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One of the key questions of our world is the energy-supply of the people while protecting the environment suitable for life.
One solution for this problem is the use of renewable energy sources. In Hungary the share of this energy amounts to only a
few percents of the total energy-supply. While the using of the biomass and the geothermal springs are only near-term solu-
tions, for long-term the utilizing of solar and wind energy has to be considered.

1. Introduction

The advantages of the solar energy are:

* In practice it is available without limits;

* Using this energy we can save fossile

energy-sources for other needful applications;

» Environment-friendly,

it does not contribute to global warming.

Photovoltaic systems convert directly the radiance
of the Sun to electric power by solar cells, therefore
they are very attractive energy sources, because they
do not generate any pollution during operation. Their
lifetime can be as long as 20-30 years and they need
very little maintenance that consists of almost only
keeping their surface clean.

For crystalline and multicrystalline silicon solar cells
one research trend of the current is to prepare the front
side contacts such way that optimizes the solar cell
parameters. The main problem is the following. For the
best solar cell parameters a low doped and shallow (so
with high square resistivity) n-type silicon layer is ne-
cessary on the top of a p-type layer, altough on such
layer we cannot prepare a good ohmic metal contact.
For a good ohmic contact a highly doped and deeper
(so with low sqgare resistivity) n-type layer is required.

One solution for this problem is the use of selective
emitter instead of homogeneous emitter. This metal-
lization technology creates a highly doped layer under
the contact, and a low-doped layer between the con-
tacts, so both requirements are satisfied, and the effi-
ciency of the solar cells increases as compared to the
ones with homogeneous emitter.

Today for commercial crystalline and multicrystalline
solar cells the manufacturers are using the screen print-
ing technology for metallization, because it is simple
and cheap. An important research trend is the improv-
ing and optimizing of this or other inexpensive tech-
nologies to make the production of solar cells more and
more cheap. Hence it is worthwile to use this technolo-
gy also for solar cell prototypes for research aimed as
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increasing the efficiency so that both research trends
could achieve the aims after a successful cell improve-
ment.

In this article after a short explaining of the basic
terms in this section, we look on the theory of selective
emitter and its realized technologies in the 2nd section,
and in the 3rd section we examine the theory and real-
ization of the self-doping metallization technology.

Basics [2,3]

Before the detailed exposition of the technologies
of selective emitter we review the basic terms used in
connection with solar cells (parameters, coatings, crys-
talline structure).

Parameters:

AMO, AM1 and AM1.5: the intensity of solar radia-
tion in free space (Air Mass 0, AMO) is 1353 W/m2 on
the average with a special irradiance spectrum. Assum-
ing one air mass at perpendicular incidence (AM1) a
weaker irradiance power density reaches the surface of
the Earth (925 W/m2), because the molecules of the air
filter the spectrum of the solar radiation. In case of a
not perpendicular incidence, the air mass is bigger for
the radiation, so the power density is less, e. g. at 45
degree incidence (AM1.5) it is about 844 W/m2. How-
ever there is also an indirect (diffuse) radiation on the
Earth because of the photons scattered by the mole-
cules of the air. This increases the AM1.5 intensity to
about 970 W/m2, which is a good approximation for the
usual terrestrial applications. For characterizations of
solar cells the AM1.5 irradiance spectrum normalized to
1 kW/mz2 is used.

Short-circuit current density (Jsc): the short-circuit
current of the illuminated solar cell (it belongs to V=0 V
voltage) gives the maximum current in the device, be-
cause in practice it is equal to the current generated by
the light (ls.= -1, where I is the light generated cur-
rent). Because the current depends on the surface
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area, the current density is used instead of it (J =I5 /A,
where A is the surface area). In addition it depends on
the solar spectrum, the intensity of the light (the num-
ber of the incident photons), the efficiency of the cur-
rent collection, and the optical parameters. In silicon
solar cells the maximum available short circuit current
density at AM1.5 spectrum is 46 mA/cmz2.

Open circuit voltage (V,): it is the maximum avail-
able voltage in the solar cells (it belongs to 1=0 A cur-
rent). Its value is:

V.. =V;In(1+ I—L) =V; lnI—L
IO IO

where V7 is the thermal voltage that is constant for
a given temperature, |, is the saturation current. The
open circuit voltage depends mainly on the saturation
current of the device, because it can vary within sever-
al orders, and to a smaller degree it depends also on
the light generated current (I,). Hence |, depends on
the recombination mechanism, we can say V, . charac-
terizes the recombination. The highest value that has
ever been measured on silicon solar cells is 720 mV at
one sun intensity, AM1.5 spectrum and room tempera-
ture.

Fill factor (FF): this is the ratio of the maximum deliv-
ered power (P,,=V,l,) and the product of the open cir-
cuit voltage and the short circuit current (the maximum
available values) at a given illumination, so it charac-
terizes the maximum power we can extract from a solar
cell:

It can be calculated theoretically, but in fact it used
to be a smaller number because of the parasitic resis-
tances, so usually it is measured for a real solar cell. Its
value depends mainly on the operating point, the open
circuit voltage, and the recombination rate of the cell,
so it depends on the the structural quality of the de-
vice. The greater the recombination rate, the less the
FF and the V,,. Because the V,, does not change
much in a material system it affects the FF to a small
degree. The theoretical value of FF that belongs to the
highest V,, ever reached in a Si solar cell is about 0.85.

