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a b s t r a c t
In this work laser doping technique is used to create highly-doped regions deﬁned in a point-like structure
to form n+/p and p+/n junctions applying a pulsed Nd-YAG 1064 nm laser in the nanosecond regime.
In particular, phosphorous-doped silicon carbide stacks (a-SiCx /a-Si:H (n-type)) deposited by Plasma
Enhanced Chemical Vapor Deposition (PECVD) and aluminum oxide (Al2 O3 ) layers deposited by atomic
layer deposition (ALD) on 2 ± 0.5  cm p- and n-type FZ c-Si substrates respectively are used as dopant
sources.
Laser power and number of pulses per spot are explored to obtain the optimal electrical behavior of the
formed junctions. To assess the quality of the p+ and n+ regions, the junctions are electrically contacted
and characterized by means of dark J–V measurements. Additionally, a diluted HF treatment previous to
front metallization has been explored in order to know its impact on the junction quality. The results
show that ﬁne tuning of the energy pulse is critical while the number of pulses has minor effect. In general
the different HF treatments have no impact in the diode electrical behavior except for an increase of the
leakage current in n+/p junctions.
The high electrical quality of the junctions makes laser doping, using dielectric layers as dopant source,
suitable for solar cell applications. Particularly, a potential open circuit voltage of 0.64 V (1 sun) is expected
for a ﬁnished solar cell.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Lasers are widely used for different applications in the industry
of solar cells such as scribe grooves in buried contact solar cells
[1], ﬁring contacts in the laser ﬁred contact (LFC) structure [2–4],
texture surfaces [5,6], ablate dielectrics layers [7], among others.
The introduction of laser processes to create doped regions into
crystalline silicon (c-Si) can avoid the use of dopant diffusion in
conventional high temperature furnaces that represents one of the
most expensive and time-consuming processes in the fabrication
line. Laser doping diffusion (LD) relies upon lasers’ ability to heat
locally the semiconductor surface. Doping happens during the
melting ‘phase’ of the silicon in which dopants are incorporated
(diffused) to the silicon structure [6,8]. Several methods applying
laser doping technique (LD) to junction formation have been
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presented to date and a wide variety of dopant source can be used
in gas, liquid or solid form [9–12].
In this work we apply the LD technique to create highly-doped
regions deﬁned in a point-like structure to form n+/p and p+/n
junctions and base contacts applying a pulsed Nd-YAG 1064 nm
laser in the nanosecond regime. Dielectric layers deposited at
low temperature have been used as dopant sources, particularly
a phosphorous-doped silicon carbide stack (a-SiCx /a-Si:H (n-type))
deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD)
and aluminum oxide (Al2 O3 ) layer deposited by atomic layer deposition (ALD). These layers have the advantage that, if correctly
tuned, they can also work as c-Si passivating layers and reduce
optical reﬂectance [13,14]. Parameters such as pulse energy and
number of pulses are varied in order to ﬁnd the conditions leading to the optimal electrical behavior of the formed junction. The
fabricated n+/p and p+/n junctions are electrically characterized
by means of dark J–V measurements. We analyze how the laser
parameter and the HF treatment impact on the J–V curves and
we calculate the series resistance as well as the Voc expected for
1 sun.

http://dx.doi.org/10.1016/j.apsusc.2014.10.140
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Fig. 1. (a) Illustration of laser spots arranged in hexagonal matrixes. Parameterization of the n+/p junction (p-type substrate) varying the laser power and the number of
pulses. (b) Optical microscopy image of the device front side.

