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as ring defects.[5] Furthermore, phosphorus diffusion gettering is a powerful
method to remove mobile impurities.[9,10]
Hence, utilizing appropriate prefabrication
treatments, solar-grade wafers can potentially be suitable for high-efﬁciency solar
cells.[11]
Recently, the advent of passivating contacts based on ultrathin silicon oxide (SiOx)
ﬁlms with overlaid doped polysilicon layers
has enabled very high efﬁciencies to be
achieved.[12–14] This approach combines
outstanding surface passivation with excellent carrier-selective electrical contact and
allows full-area rear-side passivation, thus
avoiding the need for patterning steps,
in contrast to some other high-efﬁciency structures, such as passivated emitter and rear locally diffused (PERL) cells.[4,15] In addition, these doped-polycrystalline ﬁlms have been shown to
provide strong impurity-gettering effects,[16,17] which can replace
the standard phosphorus diffusion gettering, and therefore is
attractive for applications to low-cost substrates such as UMG
or cast silicon wafers.
In this article, we have developed a modiﬁed high-efﬁciency
solar-cell process, including a TR preanneal and a full-area
phosphorus-doped polysilicon contacts on the rear-side and
applied it to n-type UMG-Cz wafers. The adapted solar cell process
is designed to minimize the thermal budget to avoid the activation
of oxygen precipitates and take full advantage of the excellent
gettering effects provided by the polysilicon structure, which is
formed by plasma-enhanced chemical vapor deposited (PECVD)
intrinsic amorphous silicon ﬁlms that are subsequently doped
and crystallized by phosphorus diffusion.[14,18]

Czochralski (Cz)-grown upgraded metallurgical-grade (UMG) silicon wafers
degrade signiﬁcantly during high-temperature processes, eroding their appeal
as a low-cost alternative to conventional electronic-grade silicon wafers.
However, the thermal degradation in UMG wafers can be delayed by utilizing a
prefabrication annealing step. Based on this, a high-efﬁciency solar-cell process is
modiﬁed by selecting a single-boron diffusion step and applying phosphorusdoped polycrystalline ﬁlms as electron-selective contacts with excellent impuritygettering properties to minimize the thermal budget. The application of this
modiﬁed high-efﬁciency solar-cell process to n-type UMG-Cz wafers results in
a solar cell with a conversion efﬁciency of 22.6% on a cell area of 2  2 cm2.

