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ABSTRACT: In p-type c-Si solar cells, selective emitter structures generated by emitter etch-back (EEB) have been
introduced in recent years in order to minimize electrical losses in the phosphorous emitter being one of the dominant
factors limiting the performance of standard screen-printed p-type c-Si solar cells. In this work, a homogeneously or
selectively etched-back boron emitter is demonstrated to provide additional benefits yielding an enhanced conversion

efficiency in n-type Si solar cells.

By means of subsequent B-EEB, contacting and recombination properties of B emitters dependent on their sheet
resistance, surface concentration, and profile depth are studied indicating the latter to be the crucial parameter. Based
on this, the characteristics of the optimal B emitter regarding low saturation current density and low specific contact
resistivity are determined for the cases of homogeneous and selective etch-back.

By employing the selectively etched-back B emitter in initial solar cells, a Voc gain of 5SmV and a significant
shunting reduction compared with homogeneously doped devices is achieved.

Keywords: n-type, Boron, Etch-back

1 INTRODUCTION

Solar cells based on n-type crystalline silicon (c-Si)
wafers have raised growing interest (e.g. [1-4]) not only
since several record efficiencies above 25% have been
attained with n-type Si substrate material recently [5-7].
Replacing p-type Si wafers, predominantly used in
current solar cell production, by n-type Si material
provides various benefits: n-type solar cells can generally
attain higher conversion -efficiencies since minority
carrier lifetimes are less affected by certain impurities [§]
and their efficiency does not suffer B-O complex related
light induced degradation [9].

Despite these benefits, n-type Si substrate material
has not replaced p-type Si in the majority yet which is not
least due to the difficulty to attain a well passivated and
at the same time well contacted boron emitter.

In p-type c-Si solar cells, however, selective emitters
have been introduced in recent years in order to minimize
electrical losses in the P emitter being one of the
dominant factors limiting the performance of standard
screen-printed p-type c-Si solar cells.

In n-type solar cells, a selective B emitter is expected
to provide additional benefits yielding enhanced
conversion efficiency. Within this study, such selective B
emitters are generated by a single BBr; diffusion process
followed by a wet-chemical partial and selective etch-
back of the heavily doped p° layer via porous Si
formation (B-EEB) [10]. Besides the generation of a
selective  emitter, this technique allows, also
homogeneously, to systematically modify the diffused
emitter profile. Thus, B-EEB may provide the following
benefits:

A) With selective B emitters, the trade-off between high
surface doping concentration [Bg,] to achieve low
specific contact resistivity pc and high emitter sheet
resistance Ry, to minimize emitter saturation current
density jo. necessary with homogeneous emitters can
be circumvented.

B) Deeper emitter profiles can be employed below the
metal contacts in order to avoid the shunting of the p-
n junction which impairs solar cell efficiency and
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applies especially to co-fired Ag/Al paste because of
Al spiking into the emitter [11].

C) Like for higher [By,] (cf. A), employing a deeper B
emitter profile beneath the metal contacts may
additionally yield lower pc [12]. Furthermore, the
deeper B emitter may also yield enhanced shielding
of the highly recombinative contacts.

D) Due to the higher solubility of B in SiO, than in Si,
the BBr; emitter profile typically exhibits a [B]
depletion towards the wafer surface which is
identified to cause increased surface recombination
[13]. This can be eliminated by removing the
depleted layer by means of boron emitter etch-back.

E) Despite an oxidation step during BBr; diffusion, the
borosilicate glass (BSG) layer may be hard to remove
in HF solution. B-EEB as part of the solar cell
process may reliably etch off the BSG due to HNO;
added to HF. A completely removed BSG permits
better passivation of the B emitter beneath.

For a high performance n-type solar cell, it is crucial
to know and implement the optimal B emitter profile. In
this study, the B-EEB process is used to create B emitters
with various surface doping concentrations [By, and
profile depths, i.e. Ry, based on different starting BBr3
emitters. Thus, these three emitter parameters are
uncoupled and their influence on emitter characteristics
as emitter saturation current density jo and specific
contact resistivity pc can be investigated.

With the attained correlations, the optimal selective
emitter is identified as well, featuring low ji. in the
etched-back regions and low pc beneath the metal
contacts.

2 BORON EMITTER ETCH-BACK

For p-type solar cells, the technical implementation
of a selective n" emitter by wet chemical etch-back via
porous Si (por-Si) formation and subsequent removal of
the porous layer was introduced by Haverkamp et al.
[14]. This approach permits a good controlling of porous
layer thickness, i.e. target Rg,.
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Since the wunderlying chemical reactions are
dependent on the concentration of valence band holes at
the Si surface, the B-EEB solution needs to be adjusted
for p' emitters regarding the following requirements:

e homogeneous etching on a large-area Si wafer

e controllable and adjustable etching rate and target
emitter Ry, along with maintaining reasonable process
duration.