2. Experimental
2.1. Laser system
Laser doping was carried out using a pulsed Nd:YAG laser (StarMark SMP100 II Roﬁn-Baasel) working at 1064 nm wavelength in
TEM00 mode, with a ﬁxed frequency of 4 kHz and a pulse duration
ﬁxed at 100 ns. Regarding the beam characteristics, an objective
lens with a focal length of 31.4 cm is used leading to a beam waist
of 70 m radio with a Gaussian proﬁle and a round shape. In all
the experiments, the material surface to be treated was placed at
the focal length. The energy of the laser beam can be adjusted
by varying the intensity of the continuous lamp that pumps the
Nd:YAG crystal. In this study, the laser pulse energy was modiﬁed by the control of lamp current from 19.4 A to 21 A and we
explored the quality of the laser doped regions varying the laser
power from 0.8 W to 1.4 W and the number of shots per spot: 3, 6
and 9 pulses.
2.2. Sample preparation and J–V measurements
All the samples processed by LD were Float Zone n- and p-type
crystalline silicon with a resistivity of 1.4–2.5  cm, ∼280 m thick.
We started by a complete RCA cleaning sequence following the
steps described by Martín et al. [4].
The p-type wafer is introduced in the PECVD chamber (direct
plasma, 13.56 MHz from ElletroRava S.P.A.) and a phosphorousdoped SiCx stack is deposited directly on the front c-Si surface.
This stack consisted of a Si-rich intrinsic SiCx passivating ﬁlm
(∼4 nm), a phosphorus-doped amorphous silicon ﬁlm (∼15 nm)
and a stoichiometric SiCx ﬁlm (n = 2.0, 75 nm) for chemical protection purposes. Then 90 nm Al2 O3 ﬁlms were symmetrically
grown by thermal ALD (Savannah S200 Cambridge Nanotech) using
tri-methyl aluminum (Al(CH3 )3 ) and water (H2 O) vapor as ﬁlm precursors. The Al2 O3 ﬁlm of the front side was removed with HF
at 1% previous rear side protection with a photoresist ﬁlm. This
photoresist ﬁlm was eliminated after the etching process. Finally,
a 50 nm thick stoichiometric SiCx ﬁlm is deposited on the rear
side. In fact, the studied dielectric stacks are chosen to be technologically compatible with the fabrication of interdigitated back
contacted c-Si solar cells that impose strong constraints in dielectric conﬁguration. In order to create the n+ regions and study
laser parameters which lead to the optimal electrical behavior of
the formed junction, the front surface of the samples were irradiated with the laser simultaneously enabling the diffusion of
the dopant atoms and opening the dielectric layer. In this way,

the processed surface is ready to be contacted. Several hexagonal
matrixes of spots separated a distance (pitch) of 300 m (Fig. 1)
were done. Each matrix corresponds to one device with a total area
of 0.42 cm × 0.42 cm and the laser conditions (power and number
of pulses) were ﬁxed within the same array and varied between
them.
Base contacts (p+ regions) are deﬁned with 600 m pitch at the
rear surface before an e-beam evaporation of Ti/Al of both sides.
No HF treatment previous metallization was done unless otherwise stated. Finally an annealing in N2 /H2 at 375 ◦ C for 10 min was
carried out in order to increase the negative ﬁxed charge density
located at the Al2 O3 /c-Si interface that favors the passivation quality and improves the metal-silicon contacts.
The same structure is deﬁned for n-type substrates where p+/n
junctions are deﬁned. The only difference is the position of the
dielectric ﬁlms as it can be seen in Fig. 2, i.e. Al2 O3 /SiCx layer is
on top of the device while SiCx n-type stack is at the back.
Dark J–V measurements were done at 25 ◦ C and the current
density is calculated dividing the measured current by the device
area.
3. Results and discussion
The advantages of using Al2 O3 and a-SiCx /a-Si:H (n-type) dielectric layers as dopant sources is that correctly tuned they can also
be used as passivating layers. The surface passivation quality was
determined by means of lifetime measurements (Sinton WCT-120).
All the samples processed on p- and n-type substrates exhibited a
high initial lifetime before the laser processing over 1 ms at 1 sun
(Fig. 3) corresponding to surface recombination velocities lower
than 10 cm/s.
3.1. Dark J–V measurements
Fig. 4 shows J–V characteristics for p+/n and n+/p junctions
created by laser doping. The comparison between devices irradiated with different laser powers show a rectifying behavior in
all the diodes with a clear exponential trend at mid-injection
with the exception of the diodes created with the highest power
(1.49 W). This latter behavior could be due to an excessive melting during a too strong laser doping process that would cause
surface and lattice damage. If the pulse energy is too high, the surface starts being ablated and can introduce damage to the silicon
[15].
Fig. 5 shows optical proﬁlometry data for three different laser
powers, i.e. 0.93, 1.08 and 1.49 W. The highest laser power leads
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Fig. 2. Scheme of the fabrication process. (a) n+/p diode scheme. n+ emitter regions doped with phosphorous atoms from the a-SiCx (n-type) layer and p+ regions (base
contacts) from Al2 O3 layer. (b) p+/n diode scheme. p+ emitter regions doped with aluminum atoms from Al2 O3 layer and n+ regions (base contacts) from a-SiCx (n-type).

