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ABSTRACT: We present a simple laser process for the formation of a local back surface field (LBSF) for n-type silicon
solar cells. Point contacts are formed by applying a laser process to a doped, passivating layer of amorphous silicon
carbide (PassDop layer). In a single processing step, point contacts are opened and local doping of the underlying silicon
is done. A variation in dopant content and laser fluency enables the control of the doping profile. The effectiveness of the
LBSF structure is investigated on lifetime samples. We find that high dopant content of the PassDop layer and medium
laser fluencies yield best values for the suppression of the recombination at the contact.
Keywords: Laser Processing, n-type, LBSF

1

INTRODUCTION

N-type silicon features several advantages compared
to the commonly employed p-type silicon: it is less
susceptible to common impurities [1, 2] thus leading to
higher diffusion lengths in the bulk at a given impurity
level. It does not degrade under illumination due to the
formation of boron-oxygen complexes. Furthermore, it
exhibits a better conductivity at the same doping level as
its p-type counterpart, thus yielding more effective highlow junctions in n-type silicon.
Commercially available solar cells exceeding a
conversion efficiency of 20 % are also using high quality
n-type material, however employing rather complex cell
structures [3, 4]. Glunz et al. have outlined the potential
for solar cells using n-type silicon with simpler cell
structures and yielding efficiencies greater than 20 %[5].
On lab scale, Benick et al. have demonstrated high
efficiencies approaching 24 % fabricating a Passivated
Emitter and Rear Locally diffused (PERL) solar cell
using n-type material [6]. However, the fabrication of the
rear local diffusion was done by photolithographic
masking and an additional thermal diffusion, making this
process unsuitable for industrial fabrication. Thus, an
industrial feasible process for a quick and cost effective
way to create a LBSF is desirable.
In this work the development of such a process is
presented. In the so-called PassDop approach, the
technique of laser doping is used to create openings in
the rear passivation layer and simultaneously create a
high doping in the opened silicon bulk.
2

LASER DOPING

2.1 Laser Doping
Laser doping has first been reported on in 1968 as a
fast technology to create pn-junctions in silicon [7]. It has
been extensively researched in the late 1970’s and 1980’s
[8, 9]. Laser doping is the transient melting of a shallow
region of the substrate, as visualized in Figure 1. A prior
to laser processing applied precursor is driven into the
substrate in the liquid phase.

Figure 1: Principle of laser doping: a shallow region of
the wafer is molten and a dopant is driven into the silicon
during the liquid phase.
This way comparably deep junctions can be
fabricated in short time, as the diffusivity in liquid silicon
is up to 10 orders of magnitude greater compared to solid
state diffusion [10]. The impurity concentration C in the
depth z after a diffusion time t is given by

C (z, t ) =
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With Q as the total amount of impurities and the
diffusion constant D. Larger pulse energies lead to
deeper and longer melting thus reducing the impurity
surface concentration for constant Q, as eq. (1)
implicates.
For laser fluencies around the melting threshold
Φ ≥ Φm a linear increase in melting depth hlmax and thus
doping
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[11] is expected and has been experimentally observed
by other authors [12].
3

LOCAL BACK SURFACE FIELDS (LBSF)

3.1 Increasing the efficiency via the implementation of
an LBSF
In the following the importance of a rear side
featuring low recombination is briefly outlined using
simple calculations employing the 1-diode model. A high

efficient n-type PERL solar cell structure is considered.
Assuming a high quality n-type, 1 Ωcm, W = 230 µm
thick wafer with a bulk lifetime over 3 ms, Figure 2
illustrates the benefit of reducing the effective
recombination velocity on the rear side of the cell Seff.
For this cell structure, a high efficiency cell structure is
taken into consideration: a high efficiency emitter with
an emitter saturation current density of j0e = 30 fA/cm² as
experimentally shown by Benick et al. [6]. For the
calculations for the cell efficiency η a fill factor of
FF = 80% and a short circuit current density of
jSC = 40 mA/cm² is assumed. The open circuit voltage is
calculated through the 1-diode model

VOC =
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with the device temperature T. The base saturation
current density j0b is obtained from
W
W
qDh ni2 S eff cosh L + Dh L sinh L
(4)
×
j0b =
N D L Dh L cosh W + S eff sinh W
L
L
[13] with q the elementary charge, Dh the minority
carrier diffusivity, ND the equilibrium hole density, L the
minority carrier diffusion length and ni the intrinsic
charge carrier density.
If low values for Seff are considered, a strong decrease
in the recombination loss is visible (i.e. increase in VOC),
thus yielding a considerable gain in cell efficiency η. For
the high efficiency cell scheme, a reduction of Seff below
20 cm/s yields efficiencies greater than 22 % and an open
circuit voltage VOC beyond 685 mV. Therefore, an
outstanding passivation with point contacts contributing
only little to the overall base saturation current is highly
desirable.