Etching Si in the acidic EEB solution composed of
HF, HNO; and H,O (stain etching), spots on the Si
surface randomly become oxidation or reduction sites
acting as localized electrochemical cells and sustaining
currents on the surface. The oxidation on an anodic site
consists in

Si’ +2H,0+mh* — SiO, +4H" + (4—m)e (1)
while the reduction on a cathodic site is
HNO, +3H" — NO+2H,0+3h". )

Por-Si formation is initiated by valence band holes at
the Si surface (cf. eq. 1) being products of the reduction
(eq. 2). Thus, the injection of h* into the valence band is
the crucial role of the oxidant and its electrochemical
potential is a control parameter to influence por-Si
formation. HNOjs-rich stain etch solutions induce
electropolishing, whereas in HF-rich solutions, the
process is limited by the availability of holes, thus por-Si
is formed [15].

Using an adapted etching solution with modified
concentrations of the chemicals, the BSG layer is
removed reliably and faster whereupon the B emitter is
etched-back homogeneously and in a controllable manner
[10].

3  EXPERIMENTAL

In this work, jo. and pc are investigated on planar p*
doped Si wafer surfaces as they occur in rear emitter n-
type solar cells. Corresponding investigations on textured
surfaces for front emitters are subjected to further studies.
The metal contact to the B emitter is established by
evaporated Al (PVD).

The jo. and pc sample structure (Fig. 2b & 2¢) and
their processing sequence (Fig. 1) are similar to the ones
of the solar cell (Fig. 2a) where the selective B emitter is
to be employed. This n-type solar cell features a
SiO,/SiN, passivated P front surface field (FSF)
contacted by a screen-printed Ag grid and an Al,05/SiN,
passivated homogeneous or selective B emitter at the
planar rear. The Al,O3/SiN, passivation is opened locally
where the contact to the emitter is established. For a
monofacial solar cell, the Al is evaporated on full-area, in
case of a bifacial concept, a finger grid structure is
deposited.

The novel B-EEB step is inserted into the process
after high temperature POCI; diffusion and thermal
oxidation which modify the BBr; diffused emitter and
cause an extra [B] depletion at the wafer surface.
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Texturing :& cleaning SiNx FS
BBrs emitt.er diffusion
SiNx caqping RS Al203 + .SiNx RS
Emitter removal FS A Screen-plrinting FS
__POCIs FSF diffusion | Co-firing
SiNx cappibg removal Laser qblation
| Thermal oxidation | Al PVD + Sintering

Figure 1: Processing sequence of the described n-type
solar cell with passivated selective rear emitter,
passivated FSF and evaporated Al rear contacts.

For the symmetrical j,. samples (Fig.2b), planar
200 Qcm n-type FZ-Si (250 um thick) are used. The
emitter is created by BBr; diffusion and passivated by a
fired Al,O5/SiN, stack after B-EEB. The B emitter of the
alkaline-etched n-type Cz-Si (2Qcm) pc samples
(Fig. 2¢) is contacted by electron beam evaporated and
sintered Al fingers.

Jjoe 1s determined from photoconductance decay
measurement evaluated at an injection level of
An=1x10" cm™ (high level injection mode) [16] using a
Sinton lifetime tester. pc is measured by the transfer
length method. Ry, of the B emitters is determined by
four-point probe and their depth profile by
electrochemical capacitance voltage (ECV) measurement.

In order to examine the potential benefits (A-E in
sec. 1) of homogeneously or selectively etched-back B
emitters, different starting emitters are subsequently
etched-back to various depths, creating different [Bgyy]
and profile depths yielding an Ry range of ~30 to
~190 Q/sq.

4 RESULTS & DISCUSSION

Fig. 3a depicts exemplarily the 30Q/sq BBr;
diffused emitter profiles before and after the high
temperature steps of the solar cell process as well as the
profiles subsequently etched-back to different Ry,. The
high temperature steps modify the emitter profile towards
a more depleted [Bg,s]. By means of B-EEB, the [B]
depleted region can be removed completely.

The influence of Ry, profile depth and [Bgy] on jo.
and pc is depicted in Fig. 3b-f. Despite the continuous jo.
decrease with higher Ry, of the non-etched-back emitters,
no general jo.— Ry, dependency is observed (Fig. 3b). jo.
is rather determined by profile depth (Fig. 3c), whereas
Joe does not exhibit an explicit dependency on [Bg,] (not
shown). Fig. 3d demonstrates the clear trend of pc with
Ry, independent of B-EEB application. The dependency
is caused by a pc decrease with increasing profile depth
(Fig. 3e). [Bgur], however, exhibits only a dependency
within the etched-back or non-etched-back samples,
respectively (Fig. 3f).

