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Abstract
The aimof this paper is to analyze the fabrication process of thin bifacial silicon solar cells concerning
the order of diffusions to formp+ and n+ regions. The n+pp+ structurewith the p+ selective region
was implemented by using thin solar gradeCzochralski siliconwafers. Thewhole rear facewas doped
with boron deposited by spin-on and thermally diffused and anAlmetal gridwas screen-printed and
diffused. The phosphorus diffusion after the boron one produced the thinner n+ emitter and thinner
dead layer, which allow themanufacturing ofmore efficient solar cells. Furthermore, the phosphorus
diffusion at the end of processing promoted gettering, enhancing theminority charge carrier lifetime.
Solar cells with the phosphorus diffusion after the boron one reached front and rear efficiencies of
14.0% and 10.4%, respectively, without any surface passivation.

1. Introduction

The currentmarket for PVmodules is dominated by the crystalline silicon solar cells and the siliconwafer
represents the order of 42%of the final value of the photovoltaicmodule [1]. Therefore, the reduction in
thickness and thus the amount of crystallinematerial used is critical to reduce the production cost of these
devices. Nowadays, siliconwafers have a thickness of around 180 μmand research efforts have beenmade to
obtain devices in 120 μmthickwafers [2, 3]. However, for cost reduction, the conversion efficiency of the devices
should bemaintained and, for this,must be developed processes to optimize the light trapping and to decrease
the recombination on the rear face. Similarly, the production yield should be above 90% [4], which is a challenge
froma technical point of view.

The bifacial solar cell is capable of converting solar radiation into electrical energy that reaches on both faces
of the device. This device has been studied since the 1960 years [5, 6] and it can be used in solar concentrators or
photovoltaicmodules that receive the solar radiation reflected by the surfaces under themodules [7–10]. Yang
et al developed bifacial n+pp+ cells of large area (pseudo-square of 156 mm×156 mm) and they obtained
efficiencies of 16.6%/12.8% for n+ face/p+ face illumination, by using Cz (Czochralski)monocrystalline silicon
wafers, p-type, 200 μmthick, with homogenous n+ and p+ regions produced by diffusions based on POCl3 and
BBr3, respectively, and screen-printedmetal grid [11]. Similar devices, butwith smaller Si wafers,
125 mm×125 mm,were reported byDuran et al [12], achieving efficiencies of 17.3% and 15.3%when the
device was illuminated by n+ face (front) and p+ face (rear), respectively. Also, using siliconCz p-typewafers,
Janβen et al [13]manufactured bifacial solar cells that reached the efficiencies of 17%/10.3% (front/rear
illumination). Unlike the device presented byYang et al [11] andDuran et al [12], in thework of Janβen and
collaborators [13], boronwas not diffused in the rear face and a n+p structure was obtained. The front and rear
surfaces were coatedwith a passivating thinfilm of a-SiNx:H. The solar cellmetal grid was deposited by screen-
printing on both faces. The rear face received anAlmetal grid, producing the effect of back surface field (BSF).

The combination of thinwafers and bifacial structures can reduce the photovoltaic electricity cost because it
decreases the consumption of silicon and allows the illumination of the rear face. In addition, the reduced
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thickness allows the use of lower quality silicon taking into account that theminority charge carriers generated
by solar radiation on rear face have a shorter path to reach the pn junction.

