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ABSTRACT

B implanted emitters are investigated in the back junction cell configuration and their material properties are tested in

double side implanted Si wafers. B has been implanted at 5 keV at various dose conditions varying from 1� 1014 up to

3� 1015 at./cm2 and activated at 10008C for 10min. N-type 8� 8 cm2 mono-crystalline cells are fabricated and measured.

Both fill factor and efficiency increase for high-B doses. However, at 1015 at./cm2 B dose the Voc drops, which is in

agreement with lifetime degradation in the wafer. Defect evolution simulations of BnIm clusters formation is correlated

with lifetime degradation. Copyright # 2011 John Wiley & Sons, Ltd.
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Conversion efficiency of photons into carrier pairs can be

significantly enhanced when front metal contacts are

moved to the rear side of device, i.e., interdigitated back

contact (IBC) solar cell configuration. Such cells can reach

efficiencies well above 21% as presented by Mertens et al.
[1], Cousins et al. [2], and Granek et al. [3] High-efficiency
IBC cells are made of n-type Si that does not suffer from

light-induced degradation [4] and less sensitive to common

impurities [5]. In such devices the emitter is p-type doped

by B. B doped emitters are industrially realized by

diffusion from a solid, vapor, or liquid source. Here the

investigation is conducted by an alternative doping process

for p-type emitter formation: B implantation followed by

high-temperature activation anneal. B implantation is a

technique that has been previously widely used for junction

formation in field effect transistors. Application of ion

implantation in solar cells manufacturing enables in situ
masking for alternative doping. The requirements for B

doped emitter formation in solar cells are mainly related to

crystal purity that enables long lifetimes, medium B doping

levels for good conduction, and contacting properties. B

implantation was studied before by Young et al. [6], Spitzer
and Keavney [7], and Lowndes et al. [8] Lifetime

degradation due to self-implantation related defects have
106
been observed by MacDonald et al. [9,10] and explained in
terms of dislocation formation. This paper deals with B

shallow implants that do not form any extended defects

after high-temperature anneal.

In the current studies, instead of using IBC cell

configuration, the B doped emitter is tested in back

junction (BJ) device, i.e., the contacts are still located at the

front and at the rear, but the emitter is located at the back.

Schematic drawing of such a cell is presented in Figure 1.

Monocrystalline n-type 1V � cm Si is used for cell

fabrication. Front doping is realized by POCl3 diffusion

and contacted by screen printed and fired Ag on the

textured surface. Front passivation is done by thermal

oxide covered with a SiN anti-reflecting coating. Rear

doping is constructed from superposition of blanket B

doped emitter and separated by 700mm local Al fired

contact lines. The Al was evaporated at the rear and the

firing of front and rear contacts was done simultaneously,

therefore, the thermal budget was optimized only for front

contacts. In that way even lowly doped B emitter can be

properly contacted and its properties can be investigated. In

order to have a good understanding of cell performance,

blanket double side implanted wafers were prepared to

collect information about effective lifetime after B emitter
Copyright � 2011 John Wiley & Sons, Ltd.



Figure 1. Schematic drawing of BJ solar cell used for testing the

functionality of B implanted and activated emitter. At the front

screen printed and fired Ag contacts are used. At the rear

evaporated and fired Al contacts are applied simultaneously with

boron implanted emitter in between. This BþAl emitter con-

figuration guaranteed good quality contacts even for lowly B

doped emitter.

Figure 2. The lower the B emitter Rs, the higher FF and h. (A)

Relation of FF versus B emitter Rs obtained by constant B

implant energy of 5 keV and various doses varying between

1� 1014 and 1� 1015 at./cm2. Activation anneal was identical

for all samples 10008C, 10 min. (B) Relation of solar cell efficiency

h versus B emitter Rs.
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formation. Here, two types of passivation layers were used:

thermal SiO2 or AlOx. The surface area of measured cells

is 8� 8 cm2.

