects
in n-type silicon. In p-type UMG silicon the BO defect
is known to affect the cell parameters [8,9]. For the desired application of n-type UMG silicon in higher efﬁciency structures, it is critical to assess the potential
impact of the reduced mobility and the presence of the
BO defect on the cell parameters. Previous studies have
attempted to quantify the detrimental impact of the BO defect and reduced mobility on cell parameters of n-type
UMG solar cells; however they were conducted on low

Copyright © 2015 John Wiley & Sons, Ltd.

efﬁciency structures (6–15%), and were thus less sensitive
to the material properties [10–12].
With the recent advent of higher quality UMG material
[13], there is now improved scope for higher efﬁciency devices. In 2011, comparable cell efﬁciencies were achieved
using p-type multicrystalline silicon with UMG feedstock
(18.35%) and feedstock from the Siemens process
(18.45%, large-area PERC with full area front emitter)
[5]. A switch to n-type Cz UMG silicon allowed for 19%
efﬁcient solar cells using a heterojunction design (large
area) [6]. This was followed by a 19% efﬁcient n-type Cz
UMG solar cell using a simpler homojunction cell process
with aluminium emitter (large-area screen printed with full
rear emitter and selective front surface diffusion) [7].
In this paper further improvement of n-type solar cells
made from 100% UMG Czochralski-grown (Cz) silicon
is reported. The high efﬁciency device also allows accurate
analysis of the impact of reduced mobilities and the presence of the BO defect on the cell parameters.
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2. EXPERIMENTAL METHOD
The wafers used in this study were sliced from two monocrystalline n-type silicon ingots. The ﬁrst group of wafers
came from an ingot grown with 100% UMG silicon. The
UMG feedstock was produced by FerroPerm in the framework of the PHOTOSIL project, the reﬁnement process
consisting of an inductive plasma treatment to reduce the
boron concentration followed by an optimized segregation
process to remove metals impurities and Phosphorus [14].
Glow discharge mass spectroscopy (GDMS) analysis on
the feedstock reveals the presence of boron [B]
= 4.3 × 1016 cm 3, phosphorus [P] = 1.9 × 1016 cm 3 and
aluminium [Al] = 1 × 1015 cm 3, whilst iron and copper
concentration are below their respective detection limits
[Fe] < 1.3 × 1015 cm 3 and [Cu] < 2.2 × 1014 cm 3. Phosphorus highly doped Silicon was added to the UMG feedstock
when the crucible was loaded to obtain a 100% n-type ingot,
the total contents of Phosphorus in the ﬁnal ingot was
1 × 1017 cm 3.
The UMG ingot was grown using the Czochralski process and had a diameter of 6 in and a mass of 5.55 kg. The
interstitial oxygen concentration and substitutional carbon
concentration were determined through low temperature
μFTIR measurements. The oxygen concentration was
found to be [Oi] = 1.1 × 1018 cm 3 at the top of the ingot
and [Oi] = 6.0 × 1017 cm 3 at the bottom of the ingot. The
substitutional carbon concentration was found to be [Cs]
= 1.1 × 1017 cm 3 at the top of the ingot and [Cs]
= 6.8 × 1017 cm 3 at the bottom of the ingot. The wafers
used for cell fabrication came from the ﬁrst half of the ingot (fraction solidiﬁed = 35%) and were close to the wafers
used in the lifetime and mobility study (fraction solidiﬁed = 40%). The wafers had a net doping concentration
n0 = 1.3 × 1016 cm 3 with [P] = 5.1 × 1016 cm 3 and [B]
= 3.8 × 1016 cm 3. Wafers for determination of the ingot
proﬁle came from ﬁve positions along the ingot.
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The second group of wafers came from an ingot grown
with EG silicon using the ﬂoating-zone (FZ) process
and had a net doping concentration of n0 = [P]
= 2.0 × 1015 cm 3. Figure 1 shows a schematic diagram of
the passivated emitter and rear totally diffused (PERT) solar cell structure used in this study [15]. The cells were
2 × 2 cm2 in size, with random pyramid texturing on the
front surface, and full-area front boron and rear phosphorus
diffusions. The boron diffusion was performed at 950 °C
and resulted in a sheet resistance of approximately
118 Ω/□. The phosphorus diffusion was performed at
775 °C followed by a 880 °C oxidation and resulted in a
sheet resistance of approximately 148 Ω/□. The front surface passivation layer was an Al2O3/SiNx stack, and the
rear passivation layer was a single SiNx ﬁlm. Al2O3 was
deposited by atmospheric pressure chemical vapour deposition (APCVD) [16] and SiNx by plasma-enhanced chemical vapour deposition (PECVD). Front and rear contacts
were deﬁned by photolithography followed by thermal
evaporation of Cr/Pd/Ag stacks, with subsequent silver
electroplating.
Lifetime samples were used to monitor the bulk lifetime
throughout the process, and after activation of the BO defect. Minority carrier lifetime measurements were performed using the QSSPC and transient photoconductance
method [17] with a Sinton WCT120 system. 100 Ω.cm ptype and n-type wafers were used to measure the recombination parameter J0 of passivated phosphorus and boron
diffusions respectively. The majority carrier mobility was
measured on 1 × 1 cm2 Van der Pauw structures using the
Hall effect [18]. Temperature-dependent Hall measurements were conducted using an Ecopia HMS-5000 device
equipped with a temperature controlled system cooled with
liquid nitrogen. The Hall carrier density n0H and resistivity
were measured on Van der Pauw structures between 80
and 350 K [18]. The conductivity carrier density n0
was then calculated from the Hall carrier density using