By using FZ ( float zone) silicon, 130 μmthick, bifacial cells achieved the efficiency of 16.9% and 10.4% for
illumination by n+ and p+ face, respectively [14]. The BSF regionwas produced by deposition of a boron rich
paste followed by a diffusion in a belt furnace.However, the devices had reduced area (4 cm2) andmetal grids
obtained by high vacuumevaporationwere used, a process uneconomical in the current solar cell industry. The
authors also used phosphorus and boron pastes deposited by screen-printing in order to obtain n+ and p+

regions after firing, but efficiencies achievedwere lower: 11.6%/10.8%. Recart [15] developed bifacial devices on
larger area (24.7 cm2) in Cz-Si wafers 120 μmthick. The n+ emitter was obtained by P diffusion (POCl3 as
source) and the p+ region, in the rear face, was produced by deposition of boron rich pastes and diffusion in a
belt furnace. The n+pp+ solar cells with homogeneous n+ and p+ regions reached the efficiencies of 14.3% and
10.8%, for front (n+) and rear (p+) illumination, respectively [15]. However, the busbars were not considered in
themetal grid shadowing because it remained outside of the active area. Steckemetz et al [16] have studied the
n+p structure with front and rear surfaces passivatedwith SiNx andwithAl BSF localized only under the
electrical contacts in the rear face. The efficiencies of 14.6%/13.6% for front/rear illuminationwere obtained on
devices of reduced area (4 cm2) andwith Si-Czwafers of 140 μmthick [16]. However, bifacial silicon solar cells
were not developed in solar grade Cz-Si andwith boron diffusion based on spin-on deposition.

The aimof this paper is to present the development of thin bifacial solar cells with n+pp+ structure and
selective p+ region processed in solar gradeCz-Si. The selective emitter was performed by boron diffusion based
on spin-on deposition on the rear face and onAl grid screen-printed and fired. The order of the boron and
phosphorus diffusion in the process sequence was analyzed.

2.Materials andmethods

For this study, we used solar grade siliconwafers grownby theCzochralskimethod, p-type, boron doped,
resistivity of 2Ω cm, 〈100〉 orientation. The thickness of thewafers was reduced to approximately 145 μmby a
chemical etch based onKOHand deionizedwater (H2ODI). This solutionwas employed because therewas no
market availability of thinwafers.

To analyze the order of boron and phosphorus diffusions in themanufacture of thin n+pp+ bifacial solar
cells, two processes were developed, calledα andβ. The steps of the fabrication sequenceα andβ are depicted in
figure 1. In the processα, the boronwas deposited after the diffusion of phosphorus and, in the processβ, before
the diffusion of phosphorus. In the former, boron depletion due to the impurity segregation to the oxide layer is
avoided, but n+ regionwill be thicker. Otherwise, processβwill produce thinner phosphorus emitters, but
boron depletion near the surface can enhance the contact resistance and surface recombination. The baseline
structure obtained is presented infigure 2.

In both processes, the anisotropic etch in a bath of KOH, isopropyl alcohol andH2ODIwas performed to
formmicropyramids. After this process, thewafers were cleaned in the standard RCA solution [17].

In the processα, after cleaning, thewafers were introduced in a high temperature furnace (at 1000 °C) to
grow an oxide layer on the surfaces. The silicon dioxide formed has the purpose of protecting one of the faces of
thewafers during the thermal diffusion of phosphorus. A photoresist was deposited by spin-on in one of the
faces and after the resist drying, the oxide layer on the other sidewas extractedwith a solution of bufferedHF.
The resist was removed by acetone andwafers were cleanedwith RCA solution.

For formation of n+ region, phosphoruswas diffused in a quartz tube by using POCl3 as source. The
phosphorus diffusionwas carried out at 875 °C for 60 min followed by a drive-in for 60 min. After that,
phosphorus silicate glass was etched away bymeans of a hydrofluoric acid solution.

A liquid containing boron (PBF20, Filmtronics)was spun-on on the undoped face and thewafers were
introduced in an oven for evaporation of solvents. Boronwas diffused into the siliconwafers in a quartz tube
furnace at 1000 °Cduring 20 min. This kind of doping has been studied since the 1970 years [18] for
microelectronic industry and also had been proposed to produce n-type silicon solar cells as a substitute ofmost
commonly used BBr3. This source of boron doping need safety precautions and can degrade theminority charge
carrier lifetime through the formation of a boron rich layer (BRL) [19]. Singha and Solanki also observed the
formation of BRL after boron spin-on and diffusion, but they reported that controlled diffusion processes and
oxidation can partially reduce the BRL thickness and improve theminority carrier lifetime bymore than
10% [20].