23.0

Figure 3. It is combining doping from and opening of a
phosphorous doped passivating layer and is thus referred
to as “PassDop”. The PassDop layer is a doped
amorphous silicon carbide film serving both as a
passivation and doping precursor layer.

n-type Si

n+
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Figure 3: Process scheme of the PassDop approach:
after cleaning, (i) a doped passivation layer is deposited
onto the rear side of the wafer, (ii) a laser opens point
contacts in the passivation layer and simultaneously
dopes the substrate subsequently (iii) aluminum is
evaporated on top finishing the rear side of the device
[15].
4

SAMPLE PREPARATION

4.1 p- and n-type wafers
Two kinds of samples were prepared (figure 4): (i) to
investigate the doping results, the phosphorous
amorphous silicon carbide layer was deposited on a
single side of a 250 µm thick, 1 Ωcm p-type FZ silicon to
enable an emitter formation after laser processing. These
samples are discussed in sections 5.1 and 5.2. (ii) To
quantify the formation and effectiveness of the high-low
junction point contacts, the a-SiC layers were deposited
on both sides of FZ, 1 Ωcm, 230 µm thick n-type wafers
yielding symmetrical samples, allowing a measurement
of the effective lifetime by means of quasi-steady state
photo conductance technique (QSSPC) [16].

Effective RSRV Seff [cm/s]

Figure 2: Dependence of the open circuit voltage VOC
and cell efficiency η on the effective rear side
recombination velocity for a high efficiency n-type PERL
solar cell
3.2 The PassDop approach
To reduce the recombination at the back side of the
device a high doping underneath the metal contacts is
favorable using a field effect passivation of the contacts
induced by the high-low junction. For the formation of
local point contacts with a shallow BSF the technique of
Laser Fired Contacts (LFC) [14] was developed.
However, it is not suited for n-type silicon, as aluminum
cannot form a high-low junction in n-type silicon.
Therefore, a new approach using the technique of laser
doping has been developed and is schematically shown in

n+

1 Ωcm p-type Si

LP

1 Ωcm n-type Si

Figure 4: Left: Samples prepared for the investigation
of the doping (i) and Right: samples prepared for testing
the local point contacts (ii)
4.2 Layer deposition
For the PECVD deposition of the amorphous silicon
carbide films in this work, we used a Roth&Rau
AK400M reactor featuring a high-frequency (13.65
MHz) as well as a microwave (2.4 GHz) generator as

plasma sources. As precursor gases silane (SiH4) and
methane (CH4) were used. Highly diluted phosphine
(PH3) was used as a dopant source for incorporating
phosphorous into the layer. All samples were wetchemically cleaned prior to the PECVD process with a
short dip in HF. The layer thickness was 30-40 nm. Three
different gas fluxes of PH3 were chosen, denominated in
the following as low, medium and high [15].

standard deviations point out that only little doping has
taken place and the process is not yet stable, as it is right
at the melting threshold. In region III. a constant sheet
resistance is reached for each dopant gas flux. The more
dopant is available; the lower is the sheet resistance. In
this regime all the available dopant is driven into the
substrate and only minor changes in sheet resistance
occur due to different doping profiles.

4.3 Laser Processing
Laser processing was done with a disc laser at a
wavelength of 1030 nm at a repetition rate of 15 kHz
using a galvanometer scanner for positioning the laser
beam on the wafer. The pulse energy was controlled by a
variable optical attenuator, insuring the stability of all
beam parameters other than the fluence. For the samples
(i) a 20x20 mm² area was homogenously doped to allow
an analysis of the sheet resistance by a 4-point-probe and
the acquisition of the doping profiles. The pulse overlap
was kept small to ensure similar conditions as they occur
in doping point contacts. For the investigations of the
point contacts (samples (ii)), points were set apart with a
constant spacing of LP = 1 mm. The effective lifetime τeff
was measured before and after laser processing, allowing
the extraction of Seff via [17]

5.2 Doping profiles
In Figure 5 the resulting doping profiles acquired by
means of spreading resistance profiling (SRP) for the
medium gas flux of PH3 are shown. The doping depth
increases with increasing laser fluence. The step like
behavior of the curves is due to an averaging over 10
points of measurement of the carrier density N.

