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Abstract

The PERC solar cell family is manufactured by theustry because the passivation of both facesroproive
the efficiency. The passivation and anti-reflecti®R) coating is usually performed using silicortridie.
However, the silicon dioxide may produce a goodspasion in the emitter and in the boron BSF. Thalgf
this paper is to present the analysis of the,TA® coating in PERT solar cells passivated with SBased on
previous studies, the dry oxidation was performédB@ °C and 860 °C, growing the SiGayer on the
phosphorus emitter of 50 nm and 60 nm, respectividig thickness of the THOAR coating evaporated by e-
beam technique was optimized and the,Si{®, double layer was analyzed by the comparison ottketrical
parameters and internal quantum efficiency of tB&P solar cells and the reflectance of the doudyer. The
efficiency of 16.8 % was achieved with 37 nm Ti€»ating and Si@layer grown at 800 °C. The firing of the
conductive pastes reduced the thickness of the/Bi» layer and the lowest weighted average reflectavae
2.8 %. The solar cells with thinner Ti@oat presented low internal quantum efficiencyvawvelengths higher
than 700 nm.

Key-words: silicon solar cells, titanium dioxidetiareflective coating, silicon dioxide passivation.

1. Introduction

In the last decade, the industrial process to namtufe silicon solar cells was based on the alumitack
surface field (Al-BSF), formed with conductive pastreen-printed on the rear face of p-type siliwafers and
fired in a belt furnace. During the firing proceise solar cells bowed and the devices could bdeging the
module assembling. Moreover, the passivation of ftiie area AI-BSF is limited. Nowadays, the PERC
(passivated emitter and rear cell) structures, a&PERT (passivated emitter, rear totally-diffysdRERL
(passivated emitter, rear locally-doped), PERD gpased emitter, rear directly-contacted) and PERF
(passivated emitter, rear floating-junction) cedlee gaining the market share, dominated by theialum back
surface field technology (Colville, 2017; Greef18; ITRPV, 2019). The main advantages of PERC:&ira
with boron back surface field (B-BSF) are 1) to idvahe bowing of the monocrystalline Czochralski
silicon (Cz-Si) wafers and the multicrystallineiiin wafers and 2) to allow the passivation of B&F surface,
besides of the front emitter, that reduces the nitinaharge carrier recombination and improves ititernal
reflectance of the rear face. This structure ofusaell presents one of the best potential to aehigigh
efficiency and, consequently, to manufacture pholtaic modules at competitive prices. The PERT izetine
structure of the PERC family and can be manufadtwi¢h a cost-effective process. In this paper, i@, anti-
reflective coating of the PERT cell with boron B&#kd SiQ passivation was evaluated.

The industry has been manufactured silicon sollis @éth silicon nitride as anti-reflective (AR) ating and
passivation layer, deposited on the phosphorustemtiyy plasma-enhanced chemical vapor (PECVD) ngetho
This material provides low surface recombinatiotoeity because the presence of positive interfdwrges,
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that produces a field effect passivation (Lelieéeteal., 2019; Liu et al., 2018; Rahman and Kharl220
Nevertheless, the thermally grown $i® the most effective dielectric layer to passavilite i emitter as well as
the boron doped back surface field (Glunz and Faftm 2018). A Si@layer of only 10 nm is enough to
passivate the phosphorus emitter (Zanesco and Mdehl 2015). The SiQayer can be simultaneously grown
in both faces of the silicon wafer by dry oxidatidtowever, silicon dioxide has a low refractive eésdand,
consequently, it is not a good material to form &f coating. Then, the silicon dioxide is usualtymbined
with other materials to reduce the reflectance (Céieal., 2017; Huang et al., 2018; Preissler e28i18). On
the other hand, titanium dioxide may not providieefve surface passivation, but this materialsedito form
the AR coating because presents low absorptiorhaitt svavelengths and has a high refractive indehe T
passivation with titanium dioxide depends on tlehtéque used to deposit the layer and new methads been
developed. For instance, the chemical ultrasoniaysgeposition was used to produce a single lafy&i@, and
the reflectance of textured silicon wafers was $34li et al., 2017). The spin coating procedure aygdied to
deposit a Ti@SIO; thin film. Solar cells with the TiedSiO, stack coating achieved the efficiency of 18.2 %
(Lee et al., 2015). Using the sputtering technigqu&iQ,/SiO; stack layer was deposited on non-textured surface
of p-type silicon wafers and the average reflectamas 7 % (Ali et al., 2014). The Ti@Im was also combined
with Al;Os (Suh, 2019). This double layer was formed by l@mstcspray pyrolysis on silicon solar cells. The
average efficiency obtained was 15.5% (Kanda e2@ll6).