B emitter has been realized by B implantation at the rear

surface of the solar cells with a fixed energy of 5 keV

and variable doses of 1� 1014, 3� 1014, 5� 1014, and

1� 1015 at./cm2 at room temperature with implantation

currents less than 500mA. Thermal processing was done in

a conventional oven at 9008C for 2min in oxidizing

ambient for good front and rear passivation and followed

by 10008C for 10min in N2 ambient to obtain a good

activation of dopants. In that way fabricated B emitters

were all shallower than 350 nm and the sheet resistance Rs

varied between 100 and 1000V/sq. Obviously, the highly

resistive emitter would be very difficult to contact without

fired Al local line contacts.

In parallel double side implanted wafers were prepared

with B 5 keV and doses up to 3� 1015 at./cm2. The

activation conditions were identical as in the devicewafers.

Here the effective lifetime monitoring was performed by

quasi-steady state photo-conductance (QSSPC) measure-

ments [11].

As illustrated in Figure 2A the performance of the

realized BJ solar cell shows an improvement of fill

factor (FF) from 77% up to 79.5%—Figure 2A—with

decreasing of B emitter Rs. A similar trend is observed

for the overall cell efficiency h, which is improved

from 14.6% up to 15.3% with emitter Rs reduction—

Figure 2B. Although the trends are clearly visible, the

absolute change in cell performance is not that large as the

one order of magnitude in emitter Rs variation. It is

concluded that the lateral conduction of carriers within B

doped emitter plays only a secondary role with respect to

local, Al fired emitters.

The short circuit current density (Jsc) remains

rather constant and equals around 32.6� 0.3mA/cm2—

Figure 3A. This is consistent with the internal quantum
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efficiency (IQE) of the solar cells that have identical

design and the variable parameter is B emitter doping—

Figure 3B.

The open circuit voltage (Voc) demonstrates gradual

increment with reduction of the B emitter Rs up to a

maximum at B dose of 5� 1014 at./cm2—Figure 4A—and

further drop at B dose of 1� 1015 at./cm2 for Rs¼ 140V/

sq. Similar trend of Voc drop has been previously observed

for identical B implant condition and lower activation

anneal by Spitzer and Keavney [7]. Simultaneous studies

of effective lifetime in the double side implanted and

thermally activated wafers indicate a constant effective

lifetime value at 160ms up to emitter B doses of

5� 1014 at./cm2—see Figure 4B. Beyond that, at B dose

of 1015 at./cm2 the effective lifetime dramatically drops

down to�40ms and is even lower for higher doses. Similar
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Figure 3. (A) Relation of the short circuit current density Jsc and

B emitter Rs. Current density variation is about 0.3 mA/cm2. (B)

IQE (%) versus wavelength for solar cells with four different B

emitters implanted with doses varying between 1�1014 and

1� 1015 at./cm2.

Figure 4. (A) Open circuit voltage versus B emitter Rs indicates

a drop above implantation dose of 5� 1014 at./cm2 in BJ solar

cell. (B) Effective bulk lifetime measured by QSSPC at injection

level of excess carriers density 1015 cm�3 in double side

implanted and activated samples reveals a clear drop above

implantation dose of 5�1014 at./cm2 and is continuously low

above B dose of 1�1015 at./cm2. The effect is clearly visible for

both types of dielectrics: thermal oxide and AlOx.
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lifetime degradation is observed for a better passivating

dielectric, atomic layer deposited AlOx that offers values

as high as 650ms for a B dose of 3� 1014 at./cm2.

However, for higher B doses the effective lifetime drop is

identical as for thermally oxidized samples. The mechan-

ism of minority carrier lifetime degradation is independent

on the passivation layer, i.e., on the type of interface

between Si and dielectric (on the atomic scale) and is

independent on the collected charge inside of the dielectric.

The minority carrier lifetime drop is associated to defects

generated due high-B dose implantation and non-complete

crystal curation within emitter region during high-

temperature annealing. It is concluded therefore that the

formation of B doped emitter at higher B doses is

responsible for lifetime degradation and consequently

results in the drop in Voc. Further analysis leads to

understanding of the formation and quality of B doped

emitters.

