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Abstract

A boron emitter that is transferrable to mass production is compared to a phosphorus emitter of industrial standard and a
phosphorus emitter with reduced phosphorus concentration, on the viewpoints of the doping profiles, emitter saturation current
(Jor), and internal quantum efficiency at shorter wavelength (= blue IQE). The doping profiles are characterized considering
active and inactive dopant, and including the doping source before HF treatment. We found boron atoms are segregated towards
the doping source while phosphorus segregates towards the emitter, which could explain the absence of inactive dopant in boron
emitters as opposed to a substantial amount of inactive dopant in phosphorus emitters. It was also found that inactive phosphorus
is still present even down to 1x10' ¢cm™ also for the lightly doped emitter. The boron emitter showed the highest blue IQE
probably due to the absence of both inactive dopant and heavy doping above 1x10?° cm™. On the other hand, 10 mV ¥, gain of
the phosphorus emitters by decreasing Jy from 180 to 45 fA/cm? implied the possibility of ¥,, improvement also for the boron
emitter by reducing Joz which is 97 fA/cm? at present.
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1. Introduction

The advantage of n-type substrates for silicon solar cells has been exhibited in various publications [1,2]. High
efficiency IBC and HIT cells are manufactured using n-type material [3,4]. Even for the traditional structure with
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homogeneous front-side emitter and back surface field, and contacts on both sides applied by printing metal paste,
solar cells industrially processed from n-type material demonstrate higher efficiencies. For example, 20.2% average
cell efficiency has been achieved by our group [5]. The approach of this work is to compare the boron emitter in the
mentioned work [5], which is transferrable to mass production, to phosphorus emitters of industrial standard and of
reduced phosphorus concentration, and find out the difference in performance among these boron and phosphorus
emitters.

2. Experiments
2.1. Doping process

Phosphorus and boron are normally chosen as doping elements for the front side emitter due to their high solid
solubility [6,7], which will render a sufficiently low sheet resistance ( < 100 €Q/sq.) for thin ( < 0.5 pm) doped layers.
The practical approach to form the emitter in mass production is thermal diffusion, and the most popular method is
using a quartz tube furnace with liquid source — POCI; for phosphorus and BBr; for boron — whose vapour is
conveyed by inert gas bubbling [8,9]. Since both of the liquid sources are supplied with O, to thermally decompose
the gasses, silicon oxide films containing the doping elements are grown on the silicon surface as by-product which
are called phosphosilicate glass (PSG) and borosilicate glass (BSG).

Mass production of emitters requires uniform and reproducible manufacturing with high throughput. The most
successful method to achieve uniform emitters reproducibly for all cases of across-wafer, wafer-to-wafer, and batch-
to-batch is to apply an excessive amount of doping source resulting in dopant concentrations in the Si up to or even
above the solid solubility. Otherwise, the peak doping concentration is likely to vary which causes diverse doping
profiles across the wafer, wafer-to-wafer, and/or batch-to-batch resulting in widely scattered solar cell performances,
which is not favorable in mass production.

In this work, we used an industry-scale 3-stack tube furnace for POCI; and BBr3, each of which is equipped with
400 slots for loading 156x156 mm? wafers in its 1000 mm-long temperature flat zone.

2.2. Characterization

In this work, we characterized doping profiles by D-SIMS (dynamic secondary ion mass spectroscopy) using
ToF-SIMS (Time-of-Flight SIMS) at Philips Innovation Services [10] and ECV (electrochemical capacitance-
voltage) supplied by WEP CVP21 [11]. The former is capable to detect the chemical dopant concentration
including PSG and BSG while the latter can profile electrically active dopant in silicon. Polished-surface wafers
were used for the characterization and three specimens (one with PSG or BSG for D-SIMS, and HF-dipped ones for
D-SIMS and for ECV measurements on emitters without the glass layers) were taken from one single wafer for each
diffusion condition.

Mono crystalline silicon solar cells were made using these diffusion conditions. The reproducibility of the
doping profiles was confirmed by ECV profiling also considering the surface conditions of either polished or
textured [12]. Since the wafer material and BSF structure were different between [p-type wafer / phosphor emitter /
Al BSF] and [n-type wafer / boron emitter / phosphor BSF], we focused on internal quantum efficiency at shorter
wavelength (= blue IQE). We also compared the solar cell performance in which the comparison is not completely
fair but practical as the device structure for industrially manufactured product.