1. Introduction
Upgraded metallurgical-grade (UMG) silicon is a promising lowcost solar-grade feedstock material for silicon solar cells. With
improved puriﬁcation methods, recent work has demonstrated
that solar cells based on UMG wafers can achieve efﬁciencies
above 21%.[1–4] However, UMG feedstock materials still have relatively high concentrations of metallic (e.g., Fe, Cu, and Cr) and
nonmetallic impurities (e.g., C and O) compared with electronicgrade wafers puriﬁed via the Siemens process. As a result,
UMG wafers are susceptible to high-temperature degradation.[5]
A prefabrication annealing step known as a tabula rasa (TR)
can help to mitigate high-temperature degradation[6–8] on
n-type Czochralski (Cz)-grown UMG wafers, by dissolving
the grown-in oxygen precipitate nuclei, which can otherwise
become recombination-active during processing, appearing
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2. Experimental Section
The compensated n-type UMG-Cz wafers were supplied
by Apollon Solar in the framework of the PHOTOSIL.[19]
The phosphorus, boron, and carbon concentrations in the
UMG-Cz were measured by secondary-ion mass spectrometry
(SIMS), and for the selected UMG-Cz wafers, these concentrations were calculated by ﬁtting Scheil’s equation,[20]
using the effective segregation coefﬁcients of 0.8 and 0.35[21]
for boron and phosphorus and 0.3 for carbon.[22] The selected
UMG wafers had a boron concentration [B] ¼ 1.3  1016 cm3
and a phosphorus concentration [P] ¼ 1.7  1016 cm3, and a
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carbon concentration [C] ¼ 1.0  1016 cm3. The interstitial oxygen concentrations [Oi] ¼ 6.3  1017 cm3 were measured by
Fourier-transform infrared spectroscopy (FTIR) (Bruker Vertex
80) and were calibrated using SEMI MF standard 1188-1107.
Electronic-grade n-type ﬂoat-zone (FZ) wafers were used as controls and had a doping concentration of n0 ¼ [P] ¼ 2.3  1015 cm3,
as determined by dark conductance measurements.
For cell fabrication convenience, 4-inch round UMG wafers
were laser cut from the 6-inch pseudosquare wafers. Lifetime
samples were prepared by dicing 6-inch wafers into four quarters. All samples were saw-damage-etched in tetramethylammonium hydroxide (TMAH) solution to remove 10–12 μm from
each side, with ﬁnal thicknesses of 150 and 280 μm for the
UMG and FZ wafers, respectively. Samples were cleaned using
standard radio corporation of America (RCA) cleaning steps prior
to each high-temperature step. The TR step in this work was optimized for the UMG-Cz wafers[5] and performed in oxygen at
1000  C for 30 min with loading and unloading temperatures
at 700  C and ramp up and down rates of 15  C min1. A stack
of 10 nm thermal SiOx and 70 nm low-pressure chemical
vapor-deposited (LPCVD) silicon nitride (Si3N4) was used as a
diffusion mask. The thermal SiOx was grown in oxygen at
888  C for 1 min with loading and unloading temperatures at
700  C and ramp up and down rates of 15  C min1. The
LPCVD SiNx layer was deposited at 775  C for 15 min. The solar
cells of 2  2 cm2 size were deﬁned on the front surface through
the diffusion mask using photolithography.
To assess the impact of the thermal budget, solar cells with
double-boron diffusion (DBD) for a selective emitter and single-boron diffusion (SBD) for a homogenous emitter were fabricated. For the DBD process, a deep and heavy boron diffusion
was performed at 850  C for 30 min using boron tribromide
(BBr3), with an additional drive-in at 955  C for 60 min, followed
by a 20 min post-oxidation, resulting in a sheet resistance of
Rsheet ¼ 45 Ω/□1. The diffusion mask was then removed,
and the front grid was deﬁned through a masking layer using
photolithography. The boron-diffused regions between the ﬁngers were etched back, and random pyramids were formed using
TMAH and a wetting agent (RENA monoTEX). Subsequently, a
lighter boron diffusion was performed at 930  C for 35 min, followed by a post-oxidation at 930  C for 40 min, resulting in
Rsheet ¼ 180 Ω/□1. For the SBD process, the samples
were textured, and a full-area boron diffusion was performed
at 930  C for 20 min deposition with an additional 25 min
post-oxidation followed by a 20 min drive-in to achieve
Rsheet ¼ 130–140 Ω/□1.
After the front-side diffusions, a fresh diffusion mask was
deposited, and the rear-side mask was removed by concentrated
hydroﬂuoric acid (HF) fuming. An ultrathin SiOx (1.4 nm)
layer was grown in boiling nitric acid, and subsequently, intrinsic
amorphous silicon layers (50 nm) were overlaid using PECVD
(Roth & Rau AK400). The amorphous silicon layers were then
phosphorus doped using phosphorus oxychloride as dopant
source at 820  C for 25 min and a drive-in for 30 min with further
details in previous study.[14]
AlOx/SiNx stacks deposited by atomic layer deposition (Benq
TFS200) and PECVD were used for front antireﬂection and surface passivation, respectively. Then, the front metal grid was
deﬁned by photolithography and a Cr/Pd/Ag stack was
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evaporated and lifted-off. Then, the rear metal contact was
formed by evaporating a uniform 600 nm thick layer of silver,
and cells were subjected to silver electroplating to thicken the
ﬁnger width to 13–14 μm, resulting in shading of 1.7% of
the active cell area. Finally, sintering was performed at 300  C
in forming gas for 10 min.
All lifetime samples were etched back to remove masks and
diffused layers using HF dip and TMAH etch. For the lifetime
measurements, the samples were passivated with SiNx layers
using PECVD. Carrier lifetimes were measured using the
quasi-steady-state photoconductance and transient photoconductance decay techniques with a WCT-120 tool from Sinton
Instruments.[23] The carrier lifetimes of the UMG wafers were
corrected using carrier mobility values for compensated silicon
from Schindler’s mobility model.[24] Photoluminescence (PL)
images were captured using an LIS-R1 PL imaging tool from
BT imaging.[25]
To measure the recombination current densities (J0),
100 Ω cm n-type FZ control wafers with symmetrical surface
structures were used, for both the front-side diffused regions
and the rear-side passivating contact. Based on the control samples and Quokka 2[26] simulations, the J0–contacted and J0–diffused of
1500 and 52 fA cm2 for the SBD process and 500 and
41 fA cm2 for the DBD process were estimated, respectively.
The rear surface, J0–rear, for both processes was 18 fA cm2.
The illuminated current density–voltage (J–V) and Suns-Voc
measurements were performed in-house using an FCT-450 tool
from Sinton instruments. The most efﬁcient UMG cell was also
independently certiﬁed at ISFH CalTeC. Cell reﬂectance was
measured using a Lambda 1050 spectrophotometer from
PerkinElmer.