Efficiency: the ratio of the maximum delivered power
and the power carried by the incoming photons: n =
P../Pype- For a given material system, its value depends
on the temperature of the solar cell, the solar spectrum
and intensity of the incident light, and the technologi-
cal and material properties of the solar cell structure.
Hence for the measurement of the efficiency a stan-
dardized light source is used (with one sun intensity
and normalized AM1.5 spectrum), and a constant room
temperature (25°C) is ensured.

Sheet resistivity: for the top emitter layer of the solar
cells, the resistivity as well as the thickness of the layer
is often unknown or hard to be measured. However, a
value known as the ,sheet resistivity”, which depends
on both the resistivity and the thickness, can be easily
measured using a ,four point probe” for the top surface
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n-type layer. For a uniformly doped layer, the sheet re-
sistivity is defined as: P, = P/t, where r is the resistivity
of the layer, and t is the thickness of the layer. The sheet
resistivity is increasing by the increasing of the resis-
tance of the layer (so by the decreasing of the doping),
and by the decreasing of the thickness of the layer.

The sheet resistivity of the top
emitter layer is very easy to
measure using a " four pont
probe". A current is passed through
the outer probes and induces a I I I I
voltage in the inner probes. The
junction between the n and p -type
materials behaves as an insulating
layer. The cell must be kept in the
dark.

Using the voltage and current
readings from the probe:

Q TV
Pl e ) 2T “

Internal quantum efficiency (IQE): The quantum effi-
ciency (Q.E.) is the ratio of the number of carriers gene-
rated by the solar cell to the number of photons of a
given energy incident on the solar cell, as a function of
wavelength or as energy. Internal quantum efficiency
refers to the efficiency with which photons that are not
reflected or transmitted out of the cell can generate col-
lectable carriers. The QE curve caracterizes well the ma-
terial parameters of the solar cells (surface recombina-
tion, bulk diffusion length, etc.)

Four point probe ‘

Coatings:

Surface passivating layer: It is a transparent dielec-
tric layer grown on the top surface of silicon, which has
an appropriate material stucture for reducing the num-
ber of dangling silicon bonds and defects at the top
surface, so the surface recombination velocity of the
carriers decreases. The passivation effect can be in-
creased further by bulk passivation using hydrogena-
tion in the Si bulk to reduce bulk defects by hydrogen.

Anti-reflection coating (ARC): It is a transparent in-
sulator layer with an appropriate thickness that increas-
es the efficiency of the solar cell by reducing the pho-
ton reflection of the surface, optimized for a wave-
length of 0.6 uym since it is close to the peak power
density of the solar spectrum. Using a special material
for it (e.g. SiO,, SiN,) this layer can also function as a
passivating layer. The efficiency can be increased fur-
ther by surface texturing that causes a mat surface.
The increased area and the structured surface results
in increased photon absorption and decreased reflec-
tion.

Crystalline structure:

Single crystalline Si (Cz-Si, FZ-Si): Solar cells need
good quality and cheap bulk material with few crys-
talline defects so the minority carrier lifetime (and the
diffusion length) can be fairly long to have a high prob-
ability for the generated carriers to reach the contacts.
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Such quality single crystalline solar cell with silicon bulk
material can reach an efficiency greater than 20%. In
this case the whole Si wafer is a single crystal with the
same crystalline orientation and overall structure. The
manufacture of the silicon wafer needs high tempera-
ture, long time and good care, so its price is accordingly
high. Cz-Si stands for Czochralski manufacturing pro-
cess, and FZ for floating zone process. Cz-Si bulk ma-
terial contains relatively high oxygen and carbon cont-
amination levels that can decrease the bulk minority
carrier lifetime, moreover the oxygen activates at high
temperatures so this wafer is more sensitive to high
temperature processing. The FZ-Si contains much less
oxygen and carbon contamination levels so the minor-
ity carrier lifetime is of the order of millisecs. However
this better quality bulk material is more expensive than
Cz-Si.

Multicrystalline Si (me-Si): The high cost of good qua-
lity single crystalline silicon materials were strong moti-
vation to the utilizing of multicrystalline semiconductor
bulk materials. In multicrystalline bulk material each crys-
talline grain has a crystalline structure, but each of their
orientation is different. Other handicap of the multicrys-
talline material is the high defect density at the grain
boundaries that decreases the minority carrier lifetime
by increasing the local recombination rate, leading to
a lower efficiency. On the other hand it is easier and
cheaper to manufacture it. The handicaps decrease if
the grain sizes are bigger than the diffusion length, so
minimum a few millimeter. It is important that no grain
boundary is allowable in parallel with the surface so the
current does not have to flow through it. We can satis-
fy this requirement if the usual grain size is bigger than
the thickness of the wafer.

2. Technology of the selective emitter
Theory [1,4,5,6,7]

The optimal emitter of the silicon solar cells with ho-
mogeneous emitter is a result of a compromise of the
requirements of low dark current and low contact resis-
tance. For passivated surface emitter the surface do-
pant concentration must be below 1020 cm3 and the
emitter must be shallow to keep the dark current (emit-
ter saturation current density, Jy) low. However for a
sufficient contact (where the surface thus has no pas-
sivation), especially for a screen-printed contact the sur-
face dopant concentration must be higher than 1019-
1020 cm-3 for n-type silicon and 1017 cm-3 for p-type sil-
icon, and the emitter must be relatively thick (>0.3 pm).
Therefore the homogeneous emitter needs such high
suface dopant concentration and emitter thickness (so
0.3-0.4 pym), but this makes the surface passivation
almost impossible.