Emitter saturation current (Jog) derived from Sinton QSSSPC at high injection levels [13] was also evaluated
using a symmetrical sample structure with both sides textured emitter covered with passivation equivalent with the
one used for solar cells, which are a PECVD SiN, film for phosphorus emitters [14] and a stack of chemical oxide /
PECVD SiN, [15,16] for boron emitters.
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3. Results and discussion
3.1. Phosphorus doping profiles

Figure 1 shows phosphorus doping profiles of (a) a typical POCIl; process to manufacture industrial solar cells
targeting 65 Q/sq.; and (b) a POCI; process targeting lighter phosphorus doping by combining oxidation during the
drive-in diffusion step with a sheet resistance of 91 Q/sq. The black curve by D-SIMS indicates phosphorus
concentration in the PSG. The red one also by D-SIMS represents the total phosphorus concentration in the actual
emitter layer while the blue one by ECV shows the active phosphorus concentration. The profiling depths in
emitters were calibrated by measuring the pit depths after each profiling, whose accuracy is within 5%. The PSG
thicknesses were calibrated by ellipsometry. The measurements for PSG close to the interface above the emitter
were carried out with extra care of slowing down the sputtering to surely stop the digging before reaching the
emitter, and the depth step at each profiling point was recalculated considering the decreasing sputtering speed. D-
SIMS counted *'P (one and the only stable isotope of phosphorus) ion current comparing with *°Si (a stable isotope
representing 3.1% of the Si present) ion with the accuracy within 15%. The concentration in PSG was calculated
assuming the PSG is 100% SiO, which has Si concentration of 2.20x10** cm™ considering its density is 2.20 g/cm’.
The concentration indicated by ECV is within the accuracy of 10-15%, since it is inversely proportional to the
square of the measurement circle area which was calibrated by the pit depth measurement.
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Fig. 1. Phosphorus doping profiles of (a) a typical POCl; process to manufacture industrial solar cells targeting 65 €/sq.; and (b) a POCIl; process
targeting lower phosphorus doping by combining oxidation during the drive-in diffusion step with a sheet resistance of 91 €/sq.

Two peaks in PSG are observed for each case, near the surface of the PSG and close to the interface above the
emitter. Significant concentration difference is demonstrated for each case at the interface. Below the second
phosphorus peak in the PSG, the concentration plummets toward the interface down to the level even lower than that
of the electrically active concentration measured by ECV. This suggests that phosphorus atoms are strongly
segregated towards silicon, which results in a substantial amount of interstitial phosphorus above the solid solubility
[6] at thermal equilibrium. The excess phosphorus is represented by the area between the red and the blue curves,
which is supposed to be electrically inactive and behave as SRH (Shockley Read Hall) recombination center.

Even below the solid solubility which is 3-4x10*° ¢cm™ [6], the presence of inactive phosphorus is observed both
in (a) and in (b) probably due to the thermal inequilibrium of the diffusion / drive-in process. Bentzen et al. studied
the diffusivity dependence on the concentration [17], which demonstrated the dominance of phosphorus diffusion
changes at 1-2x10" ¢m™ from interstitial to substitutional toward the diffusion direction. This explains that the D-
SIMS and ECV curves are almost identical only below 1x10" ¢cm™.

3.2. Boron doping profiles

Figure 2 shows boron doping profiles of a BBr; tube process targeting 60 €/sq. which is similar to that of the n-
Pasha solar cells that achieved 20.2% [5] and transferrable to industrial production. Similarly to Fig.1, black, red,
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and blue curves indicate that in BSG by D-SIMS, in emitter by D-SIMS and that by ECV, respectively. Since D-
SIMS compared ''B (a stable isotope representing 80% of the boron present) with *°Si, the signals were converted
into those for all the stable isotopes of boron. The concentration in BSG was calculated in the same way as
described above.
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Fig. 2. Boron doping profiles of a BBr; tube process targeting 60 Fig. 3. Re-plotting of the ECV profiles from Fig. 1(a)(b) and Fig.
Q/sq., equivalent to that of the n-Pasha solar cells which achieved 2 with re-defining the scales.
20.2% [5] and transferrable to industrial production.

There is also a significant difference of the boron concentration at the interface between the Si and BSG, but that
in the BSG is much higher than in the emitter, so, the opposite that was observed for phosphorus. The boron
concentration in BSG looks almost constant and no inactive boron is present in the emitter, demonstrated by the
identical curves of D-SIMS and ECV profiles in the emitter. This feature is also enhanced since the process has a
short oxidation step during the cooling down from the diffusion temperature to avoid a BRL (boron rich layer)
formation in order to remove BSG easily by HF solution [18], therefore the surface concentration is a bit lower
though the peak concentration is close to the solid solubility [7]. Segregation of boron atoms towards BSG at the
BSG/emitter interface is observed, which seems to cause the absence of electrically inactive boron atoms.

The re-plotted ECV profiles from Fig. 1 (a)(b) and Fig. 2 are shown in Fig. 3 with re-defining the scales.

