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This paper presents current technology used to produce 100 cm2 multicrystalline silicon solar cells of efficiency above 13%

which was one of the main goals of the National Photovoltaic Project undertaken in the Institute of Metallurgy and Mate-

rials Science (IMMS). The general concept of the technology consists of maximum seven steps. The process sequence is

based on diffusion from POCl3 and screen printed contacts fired through a PECVD SixNy or TiOx antireflection coating

(ARC). Co-metallisation annealing was performed in an IR furnace. The multicrystalline wafers are described using

four-point probe, scanning electron microscopy (SEM), secondary ion mass spectrometer, and spectrophotometer with an in-

tegrating sphere. The completed solar cells are characterized with internal spectral response and a current-voltage charac-

teristic. All aspects playing a role in a suitable manufacturing process are discussed. At present, multicrystalline silicon solar

cells capture around a 45% share of the world photovoltaics market with a total of 540 MW being produced in 2002. Taking

into account the decreasing cost of multicrystalline substrates, this relation will rise systematically.
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The industrial technology of multicrystalline silicon solar

cells has been developed using the BAYSIX silicon pro-

duced by Bayer (Germany) as the base and material charac-

terised by the following technical data: multicrystalline sil-

icon, p-type, boron-doped, thickness ~330 µm, area 10�10

cm, resistivity ~1 � cm, minority carriers diffusion length

~80 µm, oxygen concentration < 5�1017 atom/cm3, carbon

concentration < 1�1018 atom/cm3.

The diffusion length of minority carriers is the value

which determines the maximum efficiency of solar cells

[1]. This silicon is appropriate only for screen printing

technology and has influenced elaboration focusing and a

method. The final baseline process for the fabrication se-

quence of multicrystalline solar cells is shown in Fig. 1.

When using TiOx as ARC, the seven main technological

steps are needed or only six steps when SixNy is employed.
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Different etching and cleaning techniques are necessary for

preparing “as cut” silicon wafers delivered from the manu-

facturer. As a result of cutting wafers from a multi-

crystalline ingot, approximately 5 µm of material on both

sides of the wafer is highly distorted and must be removed.

A commonly used method, chemical etching in KOH or

NaOH solution, is selective for grains with different crys-
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Fig. 1. Flow chart of the multicrystalline solar cells processing at

IMMS PASs.



tallographic orientation on the surface and this causes dis-

continuities at the grain boundaries. However, this tex-

turisation enhanced the light absorption but not to the same

extent as in the case of (100) monocrystalline silicon. Some

other proposals such as laser scribing, mechanical

V-grooving or reactive ion etching (RIE) cannot be easy

implemented in an industrial process which needs primar-

ily high throughput at low cost. The acid etching, being an

isotropic method, is still under investigation [2,3]. The

well-prepared surfaces of the wafers must, as far as possi-

ble, be free of contaminants K+ ions from the etching solu-

tion, heavy metals and organic impurities. The chemical

procedure for cleaning the wafers before the donor doping

process is given in Table 1.

Following the etching and cleaning processes, the wa-

fers were rinsed with 18 M�cm deionised water DIH2O in

a cascade system as the final stage. During chemical treat-

ment, the wafers were placed in a Teflon holder which

could contain 25 slices.
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Emitter diffusion is one of the crucial steps in the manufac-

turing process of silicon solar cells. The donor source can

be applied by techniques such as: screen printing, spray-on,

spin-on or CVD (POCl3) [4]. The emitter was generated at

temperatures in the range 845–890�C for 40 min. in an

open quartz tube using liquid POCl3 as the doping source.

This results is an emitter with a sheet resistance from 20

�/� to 40 �/� as shown in Fig. 2. Sheet resistance was

measured with automatic four-point probe which is the fun-

damental method used to control the diffusion process in

industry. The selected wafers, measured at nine points, had

emitters with homogeneity around 5% standard deviation.

This is acceptable taking into account that the wafer area is

100 cm2 and the diffusion furnace SD-3/158M has a quartz

tube of 158 mm diameter. The diffusion profiles have been

determined by secondary ion mass spectroscopy (SIMS)

measurements.

Table 2. The main electrical parameters of the solar cells in de-

pendence on phosphorous concentration profile adequate to

shown in Fig. 2.