to a penetration depth on the order of 3 micrometer, causing
damage in the silicon structure and a possible removal of the
dopant [16,17]. Additionally, we can see that the radius of the
affected region increases with laser power, ranging from 30 m
to 45 m.
Regarding the J–V characteristics we can observe that the quality
of the diodes are very similar indicating a laser parameter window from 0.8 W to 1.0 W and 3, 6 and 9 pulses available to create
both p+ and n+ regions. However, the optimum behavior is done for
0.9 W and 1 W, 6/9 pulses for p+/n junction and 0.9 W, 3/6 pulses
and 0.8 W/9 pulses for n+/p junction. Major differences in leakage

1.0E-02

Eff. Lifetime, τeﬀ [sec]

1 sun: τ = 1,47 ms
1.0E-03

1 sun: τ = 1,11 ms

1.0E-04

p-type substrate
n-type substrate
1.0E-05
1E+14

1E+15

1E+16

1E+17

Minority-Carrier Density [cm-3]
Fig. 3. Effective lifetime vs. excess carrier density for p and n-type c-Si samples.
p-Type sample with a-SiCx (n-type) stack and a-SiCx capping layer in the front side
and 90 nm Al2 O3 and a-SiCx capping layer in the back side. n-Type sample is front
side covered by 90 nm Al2 O3 and a-SiCx capping layer and a-SiCx in the back side.

current are found as the laser power increase for the case of n+/p
junction (clearly visible in the reverse bias region), while in the
case of p+/n remains at the same level. On the other hand, highest
energy condition originates a Schottky diode behavior, probably
due to direct contact between metal over a low or non-doped semiconductor region.

3.2. HF surface treatment
Additional experiments have been carried out in order to know
if a treatment of diluted HF before the metallization step impacts
on the electrical behavior of the diodes. This treatment is usually
done for removing the native SiO2 from the Si surface and to ensure
a metal-semiconductor ohmic contact. Fig. 6 shows the results for
the 0.9 W and 6 pulses case. No HF treatment, 20 seg and 35 seg
in HF 1% was done for both p and n-type substrate. As we can
see the HF treatment has no impact in the electrical characteristics for p+/n junction. However, and increase in the leakage current
is observed for n+/p junction when a HF treatment is done. In our
opinion, this behavior is related to pinholes in the a-SiCx (n-type)
ﬁlms where the native oxide is removed by the HF treatment and
the subsequent metallization results in shunting paths. Notice that
more than 90% of device area consists of a metal layer over an insulator ﬁlm and any absence of it allows the metal to directly contact
the c-Si substrate. This effect is strongly reduced for the Al2 O3 /aSiCx stack since the Al2 O3 layer is deposited by ALD technique that
lead to a much less defect density in the ﬁlms compared to PECVD
one.
In all cases the dark J–V curves ﬂatten at high voltage mainly due
to ohmic losses hindering the characterization of the exponential
current mechanism. In order to evaluate the quality of this exponential trend, we have measured the best p+/n and n+/p diode at
different temperatures in the 298–363 K range. J–V curves were

Please cite this article in press as: G. López, et al., Emitter formation using laser doping technique on n- and p-type c-Si substrates, Appl.
Surf. Sci. (2014), http://dx.doi.org/10.1016/j.apsusc.2014.10.140