3.3. Emitter saturation current (Jyg) and internal quantum efficiency at shorter wavelength (blue IQE)

The measured emitter saturation currents (Jyr) of these emitters were 180 fA/cm?, 45 fA/cm?, and 97 fA/cm? for
the POCI; 65 Q/sq., 91 Q/sq., and BBr; 60 Q/sq., respectively. We manufactured solar cells using these emitters
with typical industrial processes [5,9,19]. Table 1 shows the average [-V characteristics, although the direct
comparison between the POCl; and the BBr; emitters does not give so much scientifically relevant information since
the wafer material and the BSF are different. Since the contact optimization of 91 Q/sq. was not sufficient due to
the limited extent of the experiments, the potential efficiency assuming the same FF as the 65 (/sq. emitter’s is also
shown. In order to particularly compare the emitter performance, we focused on the blue IQE spectra which are
shown in Fig. 4.

Considering the presence of substantial inactive dopant and much heavier doping near the surface for POCl; 65
Q/sq. emitter, it consequently has the largest Jyg and the lowest blue IQE. The BBr; 60 /sq. emitter shows even
higher blue IQE than the POCl; 91 Q/sq., though both its sheet resistance and Jyg are higher. The reason can be
because the BBr; emitter has lower peak concentration, or no inactive dopant, or better passivation. Though the Jyg
measurement by QSSPC reflects minority carrier behavior at the open-circuit condition, it may not correctly reflect
that for the short-circuit condition in which IQE spectra are measured.

In our analysis on Jyg of phosphorus emitters [20], we considered them by separating them in two regions of n*™"
and n" layers, where the former, which is on the surface side, has phosphorus concentration higher than 3x10" cm™
and the latter, which is on the deeper side, has that lower than 3x10'° cm™. Each layer of the n*" and n* should have
its individual Jog, namely Joe(n'™) and Joe(n"), and Jog of the whole emitter is limited by smaller one of either
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Joe(n™) and Joe(n") due to the current continuity principle at the series circuit of the n' and n'. Tt seems the Jys of
the POCI; 91 Q/sq. emitter at the open circuit condition is determined by Jys(n") because of the lightly doped and
relatively deep n' layer resulting in a 10 mV V,, gain from the 65 Q/sq. emitter. On the other hand, the heavily
doped n"" layer still causes minority carrier recombination at the short circuit condition, resulting in lower blue IQE.

Table 1. Solar cell performance of mono crystalline Si solar cells using these emitters.

Emitter Jee (mA/cm?) Voe (V) FF Eff. (%) BSF
POCI; 65 Q/sq., 180fA/cm? 36.8 0.626 0.796 18.3 Al paste
POCI; 91 Q/sq., 45 fA/em? 37.3 0.636 0.770* 18.3 (18.9%%*) Al paste
BBr; 60 Q/sq., 97 fA/cm? 39.2 0.652 0.783 20.0 POCl;

* Contact optimization was not sufficient due to the limited extent of the experiments
**  Potential efficiency assuming the same FF can be realized as the 65 €)/sq. emitter’s.
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Fig. 4. IQE spectra at shorter wavelength

In the same analysis [20], we also pointed out the necessity of heavily doped surface for phosphorus emitters
because the width of the depletion layer induced on the n""-emitter surface by the high Schottky barrier of silver
should be as thin as possible to increase the number of electrons which tunnel through the depletion layer to the Ag
metal contact. On the other hand, aluminum in Ag/Al paste used for the boron emitter contact [5,19] can be
assumed to form an Al:Si eutectic which is expected to help extraction of holes at p'-Si surface towards the metal
contact. This is very likely to be the reason why the boron emitter has sufficiently low contact resistance without
such a heavily doped surface as the phosphorus emitter must have. The absence of heavy doping above 1x10* cm™
could work positively for the higher blue IQE of the BBr; emitter.

The effect of the lowest Jyg of POCl; 91 Q/sq. is reflected as a V. gain of 10 mV from 65 Q/sq. one. It suggests
that decreasing Jyg of the BBr; emitter will still improve the V.

4. Conclusions

A boron emitter that is transferrable to mass production and achieved 20.2% [5] (20.0% as the average) was
compared to two phosphorus emitters of industrial standard whose efficiency is 18.3% and of reduced phosphorus
concentration whose potential efficiency is 18.9%, on the viewpoints of the doping profiles, Jys, and blue IQE. We
focused on the interface between the dopant source (BSG or PSG) and the emitter, and presumed that the difference
of the segregating direction of the dopant causes the presence or the absence of the inactive dopant. We found
inactive phosphorus is still present even down to 1x10" ¢cm™ also for lightly doped diffusion while no inactive
boron is detected. The boron emitter showed the largest blue IQE which suggests minority carrier recombination in
the short circuit condition is the lowest. On the other hand, the 10 mV V. gain of the phosphorus emitters by
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decreasing Jo from 180 to 45 fA/cm? implied the possibility of ¥, improvement for the boron emitter by reducing
Jog which is 97 fA/cm” at present.
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