Sheet resistance Rs

�/�

Isc
(A)

Voc

(V)
FF

Eff

(%)

20 2.749 0.561 0.748 11.53

32 2.885 0.576 0.732 12.17

40 2.979 0.578 0.731 12.60
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Table 1. Chemical processing applied to “as-cut” silicon wafers.

Chemical process Chemical recipe
Time
(min)

Temperature
(�C)

Distorted layer removing 30% KOH 15 80

Rinsing DIH2O 25 25

Rinsing IPA 15 25

Texturisation IPA : 40%KOH : DIH2O in vol. ratio 3:1:46 15 80

Rinsing DIH2O 25 25

Neutralisation of potassium traces and
metallic contamination removing

95% H2SO4 : H2O in vol. ratio 1:1
15 25

Rinsing DIH2O 25 25

Metallic contamination removing 2% HCl 15 25

Rinsing DIH2O 25 25

Native oxide removing 10% HF 2 25

Rinsing DIH2O 25 25

Fig. 2. Determined by SIMS phosphorous concentration profiles at

diffusion time of 40 minutes in relation to diffusion temperature

after process using POCl3.



The cells obtained with the different emitters were ana-

lysed and, as can be seen in Table 2, the emitter with a

sheet resistance in the range 40–50 �/� is optimal for

screen-printing technology. The form of donor doping,

shown in Fig. 2, obviously depends on temperature and

time, but also on the diffusion technology realised with

pre-oxidation before the pre-diffusion step. The second

kind of diffusion technique was the formation of a n+/p

structure using phosphorus-doped silica paste, marked by

Soltech as 1. This was screen-printed onto wafers with a

220-mesh screen and after drying the wafers were placed in

an IR furnace where the diffusion occurs in 5 min at a tem-

perature above 900�C [5]. Phosphorus from paste diffuses

into the desired front side of the wafer. The average results

for 100 cm2 solar cells with emitter formed with 1 paste,

covered TiOx, have reached the following value: Isc = 2.589

A, Voc = 0.599 V, FF = 0.74 and Eff = 11.5% what is below

the parameters characterised by solar cells after processing

with POCl3 as it can be seen in Tables 3 and 5.
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After diffusion from POCl3, the wafers are covered by

phosphorus-silicate glass xSiO2 � yP2O5 and have do-

nor-doping layer on both sides and edges. At first, the para-

sitic junction was removed by means of a special Teflon

clamp in which the silicon wafers previously immersed in a

glycerine-water solution were stacked surface by surface

with EVA foil separation. Next, the clamp was immersed

in 65%HNO3:40%HF:80%CH3COOH solution in the vol-

ume ratio 5:3:3 for 1 min. followed by rinsing in DI H2O.

Then xSiO2 � yP2O5 was removed by immersion in a bath

of 10% HF for 2 min. Finishing all wet chemical baths, the

wafers were dried in a spin-drier with the highly purified

air. It is more difficult to obtain a clean and non-wetting

wafer surface by chemical etching after using 1 paste and

the phosphorus glass layer has to be removed in 25% HF

using an ultrasonic cleaner.
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Surface passivation was achieved by the growth of a thin,

invisible passivating oxide SiO2 at a temperature of 800�C

for 15 min. in a controlled O2 and N2 atmosphere. In-

creasing the time did not increase the short circuit current

Isc significantly and the shorter did not give an expected

improvement as it can be seen in Fig. 3 and Table 3.

The oxygen and nitrogen used for the thermal annealing

and diffusion processes were dried to a dryness of 0.005

mg/l and purified with 5A Molecular Sieves system to re-

move impurities that have effective molecular diameter of

less than 5 angstroms.