Bearing in mind the need to passivate both faceb@PERC solar cells, the effective passivatiavigled by
silicon dioxide in fi and  heavily doped regions, the growth of the Si®both faces during the dry oxidation
process and the features of titanium dioxide Ihe AR coating material, the goal of this papepiptesent the
evaluation of the TiI@QAR coating deposited over the Si@assivation layer on the front phosphorus emifer
PERT solar cells by the analysis of the electrzmdlameters and internal quantum efficiency of tharscells
and the reflectance of the TiSiO, double layer. Based on previous studies (Zanesed.,e2018), the dry
oxidation was performed with two temperatures dodeach SiQthickness, the Ti©AR coating deposited by
electron beam evaporation technique (e-beam) waerigmentally optimized.

2. Silicon solar cells process and development oft  he anti-reflective coating

The Fig. 1 presents the structure of the PERT smirdeveloped using solar grade p-type Cz-Si vsafgth
thickness of 200 um and base resistivity fro®.tm to 20Q.cm. The process sequence was optimized in a
previous work (Zanesco et al. 20L&nd is summarized in the following steps: textatehing, RCA wet-
chemical cleaning, deposition of the liquid withrtw by spin coating technique, boron diffusion axdlation

in a quartz tube furnace, oxide etching in the tfrface and RCA chemical cleaning, phosphorus difus
boron and phosphorus silicate glass etching and R8&mical cleaning, dry oxidation to passivate both
surfaces with Si@ TiO, anti-reflective coating deposition, screen-prigtiprocess to form the silver and
aluminum/silver metal grids on front and rear faoespectively, firing of the conductive pastes autje
isolation with laser irradiation.

«— Silver grid
TiO, anti-reflective coating

\ Phosphorus emitter

T Solar grade p-type Si-Cz

+~———— Boron back surface field

f Aluminum/silver grid

Fig. 1: Configuration of the PERT solar cell develped with boron back surface field and TiQ/SiO, double layer on the phosphorus
emitter.

The boron BSF was formed by the deposition of tBEZ boron solution (Filmtronics) using the spirating
technique. This procedure is used to deposit tiferam thin films and consists in to apply a smati@unt of the
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liquid with boron on the center of the wafer, whistspun at high speed. The boron diffusion wagesout in

a quartz tube furnace at 970 °C. In the same tHestap of boron diffusion, the silicon dioxide laye protect

the boron-doped region of the phosphorus diffusices grown, based on the patent BR1020120306069
(Zanesco and Moehlecke, 2012). The phosphotusrmitter with the sheet resistance of (63 +Qf) was
produced using POg€IlIn the boron BSF the sheet resistance was (4X¥ 2

Based on previous studies (Zanesco et al., 20%& dry oxidation to passivate the surfaceshefdolar cells
was performed with two processes: 1) temperatur@06f°C during 45 minutes and 2) temperature of 860
and time of 30 minutes. The thickness of the S&Yer was higher in the phosphorus emitter thatihénboron
BSF (Ho and Plummer, 1979). The Si@assivation layer grown at 800 °C, was arounddand 10 nm thick
in the phosphorus emitter and boron BSF, respdytifée silicon oxide growth at 860 °C resultedaislightly

thicker SiQ films. The thickness of Silpassivation layers were approximately 60 nm inetmitter and 14 nm
in and BSF (Zanesco et al., 26118

After the oxidation process, the TH@R layer was deposited taking into account thekiméss of the Si©
passivation layer. Specifically, the thickness i TiQ, AR coating deposited by electron-beam technique on
the front emitter was experimentally optimized. Bus reason, the TiOAR coating was ranged from 5 nm to
60 nm. In addition to the solar cells, samples vase prepared and processed together with the sells to
characterize the Ti&5iO, double layer.