Figure 1. Schematic representation of UMG silicon solar cells with full front boron and rear phosphorus diffusion, Al2O3/SiNx stack at
the front, SiNx at the rear and Cr/Pd/Ag stack at the front and rear.
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the T-dependent parametrization of the Hall factor rH provided by Ohta and Sakata n0 = rH × n0,H [19]. In the FZ
EG cell, both majority and minority carrier mobility were
simulated using Klaassen’s model [20,21]. The minority
carrier mobility in the UMG wafers was simulated using a
modiﬁed version of Klaassen’s model adapted for compensated silicon [22]. Dark I–V measurements were performed
using a Keithley 2400 source meter, the TLM measurements using a four point probe and the Suns-Voc measurements using a Suns-Voc from Sinton Instruments [23].

which suggests that fast diffusing metallic impurities may
not be responsible for the lifetime degradation. Hence, it
is possible that the degradation observed here is not because of oxygen precipitates or metallic impurities but
rather to dislocations created during boron diffusion as observed by others [34]. In the UMG material, light-induced
degradation also led to a further reduction of the lifetime
from 115 μs to 62 μs (at Δp = 1 × 1015 cm 3) because of
the formation of the BO defect.
3.2. Majority and minority carrier mobility

3. UMG MATERIAL PARAMETERS
3.1. Lifetime and BO defect
Three UMG control samples were prepared to investigate
the impact of high temperature processing on the minority
carrier lifetime. Sample 1 was left as-grown, sample 2
underwent the boron diffusion and sample 3 both the boron
and phosphorus diffusions. All samples were then etched
back to remove diffused layers and passivated with SiNX.
The minority carrier lifetime also degrades in n-type
UMG silicon because of the formation of the BO defect
[24–28]. In order to investigate the effect of the BO defect,
sample 3 was subsequently illuminated for different
lengths of time (15 min, 90 min and 100 h at 26 mW cm 2).
Lifetime measurements were taken using a Sinton WTC120 and are presented in Figure 2.
Both thermal diffusion processes were found to degrade
the lifetime. Bulk lifetime degradation is known to occur in
n-type Cz silicon after boron diffusion and is usually associated with the nucleation and growth of recombination active oxygen precipitates [29,30] during the 900 °C–950 °C
diffusion step [31–33]. However, in our case, it is clear that
this degradation also occurs for the FZ wafers where no
oxygen precipitates should nucleate. Also note that the lifetime does not increase after the phosphorus diffusion