τ eff

=

1

τ bulk

+

2S eff

(5)

W

with the sample thickness W and τbulk the lifetime of the
bulk material, determined from the intrinsic lifetime limit
using the model of Kerr [18].
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Figure 5: Resulting doping profiles after laser
irradiation. The profiles displayed are for the medium
flux of PH3 [15].
Figure 6 depicts the doping depth at 1e16 cm-3 as
well as the integrated amount of phosphorous. As
expected from eq. (2) the doping depth increases linearly
in this regime of fluencies. The integrated amount of
phosphorous is constant even at higher fluencies,
indicating that only little or no ablation of the PassDop
layer takes place during the laser process at medium
fluencies.
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Figure 4: Evolution of the sheet resistance with
increasing laser fluence Φ. After crossing the melting
threshold, the sheet resistance changes only little for a
given precursor layer. The three different PH3 gas fluxes
are shown. The three regions are explained in the text.
Region I. marks the region below the melting
threshold. No laser doping has taken place. The points
around 5.5 J/cm² (region II.) mark the beginning of the
surface melting. High sheet resistances and very high
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5.1 Sheet resistance
Figure 4 shows the measured sheet resistances for the
samples of type (i). Each data point represents the mean
value of 9 measurements; the error bar is their standard
deviation, thus also providing some information about
the homogeneity of the process.
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Figure 6: Integrated amount of phosphorous after laser
doping and depth of doping at 1e16 cm-3 [15].
5.3 Investigation of Scont
Fischer has proposed a model to quantify the
effective recombination velocity at the rear surface of a
point contacted solar cell [19]. The effective rear surface

recombination velocity Seff is given by
Seff =

Dh
W

⎡ Lp
⎛ 2W π ⎞
⎛
⎞
⎟ − exp⎜ − W ⎟ +
arctan⎜
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(6)

Recomb. vel. at contact Scont [cm/s]

with W the cell thickness, Lp the pitch of the point
contacts, f = πr2/Lp2 the metallization fraction,
determined by the fraction of the area of the point contact
(with radius r) over the square of the pitch, Dh the
diffusivity of the minorities (holes), Scont the
recombination velocity at the contact and Spass the
recombination velocity of the passivated areas. Note that
Scont is considered as the recombination velocity at the
opening. Although no metal is applied in this
investigation, bare silicon features similar surface
recombination as for a metal coated surface.
By measuring the effective lifetime of the samples
(ii) before and after laser processing at an excess carrier
density of Δn = 5e14 cm-3 Spass and Seff can be determined
via eq. (5). For each fluence, the contact radius r and thus
the metallization fraction f is measured. These values are
put into eq. (6) and it is solved for Scont, giving a measure
for the recombination at the point contacts. This is
depicted in Figure 7.
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Figure 7: Recombination velocity at the contact Scont as
a dependence of the laser fluence Φ and with the gas
flux as a parameter [15].
An optimum value for Scont can be ascertained for the
high PH3 flux and medium laser fluence. A minimum
value of 2400 (+/-250) cm/s is reached for 9 J/cm² and
high gas flux. The error indicated accounts for the
uncertainty of determining the contact radius r of the
point contacts with an accuracy of +/- 1 µm. It is
observed that the best values for Scont are obtained for the
high gas flux over the entire range of laser fluencies.
The application of this process to a high efficient ntype PERL cell structure leads to open circuit voltages
beyond 700 mV and efficiencies over 22 % [20].

6

developed. In the presented approach a layer of
phosphorous doped amorphous silicon carbide serves
both as a passivation and dopant source (PassDop). The
contact opening and doping can be done with a suitable
laser process, i.e. in a single processing step. By
adjusting the laser parameters and the content of the
doping in the PassDop layer, the resultant doping profile
can be adjusted. Calculation of the RSRV at the local
contacts yields values down to 2400 cm/s.
The PassDop sequence is a very simple process for
the passivation of the rear of the cell and for the
formation of a local back surface field for n-type silicon
solar cells with a high efficient PERL cell structure. As
the formation of the LBSF and the contact opening is
done in one single step, this process is of considerable
interest for a possible future high volume production for
n-type silicon solar cells. Its application to a high
efficient PERL solar cell structure has led to open circuit
voltages exceeding 700 mV and efficiencies well above
22% [20].

SUMMARY

A laser based process for the formation of a local
back surface field for n-type silicon solar cells has been
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