Then, the silver metal grid, with two busbars, weaseen-printed on the front face. The area coveftiusilver
paste was of around 8 %. On the rear face theialumisilver paste was screen-printed and the ngeiglwith
two busbar coated about 14.5 % of the total arba. donductive pastes were fired at 860 °C (Zanes@&.,
2018).

Batches with 3 — 6 silicon solar cells with the saief 61.58 crh were processed. All the solar cells were
characterized under standard conditions (100 m\&/&ii1.5G and 25°C) in a solar simulator and therage
electrical parameters were calculated. The refteetavas measured in five regions of samples prdgaréhe
same process of the solar cells with a spectrophetier with integrating sphere. The thickness ofTit@, and
TiO2/SiO, layer was measured with an ellipsometer. The malequantum efficiency of the solar cells with the
highest efficiency, manufactured in each process @btained by the measurement of the spectrabmespand
reflectance. Then, the thickness of the layer waismized comparing the electrical characteristiosl éhe
weighted average reflectance (Zhao and Green, 188it)g into account the spectral response of ther ell.
The TiG/SIO, double layer was analyzed by the thickness, wethhverage reflectance and reflectance before
and after the firing process of the conductive gmgt the belt furnace and by the internal quargifiniency of
the solar cells.

3. Results and discussion
3.1. Anti-reflective coating optimization

3.1.1  SiQ passivation layer grown at 800 °C

The Tab. 1 presents the average values of the cparit voltage (M), short-circuit current density ) fill
factor (FF) and efficiencyn() of the PERT solar cells with the Si@ayer grown in dry oxidation at 800 °C
during 45 minutes as a function of the thicknesshef TiQ: AR coating (éio2). In Tab. 1 and Tab. 2,1
represents the value of the AR coating before tbegss to fire the silver and aluminum/silver pasiehe AR
coating affects mainly thesd Then, considering this effect, the selected \&ahfedrio, were in the range from
33 nm to 42 nm. The average efficiency of 16.3 % aehieved with €b> = 42 nm. The fill factor tends to
decrease with the increasing of the Ft@ickness and reduces the efficiency.

In Tab. 2, the PERC solar cells with the highediciehcy of each process are compared. T&ead 36.0
mA/cn? was obtained with-h, = 42 nm, and the efficiency of 16.8 % was achiewéti this TiQ, thickness.
The results presented in Tab. 2 confirms thaffdiditor and also open circuit voltage tend to desweaith the
increasing of goo. Then, the €o. that leads to the higher short-circuit currentgigrand efficiency was 42 nm.
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Tab. 1: Average open circuit voltage (V), short-circuit current density (Jso), fill factor (FF) and efficiency (n) of the PERT silicon
solar cells with the SiQ passivation layer grown in dry oxidation at 800 °Cas a function of the thickness of the TiIQAR coating
(dvio2). drio2 represents the value of the AR coating before therocess to fire the silver and aluminum/silver pags in the belt

furnace.

Process Number of cells| b2 (nm) Voc (MV) Jsc (MA/cm?) FF 1 (%)
PO800-10 03 13 606.3+0.8| 33.7+0.3 0.785+0.002| 16.1+0.2
PO800-15 04 21 604.9+0.3] 335+0.1 0.783+0.002| 15.9+0.1
PO800-20 05 33 596 + 3 35.2+0.3 0.770 £ 0.007 138.2
PO800-25 03 42 597 +2 35.0+15 0.779+0.002| 16.3+0.7
PO800-30 03 52 601 +2 34.9+0.8 0.759+0.011| 15.9+0.5
PO800-35 03 60 601 + 4 34.9+0.7 0.768 £ 0.012| 16.1+0.3

Tab. 2: Electrical characteristics of the silicon slar cells with the highest efficiency achieved irach process as a function of the
thickness of the TiQ AR coating (dro2) and passivated with SiQ grown at 800 °C.

Process dio2 (nm) Voc (MV) Jsc (MA/cm?) FF 1 (%)
PO800-10 13 607.1 34.1 0.786 16.3
PO800-15 21 605.3 33.6 0.784 15.9
PO800-20 33 597.4 35.6 0.775 16.5
PO800-25 42 598.6 36.0 0.777 16.8
PO800-30 52 598.8 35.9 0.771 16.6
PO800-35 60 596.7 35.7 0.766 16.3

3.1.2  SiQ passivation layer grown at 860 °C

The Tab. 3 shows the average electrical parametetee solar cells with the SiOayer grown with dry
oxidation at 860 °C during 30 minutes and Tab. fmsarizes the results of the solar cells with thghast

efficiency as a function ofi. (before the firing process). The average efficjeoic15.7 % was lower than that

obtained in solar cells with oxidation process@ 8C.