In order to determine the dopant concentration in the CZ
UMG cells we used the initial boron and phosphorus concentration present in the feedstock (measured by GDMS)
together with the concentration of added phosphorus as a
ﬁrst guess [35]. We then used Scheil’s equation, with segregation coefﬁcient of kB = 0.8 for boron, kP = 0.35 for
phosphorus [36] to obtain the dopant proﬁle of the ingot.
To validate (and obtain a more precise determination of)
the dopant concentration in the UMG cells (fs = 35%) we
performed temperature-dependent Hall measurements on
wafers at fs = 40%. We then simulated the temperature dependence of the net doping and kept [P+] [B ] constant
whilst changing [P] and [B] together until the simulated
and measured temperature dependence of the net doping
ﬁt. Figure 3 shows the measured temperature-dependent
Hall measurements, together with the ﬁt to obtain separately the boron and phosphorus concentration.
During this procedure we also take into account the incomplete ionization of phosphorus [37,38] (B is fully ionized in this n-type ingot). We also validated our
measurement with measurement of the net doping along
the ingot.
Dopant compensation is known to decrease both the minority and majority carrier mobility [25,38–46]. Table I
shows the majority and minority carrier mobility of the
UMG and EG cells. The UMG Cz cells have majority carrier concentration of n0 = [P+] [B ] = 1.3 × 1016 cm 3

Figure 2. Measured injection-dependent minority carrier lifetime (a) for the n-type EG FZ wafers and (b) the n-type UMG Cz silicon wafers in as-grown state, after boron diffusion, phosphorus diffusion and after different lengths of time under illumination, 15 min, 90 min
2
and 100 h at 26 mW cm .
Prog. Photovolt: Res. Appl. 2016; 24:725–734 © 2015 John Wiley & Sons, Ltd.
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Figure 3. Temperature dependence of the carrier density in the
UMG silicon sample at a fraction solidiﬁed of 40%. Black square
represent the measured Hall data. Solid lines are calculated
+
using a constant carrier density at 300 K (n0 = [P ] [B ]
16
3
= 1.3 × 10 cm ) and varying together the phosphorus and boron concentration.

whilst the electronic grade (EG) ﬂoat-zone (FZ) silicon
cells have majority carrier concentration of n0 = [P+]
= 2.0 × 1015 cm 3.
In the UMG wafers, the measured majority carrier mobility of 837 cm2 V 1 s 1 is signiﬁcantly lower than the
expected value of 1170 cm2 V 1 s 1 in uncompensated
silicon of comparable net doping concentration
(n0 = 1.3 × 1016 cm 3). This is because of the presence of additional dopants (with a total concentration 8.9 × 1016 cm 3),
which is shown to have an impact on resistive losses in the
devices, as discussed in section 5.3 below. The diffusion
length is calculated from the measured minority carrier bulk
lifetime and simulated minority carrier mobility. The reduced minority carrier mobility of 317 cm2 V 1 s 1 has a direct impact on the diffusion length and will impact the
device current, as shown in section 5.3 below.

4. CELL RESULTS
Independently measured (at Fraunhofer CalLab) light I–V
characteristic of the best n-type UMG Cz cell and the best

EG FZ cell conﬁrms an efﬁciency of 19.8% and 21.3% respectively. The cells are measured after light-induced degradation. The average efﬁciency for the n-type UMG Cz
cell (four cells) and the EG FZ cell (four cells) was
19.4% and 21.0% (in-house measurements). The light
I–V of the measured cells are plotted in Figure 4a along with
simulated I–V curves (to be discussed further in section 5.3)
and details of the extracted parameters are also presented
in Table II. When compared to the EG cell, the UMG Cz
cell efﬁciency is reduced by 1.5% absolute, with a loss of
1.6 mA cm 2 in short-circuit current and a loss of 16 mV
in open circuit voltage. The difference in FF between the
UMG and EG cells is relatively small. The loss in open circuit voltage reveals the lower minority carrier lifetime of
the UMG material. Even though the net dopant density is
twice that of the control cells, it is not sufﬁcient to compensate for the lower lifetime of the UMG material. The opencircuit voltage reduction would be more pronounced when
compared to a FZ cell with an identical net doping concentration (assuming similar lifetime in the FZ wafer).
The series resistance at MPP (RS_MPP) was extracted by
comparing the Suns-VOC measurements with the light I–V
measurements [47]. The series resistance remains unaffected by the UMG material. As will be shown below this
is because the series resistance is dominated by resistive
loss other than bulk carrier transport (e.g. front and rear
contacts and front diffusion). Dark I–V measurements for
the UMG Cz and EG FZ cells were ﬁtted to an equivalent
circuit model which allows extraction of the shunt resistance (RSH) [48]. The results indicated that shunt resistance
is sufﬁciently high to have a negligible impact on FF for
both the UMG Cz and FZ EG cells. Results of extracted
RSH and Rs are also included in Table II.
Figure 4b shows the measured and simulated internal
quantum efﬁciency (IQE) of the UMG Cz cell and the EG
FZ cell. Details of the simulated IQE are presented in
section 5.3. Note that we disregard the effect of escape reﬂectance Rescape and the effect of front ﬁlm absorption in the calculation of the IQE, meaning IQE = EQE / (1 Rfront) [49].
All of the current losses are in the high wavelength regions.
This is mainly because of the lower diffusion length of the
UMG material leading to a loss of photo-generated carriers
in the bulk of the material. This comes from contributions
of the lower lifetime and also the lower mobility, as shown in
section 5.3. The other contribution is because of the thicker
wafers used for the control cells. The impact of the UMG
material properties on the cell parameters will be discussed
in more detail in section 5.3.