We must also note that for increasing dopant con-
centration the surface state (interface trap) density, N;;
increases, so the recombination increases, too.
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The overall series resistivity of the cell, including the
effects of the interfaces and the electrode materials,
has to be lower than 1 Qcmz2, and the maximum of the
contact resistance is 10mQcm2 in it by practice. On the
basis of modelling and experiments for a non-screen-
printed contact the optimal homogeneous emitter has
a sheet resistivity of 60 Q/a, a doping of 2x1019 cm-3,
and a depth of 1,4 mm. For a screen-printed Ag con-
tact the sheet resistivity of the emitter has to be lower
than 45 Q/s for an acceptable contact resistivity and a
FF of not less than 70%. However such a highly doped
homogeneous emitter decreases the response to short
wavelength photons because of the high doping ef-
fects and the high recombination velocity that cannot
be decreased sufficiently even by surface passivation.

The selective emitter, which has a high doping just
under the metallization, can afford sheet resistivities
even 70-200 Q/c between the contacts. Therefore the
high doping effect in the emitter decreases, and good
ohmic contact and high FF can be realized with low dark
current and good carrier collection yield. In this case
the surface of the solar cell can be well passivated bet-
ween the metal contacts, and the emitter under the
metallization is less critical for firing through by the con-
tact. Note that for the same emitter sheet resistivity the
deeper and less doped emitter causes less loss in the
photogenerated current density than the shallower and
higher doped emitter.

On the basis of a theoretical model [6] the emitter
surface doping concentration under the contacts (where
the surface recombination was considered as infinite) is
optimally 1020 cm-3, and its depth is 3-10 pm, and the
doping profile has to be decreased persistently inside
the substrate. However for the illuminated areas the sur-
face doping concentration is ideally 1018-1019 cm=3 con-
stantly until a depth of 0,2-0,4 pm, where it has to be
decreased abruptly.

The metallization of the silicon solar cells is a critical
factor for the set of the overall electric and physical pro-
perties. The metallization can be a thin layer film (e.g.
sputtering, vaporization) or thick layer (e.g. screen print-
ing, stencil printing). The thick layer metallization tech-
nology is cheaper so it is often used for commercial and
research manufacturing.

The thick layer metallization for the crystalline solar
cells is used for realize the electric contacts and to as-
sist the photocurrent collection. Advantages are the
high photocurrent density, the low contact resistivity,
relatively low line resistance, relatively good line resolu-
tion (50-100pm linewidth can be achieved), good sol-
derability, adhesion and chemical strength, as well as
the high productivity through the simple, quick and cheap
technology. However the disadvantages compared to
other techniques are the higher line resistance of the
contacts caused by lower aspect ratio and higher resis-
tivity of the paste material, and the higher contact resis-
tance. The contact pattern is printed in one sweep of
the squeegee, no vacuum or photolithography requi-
red for the metallization. The source of the problems is
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the paste firing as its temperature is usualy in the range
of 400-1000°C, and it is important that the contact me-
tal must not penetrate the diffused layer too deeply.
We can ensure this by firing the paste with the lowest
possible temperature and duration. Hence nowadays
the rapid thermal processing (RTP) technology is often
used.

The interdigitated back contact (IBC) cell structure is
simple and cheap, however it gives high effeciency.

Both of its positive and negative electrodes are on
the back side of the cell, so on the illuminated side the
contact metal does not overshadow the cell. On the
front side only a very shallow and low doped homoge-
neous diffusion (for n-type substrate the optimal sur-
face phosphorous doping is 1018 cm-3) ensures the bet-
ter surface properties. However on the back side there
are also the n-type and p-type contacts, so in this case
the local doping and hence the selective emitter is in-
evitable.

Realizations

Today in the industrial manufacturing of crystalline
solar cells with homogeneous emitter conveyor belt
systems are often used for the emitter diffusion (clean-
ing, screen printing, drying, annealing furnace etc.) [8].
In this process flow the diffusion source on the textured
side of the p-type Si substrate is typically a sprayed or
spinned on liquid containing phosphorous, or a screen-
printed phosphorous paste. In the following drying step
all solvents and organic components are evaporated or
burned out of the doping source material. The wafers
are further transported on the belt into a multizone fur-
nace, where the appropriate emitter is made in temper-
atures typically above 900°C. Here the phosphorous
diffuse into the substrate from the doping source. After
that a passivating and antireflection layer is deposited
on the surface followed by the screen printing of the
metal contacts, and a subsequent drying and firing pro-
cess (in 900°C). Lately instead of furnaces a conveyor
belt system rapid thermal annealer is used, where the
diffusion can be decreased to seconds.

The selective emitter structure was created in many
ways. These technologies basically have two types: tech-
nologies that need scheme aligning, and self-aligning
technologies. The scheme aligning process is more dif-
ficult, so it is more expensive. In case of aligning met-
allization to the underlying diffusion the misaligning is
critical because if the metallization overlies from the
highly doped area to the weakly doped area, the dark
current of the device will increase and the contact resis-
tance will be worse. It can also happen in this case that
the metal get into until the p-n junction so it can short-
circuit the whole cell. To avoid this the scheme of the
highly doped diffusion has to be larger with the scale of
misaligning error (for screen printing it is 1-2 pm, for
photolitography it is much less). However in this case
the dark current increases, and a dead layer formes
where the highly doped area overlies the metallization.
Furthermore in case of the laser overdoping technolo-
gy (see IV.) the manufacturing cost is increased by the
longer use of laser. In case of the etch-back technolo-
gy (see Il.) a dead layer also formes when the etch pro-
tective layer must be screen-printed aligned to the met-
allization. However in this item the most significant pro-
cesses are grouped by the manufacturing techniques.
Table shows us the published properties of the men-
tioned selective emitter solar cells.