Chemical profiles of the B doped emitters have been

simulated with the most recent edition of TCAD code [12]
108 Prog.
by Synopsis that includes boron-interstitial-clustering

[13,14] phenomena. The model for that have been

developed within Frendtech European project and imple-

mented in this version of the software. B diffusion and

clustering phenomena have been previously calibrated

versus many experimental B profiles to make them valid

and predictive. The simulated B emitter profiles are

presented in Figure 5A. The B emitter with the highest Rs

(�1000V/sq) is as shallow as 200 nm (at 1017 at./cm3) and

the surface concentration is clearly below 1� 1019 at./cm3.

The B emitter used is solar cells with lowest Rs (�140V/

sq, 1� 1015 at./cm2) extends up to 315 nm and the surface

concentration is about 5� 1019 at./cm3. In the double

side implant experiment the highest B dose used was

even as high as 3� 1015 at./cm2 and for this implantation
Photovolt: Res. Appl. 2012; 20:106–110 � 2011 John Wiley & Sons, Ltd.
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Figure 5. (A) TCAD simulated B 5 keV profiles after 10008C for

10 min that were implemented in solar cell formation (up to dose

of 1� 1015 at./cm2) and for double side implanted wafers (up to

dose of 3� 1015 at./cm2). (B) Simulated chemical and electrical

profile for implantation of B 5 keV with the dose of 3�1015 at./

cm2 demonstrates that substantial part of B is not electrically

active and is clustered in forms of B3I and B3I2 complexes that

are responsible for minority carrier recombination.
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condition the profile extends up to 420 nm with

surface concentration above 1020 at./cm3. As indicated in

Figure 5A in the top 200 nm there is a difference between

the solid (chemical) and dotted (active) concentration.

Detailed decomposition of missing active B fraction

is presented in Figure 5B, where the contribution

of B3I and B3I2 cluster profiles is presented. The

total BnIm cluster concentration formed in the top

100 nm is well above 1� 1018 at./cm3 and can be very

well assigned to the observed minority carrier lifetime

degradation. The electrical behavior (acceptor, donor, or

neutral state) of BnIm clusters is discussed by theoretical

calculations by Luo et al. [15] In the TCAD simulations

the onset of BnIm cluster formation has been observed for

B dose 1.5� 1015 at./cm2, however, as indicated in

Figure 4B the lifetime degradation is sensitive to defects

formed already at B dose 1� 1015 at./cm2. It should be

mentioned that BnIm cluster formation can be altered for a

fixed B implant condition by modification of thermal
Prog. Photovolt: Res. Appl. 2012; 20:106–110 � 2011 John Wiley & Sons, Ltd
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budget used for diffusion. Therefore, those results are not

universal but are specific for those implant and anneal

conditions. Still, the link between BnIm cluster formation

and minority carrier lifetime is a relevant for technology

conclusion. The additional carrier recombination path

results in drop of Voc. Emitters with a B dose of

5� 1014 at./cm2 and below do not show the BnIm cluster

formation phenomena and therefore cell performance

indicates regular Voc behavior and blanket double-side

implanted wafers have high-minority carrier lifetimes.

Above discussed experiment indicates that the

increment of B emitter doping up to 5� 1014 at./cm2 is

preferential with respect to cell performance parameters,

like FF, efficiency, and Voc. Beyond that B dose of

5� 1014 at./cm2 the Voc drops, which is correlated with an

effective lifetime degradation. Systematic investigation of

emitter with increasing implantation dose indicates that for

a given annealing condition BnIm clusters are formed.

Based on the correlation between device, material analysis,

and B cluster simulations it is suggested that B-rich clusters

are responsible for minority carrier lifetime degradation,

which implies device parameter Voc drop. Enhanced

functionality of B implanted emitters should be realized by

reduction of B cluster density either by deep implantation

or a high-thermal annealing budget.
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