The processβdiffered fromprevious by the order of the boron diffusionwithin the process sequence. In
addition, the layer of borosilicate glass formed during the diffusion of boronwas used to protect one face of the
diffusion of phosphorus. Consequently, theβ process requires fewer steps than theα one, avoiding a thermal
oxidation step and a chemical cleaning [21]. The parameters used for the diffusion of boronwere the same used
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Figure 1. Fabrication processes sequence of the bifacial solar cells: (a)α, with phosphorus diffusion in thefirst step of the process and
(b)β, with P diffusion after B one.

Figure 2.Thin bifacial solar cell with selective BSF dopedwithAl and B.
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in the processα. For the phosphorus diffusion, the pre-deposition timewas the same, but the drive-in stepwas
reduced to 10 min, allowing the production of a thinner n+ emitter.

The boron and phosphorus doped regionswere characterized bymeasuring the sheet resistance (R,) by
four-point probe technique and by obtaining the impurity profile by the ECV technique (electrochemical
capacitance–voltage profiling) [22, 23]. The R,wasmeasured in 13 regions in the dopedwafer. The thickness of
the n+ region (xj) and p

+ one (xBSF) aswell as the surface impurity concentration (CS)were obtained from the
impurity profile.

In both processes, after the diffusion, oxides were etched-off and anRCAwas performed. Surface passivation
based on SiNx or SiO2were not used in the devices. TheTiO2 antireflection coating (ARC)was deposited by high
vacuumevaporationwith e-beam. Although the bifacial cells have to be anARCon both faces, we preferred to
deposit ARConly on the front face in order to optimize the temperature of the aluminumdiffusion, avoiding the
etched-through process of theARCbyAlmetal grid.

The rearmetal grid based on PV381 (DuPont)was screen-printed and this grid has the double function: to
contact the siliconwafer and produce the selective BSF region. In the non-metal covered regions on the rear face,
the BSF effect is produced by boron doped region previously diffused. The boron and aluminumdoped regions
generate an electric field that repels theminority carrier lifetime, reducing the surface recombination velocity in
the rear face. The front gridwas formed by screen-printing a silver paste. The pastes were dried in a belt furnace
and theywere fired at 840 °C.During thefiring process, the silver paste etches-through the ARC and contact
electrically the n+ doped region and the Al formed the selective BSF region. After themetal grid deposition, edge
isolationwas performedwith a laser equipment.

All the devices were characterized under standard conditions (100 mW cm−2, AM1.5G and 25 °C) in a solar
simulator calibratedwith silicon solar cells previouslymeasured at CalLab—FhG-ISE ( Fraunhofer-Institut für
Solare Energiesysteme), Germany. Cells had area of 61.58 cm2 (pseudo-square of 800 mm×800 mm)with a
standard two-busbars.More efficient solar cells were analyzed by light beam induced current technique (LBIC)
[24] in fourwavelengths: 648, 845, 953 and 973 nmand theminority carrier diffusion length (LD)was estimated.

3. Results and discussion

The phosphorus doped regions presented average sheet resistance of (33±2)Ω/, and (43±2)Ω/,
following processesα andβ, respectively. Thefigure 3 shows the phosphorus doping profiles. The surface
impurity concentrationwas similar for wafers processed by both fabrication sequences of about
4.4×1020 cm−3. But the thickness of the n+ emitter (or the pn junction depth) obtainedwith the processαwas
twice the value obtained by processβ.Moreover, the change of the sequence of the diffusions and the reduction
of the drive-in time for phosphorus diffusion diminished the thickness of the dead layer, i.e., the regionwith
high impurity concentration and, consequently, the high recombination.