Taking into account the short-circuit current dgnsihe optimized €0 can be in the range from 15 nm to 48

nm. The higher efficiencies were obtained wittbgdaround 13 - 15 nm because the fill factor and apeguit

voltage were slightly affected by the increasingha TiQ: thickness. This behavior was also observed in the

solar cells processed at 800 °C. Then, the that resulted in the higher efficiencies was atbli@ — 15 nm.

Tab. 3: Average electrical characteristics of theikicon solar cells with the SiQ passivation layer grown in dry oxidation at 860 °C
as a function of the thickness of the TIQAR coating (drio2). drio2 represents the value of the AR coating before therocess to fire
the silver and aluminum/silver pastes in the beltdrnace.

Process Number of cells | b2 (nm) | Voc(MV) | Jsc (MA/cmM?) FF 1 (%)
P0O860-05 03 4 596 + 2 33.3+0.1 0.775 + 0.003 15.4
P0O860-10 03 13 599 + 3 33.5+0.1 0.783+0.002| 15.7+0.1
P0O860-15 06 15 592 + 4 33.7+04 0.778 +£0.003 5%%.3
P0O860-20 06 22 578 + 14 33.8+0.4 0.772+0.003| 15.1+0.6
P0O860-30 03 48 572+6 33.7+0.2 0.773+0.002| 14.9+0.2

Tab. 4: Electrical characteristics of the silicon slar cells with the highest efficiency as a functio of the thickness of the TiQ AR
coating (drio2) and passivated with SiQ@ grown at 860 °C.

Process dlio2 (nm) Voc (MV) Jsc (MA/cm?) FF 1 (%)
P0O860-5 4 597.4 33.2 0.777 15.4
PO860-10 13 601.1 33.5 0.785 15.8
P0O860-15 15 596.4 34.0 0.78( 15.8
PO860-20 22 592.9 34.3 0.775 15.8
P0O860-30 48 575.2 33.9 0.771 15.0

3.2. Evaluation of the Tigand TiQ/SiO; layer

The Tab. 5 and Tab. 6 show the thickness of the A coating, thickness of the T#3iO, double layer (doz-
sio?) and weighted average reflectanpg)(of the TiGQ/SiO; stack, before and after the firing of the condrecti
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pastes. In Tab. 5, the results are compared far sells with SiQ passivation layer processed at 800 °C. After
the firing process, the thickness of the Tilayer and Ti@SiO, stack diminished. The reduction of the
TiO2/SiO; double layer ranged from 3 nm to 7 nm and wasezhby the reduction of the TiQayer. After the
firing process, the lowest weighted average rediece of 2.8 % occurred in the range g6dfrom 37 nm to 45
nm and was similar to the value obtained before tttegmal process. Taking into account the efficenc
presented in Tab. 1, the value b4, that decreased from 42 nm to 37 nm with thedinocess, lead to higher

efficiency and lower reflectance. The thicknesstloé double layer was of 89 nm, after the firingtbé
conductive pastes.

When the Si@ layer was thermally grown at 860 °C, the weightwerage reflectance after the firing of the
conductive pastes was the same,dut 2.8 % was found in the range afgd from 18 nm to 43 nm, as Tab. 6
summarizes. In this case, the reduction of the,/BiQ, layer with firing process was similar to the resul
presented in Tab. 5, if the value obtained fas0= 14 nm is not taking into account. Comparing efextrical
parameters showed in Tab. 3 and the in Tab. 6, we can notice that low weighted averagfiectance
corresponds to the high short-circuit current dgn€dn the other hand, the greater efficienciesewastained
for drio2 of 11 - 14 nm, due to the trends of the decreasine fill factor and open circuit voltage withet
increasing of the AR layer. Then, the selectedktiéss of the Ti@layer was 14 nm (after firing process), that
results in the double layer of 71 nm, taking inte@unt the highersd and efficiency.