Table I. INet doping n0, thickness W, minority carrier lifetime τ, majority carrier mobility μn, minority carrier mobility μp and diffusion
length Lp in the UMG and EG wafers after processing and activation of the BO defect. All quantities are measured except the minority
carrier mobility which is simulated.

Cell
UMG Cz
EG FZ
a

[P]

3

n0 (cm )

[B]
16

5.1 × 10
15
2.0 × 10

16

3.8 × 10
—

16

1.3 × 10
15
2.0 × 10

W (μm)
150
280

τ (μs) (at
15
Δn = 1 × 10 cm
62
1160

3)

2

μn (cm V

1

837
1348a

1

s )

2

1

μp (cm V
a

317
455a

1

s )

Lp (μm)
224
1164

Simulated value.
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Figure 4. Measured and simulated (a) I–V curve and (b) IQE for the FZ EG and UMG Cz cells. I–V curve and EQE were independently
measured at CalLab.

Table II. IIUMG and EG cell results where JSC, VOC, FF and η are independently measured at Fraunhofer CalLab; pFF, RS and RSH are
in-house measurements.
Cell
UMG Cz
EG FZ

3

n0 (cm )
16

1.3 × 10
15
2.0 × 10

2

Jsc (mA cm )
37.9
39.5

VOC (mV)

FF (%)

649
665

80.3
81.2

pFF (%)
81.8
82.4

2

RSH (Ω cm )
4

1.0 × 10
4
3.0 × 10

2

Rs MPP (Ω cm )

η (%)

0.28
0.32

19.8
21.3

5. SIMULATION OF THE CELLS
5.1. Optics
As shown in the IQE data above, the main current losses
are in the infrared region. It is therefore critical to accurately model the wafer optical properties. The optics is
modelled using the wafer ray tracer v1.6.4 software from
PV Lighthouse [50]. We model the front texture with a
Al2O3/SiNx stack with thicknesses of 5 nm and 55 nm respectively, matching our reﬂectance measurements, and
a rear reﬂector, 60% Lambertian fraction, with 92% reﬂectance. The rear reﬂectance is adjusted until the escape
reﬂectance matches the measured reﬂectance. Figure 5
shows the measured and simulated reﬂectance of the cell
structure without the inﬂuence of front ﬁnger reﬂectance.
The wafer ray tracer also outputs pathlength enhancement that is then used in Quokka (a 3D semiconductor
simulation tool) to calculate the generation proﬁle in the
devices [51].
5.2. Electronic properties
Modelling of the device performance is conducted using
Quokka 3D modelling [52]. This programme uses the conductive boundary approximation and thus we use measured values of the front and rear recombination
parameters J0 to account for the recombination at these
boundaries [52]. Table III shows the parameters used in
Prog. Photovolt: Res. Appl. 2016; 24:725–734 © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

Figure 5. Measured and simulated reﬂectance of the cell structure without the front ﬁngers. The escape reﬂectance is only signiﬁcant at wavelength above 1000 nm.