l.) The double diffusion technique with photolitogra-
phy is used for high efficiency cells, because you
can reach the finest scheme resolutions with it,
however it is the most expensive solution. The
other techniges (ll.-V.) try to make this original
technique cheaper, simpler and however able to
produce still good quality selective emitter solar
cells.

a) In the original technique an oxide mask layer is
applied on the surface. This oxide is removed by photo-
litography where the contact areas are designed (app-
lying the emulsion layer, drying, exposing through a
photolitography mask, developing, firing, oxide etching
on the opened areas, etching the emulsion from the
remained oxide) followed by the forming of the highly

# Cr. Aera Text. H2 passiv. ARC Bulk res. | N. f. emit. Contact Efficiency
1 FZ | 4cm? yes no SiO, SiO, n/a n/a sput. or evap. 22,8 %
2 FZ | 4cm? yes no Sio, Sio, n/a n/a sput. or evap. 24,4 % Table
3 1 cm? .a. Sio Sio / / t. . 19,8 %
me em yes na e e a na Sput. or evap Reading of abbreviations:
4 c n.a. no no SiN, SiNy n/a n/a screen-printed 13,2 % Cr.: crystalline type of
5 Cz |100cm? | yes no yes nincs 1 Wem 70 /00 sp. or e.buried 12,8 % substrate
- - - FZ — Floating Zone,
6 Fz n. a. no no SiO, SiNy 1 Wem 80 /O sp. or e.buried | 14,26 % Cz — Czochralski
7 mc n.a. n/a n/a yes TiO, n/a 60 /O screen-printed 12,8 % ¢ — single crystalline,
> - unknown type,
8 mc | 25cm no yes no porSi n/a 100 /O sputtered 141 % me - multicrystalline
9 mc | 130 cm? no yes yes yes n/a 100 /O screen-printed 13,1 % Text.: textured,
10 Cz |100cm? | yes no SiNcH | SiNgH n/a n/a screen-printed 17,3 % H2: hydrogenated,
11 mc | 100 cm? n/a no SiN,:H SiN,:H n/a n/a screen-printed 15,3 % passiv.. passtvalted, .
ARC: antireflection coating,
12 Cz | 25cm? yes no no no n/a 130 /O screen-printed 13,05 % Bulk res.: bulk resistivity,
13 Cz 90 cm? yes yes yes yes 10 Wem n/a screen-printed 18% N.c. emit.: sheet resistivity
14 mc | 100cm? | yes yes yes kétrétegl | 1 Wem n/a screen-printed 16,9 % Z;r;tc;te;:ontacted
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doped areas by a conventional diffusion step. Then
subsequent openings etched in the oxide by a photoli-
tography step again, where the weakly doped areas
are formed by diffusion, followed by etching the whole
oxide layer. Then the passivation and antireflection
oxide layer is formed, which is etched on the contact
areas by a subsequent photolitography process. Here
the metal contact layer is deposited followed by the
forming of the contact scheme (perhaps by photolitog-
raphy again). This technology was used for creating
the selective emitter for the known highest efficiency
crystalline Si solar cells (PERC — Table, line 1 [9], and
PERL cells — lines 2-3 [10]). Note that each oxide de-
position needs temperatures about 1000°C that increa-
ses the production cost. Another disadvantage is that
two separate diffusion step needed that complicates
the process. The long and high temperature annealing
needed for highly doping can degrade the quality of
the substrate. Further disadvantages come from multi-
ple scheme aligning.

finger  "inverted pyramids"
\ /
; /

+ -silicom .+ p*
pt P p s
I ]

| = N
rear contact oxide

The structure of the PERL cell

b) PIllI-diffusion with photolitography [11]. First the
starting deep and highly doped homogeneous emitter
is etched entirely in the uncontacted areas by photoli-
tography process. Then a shallow emitter formed by
PIlIl (plasma immersion ion implantation) diffusion on
the entire front surface followed by the aligned screen
printing and firing (950°C, 1 minute) of the contact pas-
te, so it also activates the implantation (Table, line 4).
This technige is simpler, needs only one photolitogra-
phy mask to form the selective emitter, so it is quicker,
while even fine scheme resolution can be achieved.
Furthermore the metallization is located higher than the
illuminated surface, thus in case of good aligning the
overlapping of the metallization to the illuminated
weakly doped emitter has less probability.However this
technology is even relatively complicated, the metalli-
sation is aligned, and there is a possibility that the emit-
ter under the contacts does not join the illuminated
emitter that can block current collecting.

c) A simpler double diffusion technique: after the
mask deposition the highly doped emitter formed in the
area of the contacts, and after the mask etching a weak
doping is made on the whole surface (Table, line 5 [12]).
Its advantage compared to the previous process is the
eliminating of the emitter etch step.
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d) A more simpler technique is the following. The
starting weakly doped homogeneous emitter is mas-
ked, then the highly doped emitter formed on the con-
tact scheme area by this mask (Table, line 6 [13]). Its
advantage compared to the previous technique is that
the mask layer does not need to be etched if it has fur-
ther functions (e.g. using SiN, it can also serve as pas-
sivating layer and ARC). Fine resolution can be also
achieved. Disadvantages are the need for metallization
align, the relatively complicated technology (double dif-
fusion), thus it is not suitable for mass production.