Tab. 5: Thickness of the TiQ AR coating (drioz), thickness of the TiQ/SiO, double layer (drioz-sio2) and weighted average reflectance
(pw) of the TiO./SiO, stack before and after the firing of the Ag and AIAg pastes and reduction of the Ti@SiO, thickness QAdrioo-
sioz) after the firing process. The SiQ passivation layer was grown at 800 °C.

Before firing process After firing process Reduction
Process drio2 drioz-sio2 drio2 drioz2-sio2 Adrioz-sio2
(nm) (hm) Pwes | (nm) (nm) piv e (nm)

PO800-10 13 65 3.7 10 62 3.8 3
P0O800-15 21 73 3.0 15 67 3.3 6
P0O800-20 33 85 2.7 28 80 2.9 5
P0O800-25 42 94 2.8 37 89 2.8 5
P0O800-30 52 103 2.9 45 97 2.8 6
P0O800-35 60 112 3.4 53 105 3.0 7

Tab. 6: Thickness of the TiQ AR coating (drioz), thickness of the TiQ/SiO, double layer (drioz-sio2) and weighted average reflectance
(pw) of the TiO,/SIO, stack before and after the firing of the Ag and AIAg pastes and reduction of the TiQ (Adrio2) and TiO,/SiO,
(Adrio2-sio2) thickness after the firing process. The Si@passivation layer was grown at 860 °C.

Before firing process After firing process Reduction
Process drio2 drioz-sioz (NM) . drioz drioz-sio2 , Adrioz-sioz
(nm) TiO2-Si02 PW (%) (nm) (nm) PW (%) (nm)

PO860-5 4 61 4.3 3 58 4.5 3
PO860-10 13 70 3.1 11 66 3.5 4
PO860-15 15 72 3.1 14 71 3.3 1
PO860-20 22 82 2.6 18 75 2.8 7
PO860-30 48 105 3.0 43 100 2.8 5

The reflectance of the TUSBIO, layer measured in five regions of the sample withoetal grid and with Si©
grown at 800 °C and Tigxhickness of 37 nm (after the firing process)dmpared in Fig. 2 with the reflectance
of sample processed at 860 °C and ;li@ckness of 14 nm. The reflectance was meastutedthe firing of the
conductive pastes. The uniformity of the AR layghigher in Fig. 2-a, when the Si@as grown at 800 °C,
than in Fig. 2-b. The oxidation at temperature 60 8C produced a SiOayer with more variation of the
thickness in the same silicon wafer than the othadation process. The Fig. 2-a indicates thatrtfi@mum
reflectance of around 0.8 % occurred in the rarfg@avelength from 580 to 630 nm. Meanwhile, in séap
with silicon oxide grown at 860 °C, the minimumleetance occurred in shorter wavelengths. In thsecthe
minimum reflectance of about 1 % is observed inreirge of wavelengths from 500 to 550 nm.

The Fig. 3-a shows the reflectance of the J88D, layer measured in the center of the silicon wafesr the
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firing process and SiOgrowth at 800 °C as a function of the thicknesghef AR coating and the Fig. 3-b
presents the results obtained in samples process860 °C. For the two oxidation temperatures, wiita
increasing of the Ti®thickness, that increased the H&IO, layer, the minimum reflectance shifted to larger
wavelengths, rising the reflectance in shorter wengths. The lower reflectances were observed for
wavelengths longer than 650 nm and high ;fitickness.

5¢ 5¢
45 45
40 40

S 35 S 35 A\

8 a0 8 5 \\

8 g

g \ g2

% 20 T 20

T s \ / X 5
10 \ / 10 /
: \\ / . /)
0 0 -

T T T T T T T T
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Wavelength (nm) Wavelength (nm)
(@) (b)

Fig. 2: Reflectance of the TiG'SiO, layer measured in five regions of the sample witha metal grid, after the firing of the conductive
pastes, with SiQ grown (a) at 800 °C and TiQ thickness of 37 nm and (b) at 860 °C and Tigxthickness of 14 nm.
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Fig. 3: Reflectance of the Ti@SiO; layer after the firing of the silver and aluminum/silver pastes with SiQ grown (a) at 800 °C and
(b) at 860 °C as a function of the thickness of thEiO; layer. The reflectance was measured in samples Witut metal grid.