the Quokka simulation. Sheet resistance, contact resistance
and J0passivated parameters are measured whilst J0,contacted
are taken from typical values for a 150 Ω/□ phosphorus
diffusion [53] and for a 120 Ω/□ boron diffusion [54].
The conductive boundary approximation requires the
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As the as-grown bulk lifetime is not representative of
the ﬁnal bulk lifetime, the bulk lifetime post high temperature processing is used in the modelling. The minority carrier bulk lifetime is modelled in Quokka using two defects
and a J0SiN (measured separately) ﬁtted to the measured
lifetime for the EG FZ and UMG CZ test structures. We
use the bulk lifetime post process and BO activation
(100-h illumination) to model the inﬂuence of the BO defect on the efﬁciency. Table IV shows the SRH parameters
extracted from the lifetime test structures and used in the
simulation of the cells. The mobility is modelled using
Klaassen’s model for the EG FZ cell and modelled using
measured and simulated values (for majority and minority
carrier respectively) for the UMG Cz cell.

Table III. IIISimulation parameters used in the Quokka
simulation of the cells.
Side

Properties

Value

Front

Sheet R
Rcontact
J0,passivated
J0,contacted
Contact width
Contact spacing
Sheet R
Rcontact
J0,passivated
J0,contacted
Contact width
Contact spacing

118 Ω/□
2
2.4 mΩ cm
2
35 fA cm
2
1800 fA cm
10-μm ﬁngers
1200 μm
148 Ω/□
2
0.6 mΩ cm
2
30 fA cm
2
1100 fA cm
30-μm dots
300 μm

Rear

5.3. Simulation results
collection efﬁciency of the emitter as an independent input, which we set to a constant spectrum-average value
of 81% corresponding to the IQE value at 400 nm. Note
that this collection efﬁciency includes front ﬁlm absorption (which is signiﬁcant at 400 nm)—this means the actual electrical collection efﬁciency is higher. The front
collection efﬁciency only impacts the low wavelength part
of the spectrum; as the region of interest in our study is the
high wavelength range of the IQE this has a minimal impact on our analysis.

Simulation of the I–V characteristics of the cells is shown
in Figure 4. Whilst lifetime and recombination parameters
J0 are measured with high accuracies, the simulation of the
optics and the measurements of the contact resistance are
two important sources of inaccuracies in the simulation.
The relatively good agreement between the measured and
simulated I–V curve and IQE characteristics validates our
simulations (the short circuit current is underestimated in
the UMG cells). All cell parameters such as contact

Table IV. IVSimulation parameters used for the different scenarios.
Scenario
EG material
Thickness and doping adjusted
+ reduced mobility
+ reduced lifetime
+ activated BO defect