Il.) Etch-back techniques are based on the selective
etching of the homogeneous emitter using the
metallization scheme to form a selective emitter.
The top layer of the emitter with high surface dop-
ing density is etched between the contacts, so
the emitter becomes thinner and the surface dop-
ing density becomes lower a little, so the sheet
resistivity of the emitter becomes higher. Further-
more the metallization rises from the level of the
illuminated surface so the overlap of the contacts
to the etched emitter, and so the increasing of the
contact resistivity and the dark current can be
avoided easier. The etch-back process is usually
time consuming and it is hard to control it, be-
cause the thickness of the highly doped layer is
usually about 0,3 pm, and if the n+ layer remains
due to the imperfect etching, then the power de-
creases.

a) A simple etch-back technology described as fol-
lows [14]. An n++-type front side homogeneous emitter
(16-20 Q/o) formed in a p-type Si from a screen-printed
diffusion source followed by screen printing and firing
(720°C) the back side metallization (Ag-Al) and screen
printing and firing (645°C) the front side silver paste.
After that a polymer protective layer screen-printed and
dried (150°C) that protects the contacts against the
influence of the etching liquid. Between the protected
metal contacts the emitter etched-back by the HF/HNO;
liquid until it reaches the appropriate sheet resistivity.
With such a solar cell (Table, line 7) 0,5-1% absolute
efficiency improvement can be showed compared to
the conventional homogeneous emitter cell with 40 Q/s
sheet resistivity. This technology is relatively simple, a
little quicker than the previous ones and needs low
temperatures. However the protective layer of the con-
tacts has to be aligned to the metallization, but we can
optimize the size of it if we know the width of the under-
etching. Another drawback is that the etching of the
liquid is hard to set accurately so the reproducibility is
lower.

b) The porous Si etch-back technige uses that dur-
ing the porous Si formation the emitter is etched-back,
and as the porous Si also acts as an ARC and passi-
vating layer, no further layers needed. With appropriate
etching liquid the texturing also creatable in the mean-
while (line 8 [15,16]). This is a very simple technique for
making a solar cell, it is quick and cheap, and needs

25




HiRADASTECHNIKA

minimum of annealings and
materials. It can be a dis-
advantage that the porous
Si scatters the light inside
the cell, so an amount of
the photons gets in the
highly doped emitter under
the metallization, where the
recombination probability is
higher. In case of screen-
printed contacts a further
drawback is the weak etch-
ing of the metallization and
S the underlying Si surface
due to the HF contained
electrochemical etching, so
the contacts become more
fragile and their contact re-
sistivity increases, thus the
FF decreases. In case of
sputtered metal contacts
the etching does not degrade the quality of the contact
and the FF, and so it becomes a self aligned process,
however it is a more expensive and slower technique.

¢) Another possibility is the self-aligned plasma etch-
back technique, where the screen-printed metallization
is the mask layer. The highly doped homogeneous
emitter between the contacts is thinned by plasma et-
ching (RIE, using SF;) [17]. A 0,35% avarage absolute
efficiency improvement was reached with such a solar
cell made by conveyor belt technique (Table, line 9)
compared to cells with homogeneous emitter. The high-
est power can be achieved by etching about 90 nm Si
layer (in case of p-type Cz-Si substrate) [18]. Its ad-
vance is the self-aligning, furthermore the series resis-
tance and the bulk recombination decreases, thus the
FF increases due to the plasma process.

1. Heavy phosphorus diffusion

Confacts ne-Si

2 Metallization

Contacts Porous Si n*-Si

3. Porous silicom formation

Process of etchback
selective emitter
formed by porous Si

lll.) With the following methods we can form the dif-
ferently doped areas in one high temperature an-
nealing step thus the manufacturing time and
cost decreases.

a) Using a diffusion barrier for the diffusion (100-
1000 nm thick SiO,) much phosphorous gets into the
silicon through the opened windows of the oxide, and
few phosphorous gets through the oxide barrier form-
ing weakly doped and shallow emitter there [19]. Vary-
ing the properties of the diffusion barrier (thickness,
permeability, doping)
the doping rate of the
underlying Si can be
controlled, however it
is relatively hard to
set it accurately. Using
SiO, paste for creat-
ing the barrier the con-
centration of the SiO,
also influences the
emitter doping.

Selective emitter created by
phosphorous diffusion through
diffusion barrier

Phosphorous diffusion
——l_—l s barrier

Silicon wafer
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b) By doping the oxide layer, the technique be-
comes the following: a highly phosphorous doped SiO,
(PSG) deposited on the whole surface is etched bet-
ween the contact areas with the help of a screen-print-
ed mask layer followed by the etching of the mask layer
and a subsequent deposition of a weakly phosphorous
doped PSG on the whole surface. Then a rapid ther-
mal heating (1000°C, 45 s) realizes the phosphorous
diffusion. After that the metal paste screen-printed with
aligning and fired (Table, lines 10-11 [20]). The proper-
ties of the emitters can be easily set by the amount of
phosphorous in the PSG. These PSG layers are thin
and transparent so it can used even to light-assisted
diffusion. Disadvantages are the aligned metallization
and the etching of the PSG that complicates the tech-
nology.

c¢) A simpler and cheaper similar technology is the
following: a phosphorous doping source paste screen-
printed on the areas of the metallization followed by
the applying of a weakly doped spin-on material on the
whole surface, and the diffusion annealing (950°C, 80
s). Then the formed glass etched and the metal con-
tacted with aligning (Table, line 12 [21]). With such a
cell 1% absolute efficiency improvement reached com-
pared to the homogeneous emitter cells. Note that two
screen printing step and aligning are needed.

out-diffusion of doping atoms from the paste into the gas phasse
that can re-enter the substrate at adjacent surface regions