The influence of the firing process in the 0. double layer is shown in Fig. 4. The behavior lvé t
reflectance changes mainly in wavelengths shohan 600 nm when the firing of the conductive passes
performed. Specifically, the reflectance reducedhart wavelengths and this effect is observed pn&im drio2
greater than 10 nm. This effect is observed in3i@ layer grown at 800 °C and 860 °C, as Fig. 4-a &igl 4-
b show.
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Fig. 4: Reflectance of the TiG'SiO, layer measured before and after the firing of theonductive pastes with Si@grown (a) at 800 °C
and (b) at 860 °C. The reflectance was measuredtine sample without metal grid.
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3.3. Analysis of the internal quantum efficiency

The Fig. 5 shows the internal quantum efficien€@K) of the solar cells with the highest efficieramhieved in
each oxidation process as a function of the;Tlrkness. The IQE of solar cells with Si@rown at 800 °C is
presented in Fig. 5-a and the result of the deyicesessed at temperature of 860 °C is compar€&ibirb-b. In
both set of solar cells, i. e., with Si@roduced by oxidation at 800 °C and 860 °C, th& ff@lls down for
wavelengths higher than 700 nm with the reductibthe TiO; thickness. Specifically, a low IQE is observed in
wavelengths higher than 700 nm for the thinner;Ti@ating. In this range of wavelengths, the integuantum
efficiency increases up to the Ti@hickness of 37 nm (Fig 5-a) and 14 nm (Fig 5dopfirming the selected
drio2. In the solar cells passivated with Si@fown at 800 °C and 860 °C, the Bi@R coating deposited on the
front emitter probably causes the internal refactof irradiance in the front face for wavelengttigher than
700 nm and this phenomenon is enhancedfgp # of 37 nm and 14 nm, respectively. The higher ogesuit
voltages measured in the solar cells with lowerTtiticknesses may be explained due to the reductighe
minority charge carrier recombination in the rezgion because the depletion of the minority casrier
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Fig. 5: Internal quantum efficiency of solar cellswith the highest efficiency achieved in each batchs a function of the TiQ thickness
with SiO, grown in the oxidation performed at (a) 800 °C andb) 860 °C.

4. Conclusions

In this paper, the influence of the Ti@nti-reflective coating deposited over the Sp@ssivation layer grown at
800 °C and 860 °C on the front emitter of PERT rsoddls was analyzed. The higher values of thetstioouit
current density were found with TiGhickness from 33 nm to 42 nm and from 15 nm tn#48in solar cells
processed at 800 °C and at 860 °C, respectively filltiactor and open circuit voltage tend to desse with the
increasing of the Ti@thickness. Consequently, the average efficienc¥6o8 % was obtained withrig, = 42
nm and solar cells processed at 800 °C. This effy was higher than the value of 15.7 % achiemesblar
cells with oxidation at 860 °C andigb around 13 - 15 nm.

The firing of the silver and aluminum/silver pastisiinished the Ti@SiO, double layer thickness, due to the
phase transformation of the Ti@nd the reduction ranged from 3 nm to 7 nm. After firing process, the
lowest weighted average reflectance of 2.8 % oecuim the range of+w. from 37 nm to 45 nm and from 18
nm to 43 nm, for samples processed at 800 °C aB@@prespectively. Taking into account the efficig and
the weighted average reflectance, the selectetintbss of the Ti@layer was 37 nm and 14 nm (after firing
process), resulting in the double layer of 89 nmh @b nm, for solar cells with oxidation at 800 %@l &60 °C.

The uniformity of the TiQ@'SIO, double layer was higher when the Si®@as grown at 800 °C. For this
temperature, the minimum reflectance of around%.8ccurred in the range of wavelengths from 58630
nm. With the oxidation process at 860 °C, the mimmreflectance of around 1 % occurred in shorter
wavelengths from 500 to 550 nm.

The firing of the conductive pastes caused the ataiu of the reflectance in short wavelengths ansd éffect
was observed mainly forrd. greater than 10 nm. The solar cells with thinn&,Tcoatings shown a low
internal quantum efficiency in wavelengths highkeart 700 nm. In this range of wavelengths, the iater
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guantum efficiency increased up to the TiBickness of 37 nm (800 °C) and 14 nm (860 °Cjficoing the
selected Ti@thicknesses.
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