G Model

ARTICLE IN PRESS

APSUSC-29005; No. of Pages 6

G. López et al. / Applied Surface Science xxx (2014) xxx–xxx

4

p+/n junction

n+/p junction

1.E+01

3 Pulses

3 Pulses

1.E+00
1.E-01
1.E-02
1.E-03
1.E-04
1.E-05
1.E-06
1.E-07

0,8 W

0,8 W

0,9 W

0,9 W

1,0 W

1,0 W

1,4 W

1,4 W

1.E-08
-1

-0.8 -0.6 -0.4 -0.2

0

0.2

0.4

0.6

0.8

1-1

-0.8 -0.6 -0.4 -0.2

0

0.2

0.4

0.6

0.8

1

0.8

1

0.8

1

Current Density, J[A/cm2]

1.E+01

6 Pulses

6 Pulses

1.E+00
1.E-01
1.E-02
1.E-03
1.E-04
1.E-05
1.E-06
1.E-07

0,8 W

0,8 W

0,9 W

0,9 W

1,0 W

1,0 W

1,4 W

1,4 W

1.E-08
1.E+01

-1

-0.8 -0.6 -0.4 -0.2

0

0.2

0.4

0.6

0.8

1 -1

-0.8 -0.6 -0.4 -0.2

0.2

0.4

0.6

9 Pulses

9 Pulses

1.E+00

0

1.E-01
1.E-02
1.E-03
1.E-04
0,8 W

0,8 W

0,9 W

0,9 W

1,0 W

1,0 W

1,4 W

1,4 W

1.E-05
1.E-06
1.E-07
1.E-08
-1

-0.8 -0.6 -0.4 -0.2

0

0.2

0.4

0.6

0.8

1-1

-0.8 -0.6 -0.4 -0.2

0

0.2

0.4

0.6

Voltage [V]
Fig. 4. Dark J–V characteristics of p+/n and n+/p created from Al2 O3 /SiCx (left) and stack a-SiCx (n type) (right) respectively for different laser powers. From top to bottom
different pulses are evaluated.

ﬁtted using the following two diode expression and taking into
account that Rs parameter does not vary with temperature:
J(V ) = J01 (eA(V −J(V )Rs − 1) + J02 (eA(V −J(V )Rs − 1) +

V − J(V )Rs
Rshunt

(1)

where for every exponential trend J0 is the saturation current density, A (A = q/nKT) is an exponential factor and n is the ideality
factor respectively. From the dependence of A and the corresponding J0 on the temperature, the carrier transport mechanism behind
the exponential trend can be identiﬁed. A summary of the basic
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Fig. 5. White light interferometric images for three different laser powers, i.e. 0.93, 1.08 and 1.49 W. Inset curves of proﬁlometer measurements are also shown.
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Fig. 6. Dark J–V characteristics of p+/n and n+/p created for 0.9 W and 6 pulses. No HF treatment, HF 1% for 20 s and 35 s done before metallization process.

Table 1
Basic transport mechanisms. Eg is the energy gap, K is the Boltzmann constant, T is
the absolute temperature, n the ideality factor, Eac is the activation energy, and ϕB
is the barrier energy.
Transport mechanisms

J0

A

n

Diffusion
Recombination
Tunneling
Thermionic

J0 ∝ exp(−Eg /KT)
J0 ∝ exp(−Eg /2KT)
J0 ∝ exp(−Eac /KT)
J0 ∝ [exp(−ϕB /KT)]KT3/2

q/KT
q/nKT
const.
q/KT

n=1
1<n≤2
n =
/ const.
n=1

1E-07

p+/n juncon
y = 3,71E+06e-1,11x

1E-08

Jo1 [A.cm-2]

conduction mechanisms is given in Table 1. Applying this electrical
model and assuming an ideality factor of one for the main current
mechanism related to the ﬁrst exponential dependence in Eq. (1)
(n = 1), J01 can be extracted at different temperatures. All these data
can be arranged in an Arrhenius plot where the logarithm of J01 is
plotted against the inverse of the temperature. In this type of plots,
a straight line is expected for current mechanism thermally activated and their activation energy can be extracted from the line
slope. As it is shown in Fig. 7 the Arrehnius plot reveals an activation energy of 1.1 eV corresponding to the silicon bandgap. This
result together with the ideality factor of 1 indicates that current is
controlled by minority carrier recombination at the quasi-neutral
c-Si bulk. Additionally, we can conclude that recombination at the
space charge region and thus crystal damage is not dominant in the
device performance.
Due to the high quality of the laser doped regions and the
surface passivation provided by dielectric ﬁlms, this technique
is well suited to c-Si solar cells. Fig 8 shows dark J–V measurements and the resulting theoretical curves once the inﬂuence Rs