\‘*\’:‘y\‘iT?TT |Ff‘ff"4

- - ! . , -,
o \ L i f ) Ed \\ N n\
e i P doping paste % *

L SN L S S A R O O O A S

Si substrate weak indirect diffusion ~heavy diffusion

via the gas phase from the P paste

Selective emitter created by auto-doping technique

d) The auto-doping technique: a phosphorous paste
screen-printed in the metallization areas onto a p-type
Si substrate followed by a diffusion step (960°C, 5 min),
so a highly doped and deep n-layer formed under the
paste, and a lower doped and shallower n-layer formed
between the paste stripes in an indirect way (due to the
evaporated P-gas). After the etching of the paste the
Ag paste screen-printed with aligning (lines 13-14 [8,
22]). Note that less P source needed thus the cost is
also lower. However aligning is needed, and the vari-
ance of the values increased due to the indirect diffu-
sion.

e) With one screen printing step of self-aligned do-
ped (self-doping) metal pastes onto a weakly doped
homogeneous emitter (see next unit) the process be-
comes very simple and rapid. There is no need for
aligning, the material input is economic and it needs
minimal annealing. However the composition of the pas-
te is hard to be set properly.
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L1
Heavy phosphorous diffusion  Weakly doped, shallow

p-type

Si substrate cial paste

Selective emitter and metallization created by
self-doping metal paste

IV.) Another method for making a selective emitter is
the laser overdoping technique [23].

a) A spin-on diffusion source is used to form the ho-
mogeneous, weakly doped emitter followed by a local
heating by a laser with appropriate energy in areas
where the highly doping needed. It can reach line-
widths in the range of 10-25 pm. However the metalli-
zation must be aligned, the process needs long time
and it is complicated due to the using of laser.

b) However we can use also a self-aligning contact-
ing that can be realized by electroless plating. This time
the laser must burn through the whole thickness of the
phosphorous doping source meanwhile the overdop-
ing. Then the surface can be plated directly through
the openings by an electroless plating solution. An
appropriate doping source (e.g. doped SiO, or SiN,)
can be used as metal mask, passivating layer and ARC
as well making the manufacturing simpler.

V.) A buried contact structure can be formed by any
of the above technologies, thus the resistivity and
the ratio of the metallized surface, so also the
shadowing decreases.

This technique needs only a trench forming and a
clean etching before the highly doping diffusion, then
the contact metal can be filled in it. The mask of the
trench forming can be equal to the mask of the under-
contact diffusion and of the metallization, so it can inte-
grated easily into the previous technologies. However
it is more complicated, more expensive, and the metal/
Si interface is increased, thus the V. decreases. On
the basis of modelling the buried contact selective emit-
ter cells has a 0,5-0,6% absolute efficiency enhancing
compared to the non-buried screen-printed contact se-
lective emitter cells [7]. Several technology integrated
the buried contact forming, such as the double diffusion
technique (mechanical grooving [24], laser drilling [25],
chemical etching [12]) and auto-doping technique [12].

3. Doped metal pastes and the utilizing

Theory [4,26,27,28]

The metal paste

In case of screen printing or other thick layer apply-
ing technique the forming of a thick layer is made by
special pastes. A paste is a dispersion of solids (con-
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ductor and inorganic phases) in an organic vehicle. A
contact paste for a solar cell is hard to produce due to
the many requirements:

1. Low contact resistivity to the silicon

2. Low line resistance (high electrical conductivity)

3. Negligible effect to the Si substrate

(does not degrade the electrical quality of
the silicon by creating recombination centers)

4. Little linewidth, good resolution

5. Good solderability

6. Good adhesion

(makes a mechanically strong bond to the silicon)

7. Low cost

8. Applyable by an economical process

(e.g. by screen printing)

The backside contact material is also expected to
create a BSF (Back Surface Field). In the absence of
other inorganic species the silver in paste often used
for contacting the front side does not interact with the
silicon or forms interfacial species until 830°C where a
eutectic is formed [26]. The silver does not react with the
anti-reflection coatings as well. Thus the inorganic com-
ponents are essential because they make possible the
physical contacting between the silver and the silicon
due to the ARC cutting through. The so called glass frit
is good for that, however it dissolves the silicon as well.

The self-doping metal paste

The screen printing technology creates a bad ohmic
contact on the high sheet resistivity emitter, however
the alloyed self-doping paste (SDP) can help that. For
a self-doping contact material a plus requirement is the
ability to allocate an amount of doping material into the
underlying silicon. These requirements are sufficed by
a known contact material, the aluminium in case of con-
tacting a p-type silicon. The aluminium dopes the sili-
con by an alloying process that needs temperatures
above the Al-Si eutectic point (577°C). The alloy con-
tains 12,5% of Si and 87,5% of Al by weight. This eu-
tectic electrode has a proper electric conductivity for
the currents of the solar cell, and an excellent ohmic
contact and interface to the silicon. In addition the alu-
minium is available in a form of screenprintable paste
for a reachable price.

However there is no similar material for contacting
the n-type silicon, but there is a possibility for making a
selective emitter by using silver pastes alloyed with
phosphorous or antimony doping material, which in-
creases the doping under the contacts meanwhile the
contacts formed. In this case there is no need for any
more aligned screen printing, so the yield is higher and
the cost is lower due to the simpler technology. This
self-doping, self-aligned contacting technology can make
contacts even onto emitters with sheet resistivity of
100-200 Q/o.

Solving the short-circuit problem

The molten metal can consume some of the under-
lying silicon (about 0,3 pm) so the level of the regrown
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Si can be lower than the level of the surrounding Si,
thus the metal can easily short-circuit the p-n junction.
Mixing Si in the self-doping metal alloy paste, the level
of the metal-Si interface becomes higher than the level
of the Si wafer. Using sputtered Ag/Si/B alloy a good
quality p-n junction was succesfully created.