The improvement in the cell efficiency depends among

others on the open circuit voltage Voc and for maximising

the Voc it is very important to reduce the recombination ve-

locity at the surface, under contacts and in the bulk. A ther-

mal oxide is effective in reducing the surface recombina-

tion velocity whilst bulk passivation is possible by, for ex-

ample, silicon nitride.
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The Si surface reflects 35–50% of the light, depending upon

its wavelength in the range 400–1100 nm on which the photo-

voltaic conversion depends. Obtaining the lower reflective

surface on the multicrystalline silicon solar cell is difficult be-

cause of the presence of randomly oriented crystallites. An

improvement can be only achieved by forming an antireflec-

tion coating (ARC) to reduce the solar cell reflection to below

10% [1]. In industry two antireflection coatings are widely

applied: titanium oxide TiOx and silicon nitride SixNy. Both

were deposited before contacts were screen-printed. It is very

important for soldering of the solar cells because before con-

necting them in a module there is no necessity to remove

ARC from the front busbar electrode. The SixNy was depos-

ited by plasma enhanced chemical vapour deposition

(PECVD). It has following advantages [6]:

• by changing the deposition conditions: power, tempera-

ture, pressure and NH3/SiH4 ratio SixNy can be obtained

with the required optical and material parameters best

suited for solar cells. Specifically a refractive index of

1.9 for 600 nm wavelength, extinction coefficient above

400 nm wavelength sharply decreasing to 0, control of

hydrogen content and a positive charge present on the

solar cell surface,
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Table 3. The parameters current-voltage characteristic solar cells

realised in technology including TiOx as ARC with and without

passivated layer SiO2 grows for the time 15 min.

Solar cell Isc [A] Voc [V] FF Eff [%]

Without SiO2 2.461 0.545 0.737 9.91

With SiO2 2.903 0.583 0.736 12.47

Change [%] +17.9 +6.9 0 +25.8

Fig. 3. Short circuit current of solar cells with TiOx for different dry

oxidation time.



• the SixNy film deposition has a role as a bulk and sur-

face passivator as well as providing the antireflection

coating,

• it gives possibilities of simultaneous firing of front and

back contacts,

• it reduces the production process to six steps as it al-

lows the thermal oxidation process to be omitted.

The TiOx layers have excellent optical properties as

ARCs for multicrystalline solar cells. Namely, the refrac-

tive index of about 2.38 at a wavelength of 600 nm and an

extinction coefficient remaining near zero under the wave-

length of 400 nm [7]. A TiOx film produced at the tempera-

ture below 300�C is primarily amorphous which makes the

metallisation of the front contacts easier. According to the

flow chart presented in Fig. 1, after dry passivation, the

TiOx was deposited by spraying at 280�C with tetraethylo-

rthotitanat (C2H5O)4Ti using purified air as a carrier gas.

Figure 4 shows internal quantum efficiency and reflectance

for solar cell done with TiOx.
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The screen-printing process is very simple and com-

monly used in industrial production. A few types of the

photovoltaic pastes were tested and eventually silver

paste PV145, manufactured by Du Pont, was used on the

front and aluminium T-14002A, produced by Engelhard,

was used on the back and were printed using 330 mesh

screens. The front paths designed on the screen were 120

µm wide with 3.3 mm spacing which gives, together with

the two main collection busbars 1 mm wide, a 5.6% front

shadow. Back contact covering the full rear surface was

deposited with pure Al paste. The two collection back

busbarr contacts were printed with a Polish silver paste

P-124 containing 3% aluminium. The collection back

bur contacts must not have a greater quantity of alu-

minium in the paste because soldering for interconnect-

ing cells would be impossible.
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A conveyor belt IR furnace with fitted tungsten filament

lamps, heating the top and bottom of the belt, was used for

simultaneous metallisation for the front and back electrodes

[5]. The three following heating zones are 18 cm, 36 cm

and 18 cm long and the belt speed is in the range 50–200

cm/min. The technical parameters of the annealing treat-

ment are given in Table 4 while the thermal profiles are

shown in Fig. 6.

After drying in air at 150�C the printed pastes were

co-fired in the IR belt furnace. The wafers during

metallisation are at a temperature above 577�C for about 13

seconds and obviously this process can be classified as

rapid thermal annealing. This process can be qualified by

the current-voltage characteristic parameters: fill factor, se-

ries and shunt resistance [1]. This IR annealing process

gives an acceptable value of 10 m� for the series resis-

tance and a shunt resistance of 0.035 k� resulting in a fill

factor of 0.74.