W (μm)
280
150
150
150
150

3

n0 (cm )
15

2.0 × 10
16
1 × 10
16
1 × 10
16
1 × 10
16
1 × 10

EC
0.5 eV
0.5 eV
0.5 eV
0.5 eV
0.5 eV

ET
0.95 eV
0.95 eV
0.95 eV
1 eV
1 eV

σ p × Nt
5.2 × 10
5.2 × 10
5.2 × 10
4.5 × 10
1.5 × 10

5

1

5

1

cm
cm
5
cm
4
cm
3
cm

1
1
1

8.0 × 10
8.0 × 10
8.0 × 10
1.3 × 10
1.9 × 10

4

1

4

1

cm
cm
4
cm
3
cm
3
cm

1
1
1

σ n/σ p

μn

μp

100 0.37
100 0.37
100 0.37
0.02 30
0.04 30

1348
1348
837
837
837

455
455
317
317
317

Figure 6. Simulated inﬂuence of the reduced lifetime, mobility and BO defect on the (a) short circuit current losses in the IQE curve
and (b) power losses using a free energy loss analysis (FELA) in the UMG Cz cells, for ease of reading optics losses are not presented.
The solid line “EG material” and dashed line “+activated BO defect” correspond to the simulations in Figure 4.
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fraction, contact diameters, J0 and Rsheet have been kept
constant between the EG and UMG simulation. Only the
lifetime, the mobility, thickness and net doping have
changed. The only wavelength region where the IQE simulation differs is in the infrared.
We then use this simulation as a basis to explore the inﬂuence of both lower mobility and lower lifetime on the
short circuit current and efﬁciency of the UMG cells.
For this we use our measurements of the lifetime and mobility on test structures as input parameters for the simulation. To allow for a meaningful comparison between the
UMG cells Table IV shows the parameters used for each
scenario.
Figure 6a shows the simulated inﬂuence of reduced lifetime, mobility and BO defect on the short circuit current
losses in the IQE curve. The dash-dot green curve in Figure
6a is identical to the dashed green curve showing the IQE
of the UMG sample in Figure 4b. The measured loss of
1.6 mA cm 2 shown in Table II can be explained by
0.72 mA cm 2 reduction in short-circuit current because
of a thinner wafer coupled with a 0.25 mA cm 2 reduction
because of the reduced mobility, a further 0.84 mA cm 2
because of a combination of reduced mobility and lifetime
and an additional 0.89 mA cm 2 because of a combination
of reduced mobility, lifetime and activated BO defect. Note
that the order in which we determine the impact of each
loss mechanism is important. For instance, if we take into
account the loss because of mobility last, its net effect is
made worse by the lower lifetime. We decided to order
the losses from the hardest to remove (reduced mobility)
to the easiest to removed (BO defect).
Figure 6b shows the inﬂuence of reduced lifetime, mobility and BO defect on the recombination and resistive
losses at MPP. Optical losses are identical for all scenarios
except the ﬁrst one and therefore not displayed here. The
power losses were determined via a Free Energy Loss
Analysis (FELA) [55]. The advantage of FELA is that both
resistive, recombination and optical losses can be
expressed as a percentage of the efﬁciency [56]. This is especially important for our analysis as a current loss analysis will miss the resistive losses because of lower mobility
in the UMG material.
Whereas all the simulated cells have the same thickness
and optical properties, the FELA contributions do not add
up to the same efﬁciency value. They instead add up to
the volume integral of photogeneration rate multiplied by
the splitting of the quasi-Fermi levels at MPP. This means
that whilst the photogeneration current in cells with identical optical properties is the same, cells with reduced lifetime have smaller quasi-Fermi level splitting (lower
excess carrier densities at MPP) and hence lower FELA
contributions. For the simulation with lower mobility on
the other hand, electrons and holes are harder to extract
and hence tend to accumulate in the bulk, leading to a
slightly greater splitting of the quasi-Fermi levels. Whilst
the absolute loss values need therefore be interpreted with
care, they are still useful to assess the impact of incremental changes to cell design.
Prog. Photovolt: Res. Appl. 2016; 24:725–734 © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

Power losses because of increased recombination are
the most signiﬁcant. SRH recombination losses increase
from 0.30% to 1.3% with reduced lifetime and to 1.9%
with the activated BO defect. Power loss because of increased bulk resistive losses are signiﬁcantly less important
and account for losses of 0.10% to 0.14% with reduced
mobility and 0.23% with reduced mobility, reduced lifetime and activated BO defect. Once again one cannot decouple the conductivity and lifetime reduction. When the
BO defect is present, the lower minority hole concentration
leads to a lower hole conductivity that is ampliﬁed by the
lower minority hole mobility (σ p = qΔpμp).

6. CONCLUSION
We have demonstrated the possibility of using n-type
UMG monocrystalline silicon to manufacture solar cells
with efﬁciency close to 20%. Compared to control cells
on EG wafers, a 1.5% drop in efﬁciency is seen because
of the lower bulk lifetime and mobility of UMG silicon.
The lower lifetime and diffusion length of the UMG material reduced the VOC by 16 mV and JSC by 1.6 mA cm 2
whilst other parameters such as RS and RSH are not significantly affected. Whilst the reduced mobility alone has a
small impact on the efﬁciency it signiﬁcantly decreases
the bulk collection efﬁciency when combined with lower
lifetimes. Our simulations indicate that implementing strategies to remove the BO defect (for, e.g. advanced hydrogenation processes) can lead to efﬁciencies above 20% in
UMG silicon using this PERT structure. Efﬁciencies of
21% can potentially be reached by removing other defects
present in UMG materials, e.g. by advanced UMG puriﬁcation or extended gettering during solar cell processing.
Still higher efﬁciency could be reached by removing the
compensating boron entirely from the feedstock, to avoid
the mobility reduction in the material. To our knowledge,
an efﬁciency of 19.8% for a 100% UMG silicon solar cell
is the highest efﬁciency reported to date.
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