An alternative self-doping technology

A self-doping negative electrode can be made by
starting with the applying of an unalloyed Ag layer onto
the Si surface. Then the Ag and the substrate must be
heated above the Ag-Si eutectic temperature (but be-
low the melting point of the Si, e.g. 900-950°C for 2 mi-
nutes) in an ambient gas contained phosphorous. The
Ag and Si begin to melt, meanwhile the P atoms of the
ambient gas absorb into this Ag-Si liquid mixture in a
larger amount than into a solid Si suface. Then with the
decreasing temperature the melted Si reformes con-
taining the P doping atoms in it, and below the Ag-Si
eutectic temperature the Si formes a solid phase alloy
with the Ag embedded in the substrate. This Ag-Si alloy
is the final contact material. Due to the eutectic weight
ratio much more amount of Ag will be in this material
than Si, so good electric conductivity ensured. Note
that the solid Si also receives the gas phase P atoms
but in a much less amount than the melted metal.

The silver can be replaced by another metals (e.g.
tin). For making a negative electrode the P can be re-
placed by other member of Group V of the Periodic
Table, and for making a positive electrode it can be
replaced by a member of Group Il as a dopant vapor.

Unsolved problems

It is not clear yet that the growing conditions at the
eutectic temperature how influence the quality of the
grown Si, and how can it grow epitaxial as the part of
the Si-metal alloy. It is possible that a spontaneous
nucleation occures in the melted material. Therefore
the cooling must be slowly at the eutectic temperature.
The material quality of the Si growed by the self-doping
metal system is an important subject of research.

Realizations

The firing of the metal paste and the contact resistivity

The screenprintable paste can be qualified by mea-
suring the contact resistivity, because it governs the
electric behaviour [26]. The contact resistivity depends
on the sheet resistivity of the emitter that can be chan-
ged by the reaction of the metal and the silicon. Thus
the interaction model of the emitter and the metal can
be observed when the contact resistivity changes dur-
ing the high temperature processes.

In case of n-type emitter the surface goes through
four states during the firing of the metallization (figure):
I. The antireflection coating (ARC) is unbreaked,

high contact resistivity.
Il. The ARC is breaked through in part (the TiO, is dis-
solved but not the SiO, layer), high contact resistivity.
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Ag | — no contact
between Ag and Si,
Il — partly dissolved ARC,
weak contact,
Il — breaked through ARC,
contact formed,
IV — etching of Si,
the contact
resistivity increases,
p-Si the p-n junction
degrades

ARC|
sio,

n-Si

States during the forming of the Ag contact

lll. The ARC is breaked through entirely, a good con-
tact formed with the emitter, low contact resistivity.

IV. The emitter layer also etched, so the sheet resis-
tivity of the emitter slowly increases, then the p-n junc-
tion damages due to the diffusion of the metal oxide.

To minimize the Si etching after the contacting a
rapid thermal annealing must be used. Observing the
effects of the annealing we can see that the contact
resistivity decreases dramatically between 700 and
800°C, and the minimum can be reached at about
800°C. For higher belt speeds beyond 800°C the con-
tact resistivity increases again, probably due to the
interface processes of the quick metal firing.

So applying
the Ag-Si eutec-
tic point (830°C)
or higher tempe-
ratures by rapid
thermal anneal-
ing the formed
contact is not
the optimal, so
several prob-
lem can occu-
red (e.g. thermal
expansion diffe-
rences, Si etch-

ing).
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Using the self-doping paste and the significance
of the glass frit

The creating technology of a selective emitter solar
cell by self-aligned self-doping P doped Ag paste was
the following [29]. An n-type homogeneous diffusion
layer with a sheet resistivity of 75 Q/o and a depth of
about 0,25 pm created in a p-type wafer followed by
the deposition of a SiN, antireflection coating by PECVD.
Then the back side Al layer screen-printed and an-
nealed in a conveyor belt furnace (860°C, 2 min) fol-
lowed by the screen printing of the self-doping Ag pas-
te (DuPont PV168) on the top of the SiN, layer, then it
was dried and alloyed (900°C, 2 min).

Good contact resistivity reached (2 mQcm2) by frit-
ted paste, however it increased quickly by the decreas-
ing of the base doping (below 1018 cm-3), and at 1015
cm-3 base diffusion it became too high due to the high
sheet resistivity of the formed emitter (700 Q/s).
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If an n” homogeneous emitter layer also existed
then the contact resistivity became acceptable (1-12
mQcm2) until n™ layers with sheet resistivity of 100 Q/c.
The problem is that the frit of the paste etches a thin
layer of the Si surface.

The selective emitter cells with 75 Q/z n™ layer had
a little lower serial resistivity and higher FF compared to
conventionally produced cells with 40-45 Q/z homoge-
neous emitter. The serial resistivity was about 0,75
Qcm2, the shunt resistivity was 2-25 kQcmz2, the effi-
ciency was increased by about 0,3%. These values
can be made even better by better surface passivation.
Based on modelling the front side recombination veloc-
ity must be below 10000 cm/s to make the selective
emitter effective.

The properties of the surface passivated self-doping
selective emitter cell

A similar solar cell with 100 Q/s n”™ emitter made in
another experiment, but under the SiN, layer a SiO,
passivating layer applied, and both side contacts were
cofired [30]. The optimal heating process was a rapid
thermal annealing at 900°C.