3. Results and Discussion
Figure 1a shows the injection-dependent effective lifetimes for
both the UMG-Cz and FZ lifetime samples subjected to both
the DBD and SBD solar cell processes, after etching back the
diffused layers and repassivating the surfaces. After the TR
step, at an injection level of Δn ¼ 1  1015 cm3, the lifetimes
of the UMG-Cz wafers increased to 2 ms, which was likely
due to the dissolution of lifetime limiting grown-in oxygen
precipitate nuclei, as indicated by the increase in [Oi] shown in
Figure 1b. After boron diffusion, the effective lifetimes of the
UMG-Cz decreased to 360 μs for the SBD process, as shown in
Figure 1a. Interestingly, after subsequent phosphorus-doped
polycrystalline ﬁlms deposition, the effective lifetime improved
to 670 μs for the SBD process, which highlighted the gettering
effect provided by doped-poly ﬁlms.[16,17]
The implied-open-circuit voltages (i-Voc) measured at 1-sun
were derived from the injection-dependent carrier lifetime
measurements shown in Figure 1a. The average i-Voc values
for the UMG wafers were 630 mV (Δn ¼ 2.3  1014 cm3)
and 695 mV (Δn ¼ 2  1015 cm3) for the DBD and SBD processes, respectively. An i-Voc of 630 mV was not sufﬁcient to
allow high-efﬁciency solar cells. Thus, only the SBD
process was used to fabricate complete solar cells.
Figure 2 shows the PL images of the UMG wafers subjected to
the DBD and SBD processes after all high-temperature steps.
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Figure 1. a) Injection-dependent minority carrier lifetimes of planar n-type UMG-Cz and FZ lifetime samples representing as-grown, after TR, after SBD,
and after all high-temperature steps (before metallization) for both the SBD and DBD solar cell process, after etch-back and repassivation. b) Average [Oi]
present in the UMG-Cz wafers measured by FTIR.

Figure 2. PL images of the 4-inch UMG-Cz cell precursors after all high-temperature steps (before metallization). a) DBD and b) SBD process. PL images
were captured at an illumination intensity of 0.5 suns.

Interestingly, we observed ring defects only in the wafers subjected to the DBD process. Note that the nonuniformity on
the wafer subjected to the SBD process was due to the front surface passivation. The different thermal responses of the UMG
wafers were also reﬂected in the bulk lifetimes and [Oi], as shown
in Figure 1a,b, in which the UMG wafer with the DBD process
showed a high degree of bulk degradation and greater losses in
[Oi]. The high-thermal budget due to the extra boron diffusion
and masking steps in the DBD process caused the renucleation
of the oxygen precipitates[27] and/or further growth of the residual oxygen precipitate nuclei which were not fully dissolved during preannealing at 1000  C,[28] resulting in the appearance of
ring defects. Thus, a TR step was not a permanent solution,
but provided only a speciﬁc window of safe duration at high
temperatures, known as the incubation time. The incubation
time depended on several factors such as the thermal budget
and the initial [Oi], [C], and intrinsic point defects concentrations, all of which affect the reformation of oxygen precipitates
in silicon wafers.[27,29,30] Furthermore, a boron diffusion with
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in situ oxidation do not provide any impurity gettering,[31]
therefore requiring a subsequent gettering step to improve
the bulk lifetime. Fortunately, the phosphorus-doped polysilicon
contacts formed on the rear-side provide such a gettering
effect.[16,17]
Table 1 shows the J–V parameters of the solar cells fabricated
in this work. The best UMG cell, certiﬁed by ISFH CalTeC,
achieved an efﬁciency of 22.6% and was the highest reported

Table 1. J–V parameters of the solar cells fabricated in this work.
Voc [mV]

Jsc [mA cm2]

FF [%]

pFF [%]

η [%]

UMG-Cz (best)

679

40.9

81.1

82.3

22.6

Average (14 cells)

669

40.5

80.5

81.5

22.1

FZ (best)

683

40.7

80.5

83.0

22.4

Average (14 cells)

681

40.6

80.9

82.6

22.2

1900297 (3 of 5)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.solar-rrl.com

Figure 3. a) Measured J–V curve for the champion UMG solar cell with homogeneous boron diffusion. b) Measured EQE, calculated IQE, and measured
reﬂectance curves.

to date for UMG silicon. The J–V curve is shown in Figure 3a. The
best FZ cell demonstrated a very similar efﬁciency of 22.4%,
which is still limited by series resistance as reﬂected in the
difference between FF and pFF, and Jsc. However, the Voc is still
higher for the FZ cells in comparison with the UMG cells consistent with the effective lifetimes shown in Figure 1a.
Figure 3b shows the measured external quantum efﬁciency
(EQE) and reﬂectance, and calculated internal quantum
efﬁciency (IQE) curves. The IQE curve for the champion
UMG cells shows a very good blue response, even with the
SBD.

4. Conclusion
In summary, this work has demonstrated the importance of thermal budget optimization for UMG-Cz wafers. By utilizing a TR
step as a prefabrication treatment, selecting a SBD process to
minimize the thermal budget, and using full rear-side phosphorus-doped polycrystalline ﬁlms with excellent impurity-gettering
properties as electron-selective contacts, 22.6% efﬁciency on a
cell area of 2  2 cm2 based on n-type UMG-Cz wafers was
achieved. This work demonstrates the potential of solargrade silicon materials to enable high-efﬁciency solar cells, opening up the possibility of reducing silicon costs by either full or
partial substitution of the electronic-grade silicon feedstocks by
solar-grade feedstocks.
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