To obtain a good back surface field (BSF) a thick alu-

minium layer ~20 µm is required but it cause the wafer to

be bent after firing due to the different expansion coeffi-

cients of Si and Al. The degree of curvature depends on the

thickness of the wafer and the 200 µm is the limit before

the degree of curvature makes the cells interconnection in a
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Fig. 4. Internal quantum efficiency (IQE) and reflectance for solar

cell with SiO2 passivated layer and ARC with TiOx.

Fig. 5. Schematic structure of solar cell with TiOx layer as ARC. If

the silicon nitride is used as ARC the layer indicated as

“passivation oxide” is not present.

Table 4. Parameters set for the co-firing process in the IR furnace.

I zone
temperature (�C)

II zone
temperature (�C)

III zone
temperature (�C)

Belt speed
(cm/min)

Solar cells with TiOx 550 550 880 160

Solar cells with SixNy 550 750 880 200



standard module impossible. The Al layer not only pro-

duces a BSF but also helps to passivate defects in the bulk

Si, especially when silicon nitride is applied [8].
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The illuminated I-V parameters were measured under stan-

dard simulated AM 1.5 (100 mW/cm2) radiation and an ex-

ample report is shown in Fig. 8. A reference cell was cali-

brated at IMEC, Belgium. To confirm the repeatability of

the technology a few experimental solar cells series were

produced following the procedures given in Fig. 1. Two

were selected as examples; one with TiOx and second with

SixNy. The results are presented in Figs. 9 and 10 showing

the Gauss distribution and in Table 4.

As it can be seen good average short circuit current

density, around 30 mA/cm2, and the required photovoltaic

conversion efficiency above 13% were obtained. In the

case of cells with SixNy, the best Isc around 3.2 A and no-

ticeable voltage 600 mV has been obtained thanks to excel-

lent surface and bulk passivation by a hydrogenation pro-

cess at temperatures of 600–800�C. An average value of 10

m� for the series resistance and 0.035 k� for the shunt re-
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Fig. 6. Temperature profiles vs. elapsed time for solar cell

metallisation in the IR furnace.

Fig. 7. SEM micrograph of cross-section multicrystalline solar cell

after co-firing of metal contacts in IR furnace. The Aluminium

back contact is 30-µm thick. The front electrode grid line is 160-µm

wide and 25-µm high. The cell thickness is 290 µm.

Fig. 8. The measured I-V report for multicrystalline silicon solar cell with SixNy. The numerical fitting was realized by applying double

exponential model containing seven modelling parameters [9].



sistance is good and give a fill factor of 0.74. The silicon

nitride allows the omission of the dry oxidation process and

reduces the main fabrication steps to six. This would ap-

pear to be particularly attractive since there are no other in-

dustrial alternatives [10].

Photovoltaic cell production grew by 35% in 2002 year

with a total of 540 MW being produced and multicrys-

talline silicon solar cells have captured around 45% of the

world market [11].
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• A simple industrial procedure for manufacturing high

efficiency solar cells on 100-cm2 multicrystalline sili-

con has been developed.

• Multicrystalline silicon solar cells with an average cell

efficiency above 12% with TiOx and 13% with SixNy

have been manufactured.

• The technology including TiOx as antireflection coating

can be easy transferred to a production line without in-

curring high costs.

• The technology for manufacturing multicrystalline sili-

con solar cells with SixNy requires purchase of an in-

dustrial PECVD device for SixNy deposition with a min-

imum throughput 500 silicon slices per hour. The use of

this device reduced the process steps to six and opens

new scientific areas.
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Fig. 9. Gauss distribution of efficiency for series 200 solar cells

with TiOx.

Fig. 10. Gauss distribution of efficiency for series 40 solar cells

with SixNy.

Table 5. The average values calculated from Gauss distribution of the main parameters current-voltage (I-V) characteristic for 200

pieces solar cells with TiOx and 40 pieces solar cells with SixNy and the best multicrystalline 100 cm2 solar cells in a particular series.

Average value

Isc (A) Voc (V) FF Eff (%)

Solar cells with TiOx 2.960 0.575 0.722 12.29

Solar cells with SixNy 3.058 0.594 0.726 13.19

Best value

Isc (A) Voc (V) FF Eff (%)

Solar cells with TiOx 3.009 0.581 0.749 13.09

Solar cells with SixNy 3.177 0.600 0.721 13.70
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