1E-09

EGAP = 1,1 eV

1E-10
1E-11

y = 5,68E+06e-1,13x
n+/p juncon

1E-12
1E-13
30

32

34

1/kT

36

38

40

(eV-1)

Fig. 7. Arrehnius plot of the J01 against 1/KT. Dark J–V measurements at different
temperatures were done for p+/n and n+/p junction formed at 0.9 W, 6 pulses and
without HF treatment. The exponential gives activation energy of 1.1 eV corresponding to the silicon Egap .

has been canceled in order to a correct estimation of Voc from
the dark J–V curve (the normalized series resistance considering
the diode area is 0.15  cm2 in both cases). As it can be observed,
assuming a photogenerated current density of 36 mA/cm2 at 1 sunillumination, a Voc about 0.63 V and 0.64 V are expected for p+/n and
n+/p junctions respectively. These values are promising results and
can be considered in the state of the art of commercial c-Si solar
cells.

Please cite this article in press as: G. López, et al., Emitter formation using laser doping technique on n- and p-type c-Si substrates, Appl.
Surf. Sci. (2014), http://dx.doi.org/10.1016/j.apsusc.2014.10.140

G Model

ARTICLE IN PRESS

APSUSC-29005; No. of Pages 6

G. López et al. / Applied Surface Science xxx (2014) xxx–xxx

6

Current Density J [A/cm2]

1E+01

a

b

p+/n junction

n+/p junction

1E+00

Rs Influence
0,15 .cm2

1E-01

Rs Influence
0,15 .cm2

Voc = 0,630V
(expected)
J = 37 mA/cm2

1E-02

Voc = 0,645V
(expected)
J = 36 mA/cm2

1E-03

n=1

1E-04
0.4

0.5

0.6

J-V Measurement at 25 ºC
Fitting,two-diode model
0.7

0.8

0.9

J-V Measurement at 25 ºC
Fitting, Two-diode model

n=1
1 0.4

0.5

0.6

0.7

0.8

0.9

1

Voltage [V]
Fig. 8. Dark J–V measurements at 25 ◦ C for p+/n (a) and n+/p (b) junctions (symbols). Laser power of 0.9 W (6 pulses) and no HF treatment are considered in both cases. The
two-diode model ﬁtting without Rs is displayed in black dashed line. Diffusion diode term considering n = 1 (continuous black line), resulting from the ﬁtting, is also included
as a reference.

4. Conclusions
In this work we have explored different laser conditions, i.e.
laser power and number of laser pulses, to create reliable p+/n
and n+/p junctions on c-Si using Laser doping technique. In this
case, dielectric layers (Al2 O3 and a-SiCx (n doped)) were applied as
both dopant sources and surface passivation layers. Optimal laser
conditions were established studying systematically dark J–V measurements. Excellent quality of the p+ and n+ regions has been
formed from 0.8 W to 1 W and 3/6/9 pulses. Additionally, a study of
a diluted HF treatment before the metallization process has been
also done concluding that best electrical behavior corresponds to
no HF treatment. Finally, dark J–V measurements for different temperatures have demonstrated that the main current mechanism is
linked to minority carrier recombination in the quasi-neutral bulk
and, thus, that laser damage is not dominant in device performance.
The high quality of the junctions and the excellent surface passivation makes laser doping technique using dielectric layers as
dopant source suitable for solar cells applications. An open circuit
voltage at 1 sun-illumination of about 640 mV is expected for this
type of solar cells.
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