The boron diffusion before the phosphorus one in the processβ produced a 0.2 μmthicker p+ region. But
sheet resistances observedwere similar, as figure 4 shows. The thinner p+ regionwith higherCs corresponding to
the device processedwith the fabrication sequenceα could be better, allowing higher short-circuit currents
when the solar cell is illuminated by p+ doped face. Nevertheless, as wewill show, other factors, like theminority
carrier lifetime, will bemost important.

Average electrical characteristics of the solar cells are depicted in the table 1.Measurements of open-circuit
voltage (VOC), short-circuit current density ( JSC),fill factor (FF) and efficiency (η)were obtained for two
independent illuminationmodes: by p+ and n+ region.

Figure 3.Phosphorus doping profiles obtained by ECV.
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The devices fabricatedwith processβ and illuminated by n+ face presented higherVOC, JSC and η than that
fabricatedwith processα. The JSCwas the key parameter that explained that the efficiency of devices processed
by sequenceβ reached efficiencies 2.2% (absolutes) higher than thosemanufactured by sequenceα.With
illumination by p+ face, the cells obtained by sequenceβ also showed an enhancement of theVOC and JSC of
3 mV and 2.6 mA cm−2, respectively. For both processes, the fill factor of the solar cells was low, indicating a
high series resistance. The low JSC of the cells illuminated by BSF is partially due that noARCwas deposited on
the rear face.

Table 2 summarizes the electrical characteristics of the best solar cells producedwith selective B/Al BSF. In
order to assess the values of the effectiveminority carrier lifetime (τ), front surface recombination velocity (Sf),
rear surface recombination velocity (Sr) and specific series resistance (rs), the bifacial cells were simulated by
using the PC1D computer program [25] and these parameters were adjusted tofit inwell the simulatedVOC, JSC,
FF and η to the experimental ones. The following parameters were used to simulate the solar cells: wafer
thickness of 145 μm, reflectance of a textured surface coveredwithARC,metal grid shadowing factor of 9.5%
and base resistivity of 2Ω cm. Impurity profiles were adjusted in the PC-1D tofit the experimental ones
presented infigures 3 and 4.

The values of the surface recombination velocity are according to the absence of surface passivation, but the
minority carrier lifetime of 9 μs is low for cellsmadewith the processα. On the other hand, the solar cells with

Figure 4.Boron impurity concentration obtained by ECV and characteristics of the doped regions.

Table 1.Average electrical parameters of the solar cellsmanufactured by processes
α eβ.

Front illumination (by n+ face)

Process VOC (mV) JSC (mA cm−2) FF η(%)

Α 586±1 27.0±1,0 0.71±0,01 11.2±0,4
Β 591±17 31.6±1.0 0.71±0.01 13.4±1.0

Rear illumination (by p+ face)

Α 579±3 18.0±1.0 0.72±0.01 7.6±0.4
Β 582±18 20.6±2.6 0.73±0.01 8.8±1.5

Table 2.Electrical characteristics of the best bifacial solar cells obtained by processesα andβ and results from simulation bymeans of the
PC1Ddevice-modeling program.

Process Parameters fitted by simulation Ilum. Results VOC (mV) JSC (mA cm−2) FF η (%)

α Sf=1×107 cm s−1 n+ Experimental 586 27.5 0.722 11.6

Sp=1×107 cm s−1 Simulated 588 30.0 0.680 12.0

τ=9 μs p+ Experimental 576 17.5 0.729 7.4

rS
*=3,2 Ω cm2 Simulated 575 17.0 0.720 7.1

β Sf=1×107 cm s−1 n+ Experimental 602 32.3 0.719 14.0

Sp=1×107 cm s−1 Simulated 602 32.6 0.713 14.0

τ=55 μs p+ Experimental 594 22.2 0.739 9.7

rS
*=2,4 Ω cm2 Simulated 592 22.1 0.749 9.8
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the diffusion of phosphorus at the end of the process presented τ=55 μs. This higher bulk lifetime for solar
grade silicon is due to the getteringmechanisms provided by diffusion of phosphorus at the end of the
processing [26]. This way, the small thickness of the n+ region and the highminority carrier lifetime observed in
solar cells processed by sequenceβ explain the higher JSC,VOC and η. The series resistancewas high for all the
solar cells and is not associatedwith the order of the B/Pdiffusions, but it is related to the rearmetal grid. On the
rear p+ face, an aluminummetal gridwas screen-printed and thismetal paste presents a resistivity higher (twice)
than the silver paste used on the n+ face.