A further reduction of j. by a better BSG removal in
the B-EEB solution is not found (cf. E in sec. 1) as the
BSG on the planar samples could already be completely
etched off in HF. This may be different for textured
surfaces and is still under investigation.

The correlation of an increased surface
recombination due to the [B] depletion at the surface (cf.
D in sec. 1) as it was observed in [13] could not be
confirmed.
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Figure 2: Cross sections of the investigated test structures: a) monofacial solar cell with selective rear emitter, b) jo. sample,

¢) pc sample.
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Figure 3: a) ECV profile of the 30 ()/sq BBr; diffused emitter at different stages of the solar cell process (cf. Fig. 1).

b)-f) Influence of Ry, profile depth and [By¢] on jo. and pc.
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However, the results depicted in Fig. 3 demonstrate
the benefits of the B-EEB process in achieving both low
pc and low jo. (cf. A& C in sec. 1) having been proven
right. Using a homogeneous emitter, a good compromise
of pc=3.5 mQem?® and Joe=22 fA/cm? can be attained for
the 60 /sq emitter etched-back to Ry, ~80 Q/sq.

By employing a selective emitter in the n-type solar
cell to achieve the optimal combination regarding low jg.
between and low pc beneath the metal contacts, a
~60 Q/sq starting B emitter has to be etched-back to
~140 Q/sq  (jo.=16 fA/cm?, pPc=2.9 mQem®) or a
~30Q/sq emitter to ~110Q/sq  (joe=22 fA/cm?,
pc=2.7mQcm?). However, further solar cell
performance relevant parameters such as lateral
conductivity are disregarded here.

Moreover, additional starting B emitters with certain
profile shapes leading to further combinations of profile
depth and [By,s] before and after B-EEB can be designed
which may yield even lower jo. and pc beneath and
between the contacts, respectively.

Initial solar cells with selectively doped p* structures
(Ry,=30 Q/sq + B-EEB to ~110 Q/sq) are compared to
homogeneously  doped, non-etched-back  devices
(Rg,=50 Q/sq) [10]. By employing the selectively
etched-back B emitter, a Vo gain of 5mV is achieved
along with maintaining jsc. The benefit of a selective B
emitter structure to reduce emitter shunting by Al spiking
(cf. B in sec. 1) is also demonstrated as shunt resistance
increases by a factor of 20 to 73 kQcm? when employing
a selective B emitter.

5 CONCLUSION & OUTLOOK

Within this study, a homogeneously or selectively
etched-back boron emitter has been demonstrated to
provide several benefits, which, if it is employed in n-
type Si solar cells, yield an enhanced conversion
efficiency:

e The trade-off between high surface doping
concentration and/or deep emitter profile to achieve
low contact resistivity and high sheet resistance to
minimize emitter saturation current density can be
circumvented.

e The [B] depleted region at the wafer surface can be
removed completely.

e Employing deeper B emitter profiles below the metal
contacts reduces the shunting of the p-n junction,
provides enhanced shielding of the highly
recombinative contacts, and yields a lower pc.

Despite a continuous jgy, decrease with higher Ry, of
non-etched-back emitters, no general jy. — Ry, dependency
has been observed. jy. is rather determined by profile
depth. A clear trend of pc with Ry, independent of B-EEB
application has been demonstrated and is caused by a oc
decrease with increasing profile depth.

Using a homogeneously etched-back emitter
(Rn=60>800/sq), a good compromise of
pc=3.5 mQem? and jo. =22 fA/cm? can be attained.

By employing a selective emitter to achieve the
optimal combination regarding low jq. and pc, a ~60 /sq
starting B emitter has to be etched-back between the
contacts to ~140 Q/sq or a ~30 (/sq emitter to ~110 Q/sq
yielding jo. of approx. 20 fA/ecm’ and pc below 3 mQcm?.
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By employing the selectively etched-back B emitter
(Ry,~30 Q/sq + B-EEB to ~110 Q/sq) in initial solar
cells, a Voc gain of 5mV and a significant shunting
reduction compared to homogeneously doped devices
(Rsn~50 €¥/sq) has been achieved [10].

The manufacturing of further types of solar cells and
the extension of jy. and pc analysis to textured surfaces
and screen-printed Ag/Al contacts regarding further n-
type solar cell concepts is in progress.
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