The dark current (recombination current) in the emit-
ter of the 45 Q/s homogeneous emitter cells was J =
337 fA/cm2, while for the selective emitter cells it was
185 fA/cmz2.

The FF of the selective emitter cells (0,768) was
slightly lower than for the conventional cells (0,785),
however the fill factors of the cells with 100 Q/c emitter
using conventional contact paste were much lower
(0,479-0,709). The slight decreasing of the FF for the
selective emitter cells was because the front side con-
tact scheme was optimized to 45 Q/c emitters (gridline
spacing of 2,2 mm), so it can be restored.

The short circuit current of the selective emitter cells
was increased by 0,8-1 mA/cm2 to 33,4-33,6 mA/cm?
compared to conventional cells, and the open circuit
voltage was increased by 9 mV to 635 mV, therefore
the efficiency increased by 0,4% to 16,4%. The mea-
surements showed that the selective emitter cells with-
out an oxide passivation layer cannot enhance the pro-
perties considerable compared to the conventional cells.

Comparing the IQE curves we can see that the
short wavelength response is much better for the selec-
tive emitter cells, if the surface passivation is good, so
the J, . is better as well. For further wavelengthes these
cells are also better than the conventional cells, and
the long wavelength response is also slightly better
due to the high temperature annealing making the BSF
deeper and better.

Self-doping contact on dendritic web Si substrate

The advantageous properties of the dendritic web
Si substrate are that it is thin (100 pm), has a good
electrical quality (the diffusion length of the minority car-
riers is multiple of the thickness), and it is cheap.

This substrate was used in an experiment with P
contained fritless Ag paste (70 at% Ag, 0,07 at% P,
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this is the maximum solubility of the P in the Ag at room
temperature) [31]. The optimal annealing was at 1000
°C for 10 minutes. The contact resistivity was 0,013
Qcmz2, while for conventional Ag paste it was 1,9
Qcmz,

It was showed that the P atoms got into the Si sev-
eral micrometers in depth. At the Si surface the doping
concentration was higher, so it formed a thinner
Schottky-barrier at the metal-semiconductor interface,
thus the contact current contained mainly tunnel cur-
rent through the interface. Therefore the contact resis-
tance is exponentially proportional to the Schottky bar-
rier height and to the inverse of the square root of the
doping concentration. This paste could make a pn junc-
tion as well.

IBC cell with self-doping contacts

An IBC cell can be formed by self-doping negative
and positive electrodes on a Si substrate as follows [4].
First an n* layer diffused in the front side of the sub-
strate against the surface recombinations, followed by
the dissolving of the so created diffuse glass and the
screen printing and drying of a Ag-Ga paste onto the
back side. Then a Ag-Sb paste screen-printed onto the
back side in an interdigitated scheme followed by the
burning out of the organic particles of both pastes (400
°C). This followed by the cofiring of the self-doping pos-
itive (Ag-Ga) and negative (Ag-Sb) electrodes, forming
the p-n junction as well (with the Ga for n-base or the
Sb for p-base), meanwhile a thermic oxide growed pas-
sivating the free Si surfaces on both sides of the wafer.
This can be achieved by an RTP annealing (900°C, 2
min) in an oxygen ambient. Then an ARC deposited on
the uncontacted front side of the cell, so the electrodes
can be directly soldered for interconnecting the cells
into modules. The positive electrode can be made by
pure Al as well, however it has a lower conductivity, its
surface is oxidized thus it is unsolderable. The above
process is suitable for mass production as well.

An other version of the process applies liquid or
solid phosphorous source onto the front side of the
cell that forms the front side n* layer meanwhile the fir-
ing of the back side undoped negative Ag electrode,
thus the evaporated P atoms get into the melted Ag-
Si layer doping the underlying Si areas. Then the self-
doping Al or Ag-Ga positive electrode pastes applied
and fired.

A self-doping IBC cell can be made using dedrit web
Si subtstrate as well [32]. In this case the front side n*
doping can be formed during the crystal growing as
well.

A commercial cell made using an n-type 20 Q-cm
dendritic web substrate, where the p-n junction formed
by alloying a screen-printed Al, while a screen-printed
self-doping Ag-P paste contacted the substrate. The
SisN, ARC applied by PECVD. The 5 cm2 area cells
have Js.=28 mA/cm2, V,.=0,55 V, FF=0,69 and the
efficiency reaches 11%, and in the future it can reach
even 15%.
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4. Foresight

The aims of the developments are making cheaper
solar cells and meanwhile keeping or improving the vol-
ume of the photoelectric efficiencies. This goes not
only for chrystalline Si solar cells but for amorphous Si
or for thin layer compound semiconductor solar cells
(e.g. CIGS) as well.

Today it is not clear yet which way has the future. To
decide it we must take into account the manufacturing
cost, the usable photoelectric efficiency, the ability for
mass production and the lifetime. For example now one
of the cheapest solar cell type is the amorphous Si
based structure, but its poor efficiency and its relative-
ly short lifetime make it suitable using for only nearer
terms. In special cases the area of the solar cell mod-
ules can also be an important requirement that can
motivate the using of higher efficiency solar cells. Of
course in parallel of the nanotechnology improvement
the new type solar cell materials also appear (e.g. thin
layer Si substrate, solar cell materials modified by quan-
tum technology, photovoltaic carbon nanotube etc.),
these will bring great enhancements in the world of
photoelectric devices for the farer future.

However until that the actual technology must be
improved, and one station for it is the more economic
manufacturing of the selective emitter structure for the
world’s most applied crystalline Si solar cells, and there-
fore the using of self-doping screenprintable metal con-
tact is an obvious solution.
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