More efficient solar cells were processedwith the sequenceβ and reached the efficiency of 14% for
illumination by the face n+ and 9.7% for illumination by the face p+. A TiO2ARCwas deposited on the rear face
and JSC increased by 2 mA cm−2 and, consequently, efficiency rose to 10.4%. The results are similar to those
published by Recart [15], but in this workwe produce larger devices in solar grade Si-Cz, spin-on dopantwas
used and the busbarwas inside active area, the typical approach of industrial devices. The implementation of
surface passivation by thermally grown SiO2 can reduce the S for values of around 4.3×104 cm s−1 (to
Cs=4.3×1020 cm−3) [27] and 5.5×104 cm s−1 (toCs=1.6×1019 cm−3) [28, 29], for n+ and p+ doped
faces of textured siliconwafers, respectively. The surface passivation and a reduction of specific series resistance
to values lower than 1Ω cm2 can enhance the efficiency to about 16.7% for front (n+) illumination and to 13.1%
for rear illumination (p+), efficiencies similar to that obtained byYang et al [11]with thicker wafers.

Thefigure 5 illustrates the distribution of theminority carrier diffusion length obtained by the LBIC
technique of themore efficient devicesmanufacturedwithα andβ sequences. Theβ process provided amore
uniformdistribution of LD,with a larger region of diffusion lengths close to themaximumvalue. The device
processedwith the sequenceα shows an average value of the diffusion length (LDAverage) of about 390 μm.The
solar cell fabricatedwithβ sequence achieved LDAverage=510 μm.Taking into account a same diffusion
coefficient (D) forminority carriers and the values of τ presented in the table 2, the estimated LDwere 164 μm
(τ=9 μs) and 404 μm (τ=55 μs) for devices processed by fabrication sequencesα andβ. The difference
between the values of LDobtained by simulating the solar cells with the PC1Dprogram and obtained by LBIC
technique is due to the fact that the LBIC technique evaluates the substrate and also the effectiveness of the BSF.
The PC1D also evaluates the effect of BSF, but isolates the phenomena of recombination in the substrate and on
the surface.

4. Conclusions

Twoprocesses have been developed tomanufacture thin bifacial solar cells with the selective BSF region, formed
by diffusion of boron and aluminum. Boronwas deposited by spin-on and diffused in an open tube quartz
furnace andAl gridwas screen-printed and diffused in a belt furnace. In the processα, the diffusion of boronwas
performed at the end of the process and in the processβ, the diffusion of phosphorus was implemented after the
diffusion of boron.

In the processβ, n+ emitter presented a lower depth and a thinner ‘dead layer’was formed, decreasing
recombination in this region and increasingminority short-circuit current of the solar cells when compared to

Figure 5.Two-dimensional distribution of theminority carrier diffusion length of the solar cells fabricatedwith the processα (a)
(LDAverage=390 μm) andwith the processβ (b) (LDAverage=510 μm).
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those fabricatedwith the processα. In addition, the diffusion of phosphorus after the boron one produced
bifacial solar cells with longerminority carrier lifetime and diffusion length, resulting in an increase in efficiency
when the solar cells were illuminated by the selective boron/aluminumBSF. Therefore, tomanufacture bifacial
solar cells in solar grade thin siliconwafer, the diffusion of phosphorus should be held at the end of the
processing.
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