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To increase the conversion efficiency of silicon solar cells the creation of selective emitters is 
seen as an important step for improving existing production line cell efficiencies. By adding only 
one or a small number of additional processing steps into existing production lines, laser doping 
offers an attractive way of improving the cell efficiency significantly by 0.3-1% absolute. The 
selection of the proper laser parameters, such as wavelength, pulse length and laser power, allows 
control of the depth of the doping profile and the amount of laser-induced damage. This work deals 
with the possible processing parameters when using pulsed laser irradiation at 532 nm wavelength. 
The pulse width is varied in a range between 10 and 400 ns. The analysis shows no direct influence 
of the pulse width on emitter depth of sheet resistance; these properties are governed by the laser 
power. However, the data indicates a larger process window for long pulses. 
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1. Introduction 
Photovoltaic (PV), the direct production of electrical 

current from sunlight, is one of the major hopes for a sus-
tainable industrial society. This can be seen in the increase 
of cumulated installed PV power: from 2000 to 2008 it has 
increased tenfold from around 1,500 MW to nearly 15,000 
MW [1]. The largest part, over 80%, is made up by silicon 
wafer-based, so called "generation 1", solar cells.  

To make PV competitive compared to conventional en-
ergy generation technologies it is imperative to reduce the 
main cost drivers, which are material, cell production and 
module production, each by about one third [2]. A good 
benchmark of the cost of a solar module is given by the 
electrical power generated by a standardized amount of 
sunlight divided by the module price (commonly expressed 
in Watt peak per dollar Wp/$). There are several possibili-
ties to optimize this value, e.g. by increasing the productiv-
ity of the production chain, by reducing the amount of ma-
terial used or by increasing the power generated by each 
cell. The latter is summarized by the cell's conversion effi-
ciency. For commercial mono- and polycrystalline solar 
modules efficiencies lie between 12 and 17%. 

In the rapidly growing field of Photovoltaics, laser 
processing has become more and more important in recent 
years, because the promise of a contact-less, precise, high 
throughput laser tool that enhances solar cell production is 
an essential building block for a competitive sustainable 
energy supply. Laser selective emitter doping is one of five 
central laser processes developed within the EU funded 

project SOLASYS ("Next Generation Solar Cell and Mod-
ule Laser Processing Systems"). 

Currently, the selective emitter concept is treated as one 
of the key processes for the improvement of existing solar 
cell manufacturing lines in the race to grid parity. Instead 
of using an intermediate doping concentration to meet both 
the demand for high carrier lifetimes and low contact resis-
tance the doping concentration is increased locally at the 
positions of the front contacts. This can be achieved by 
laser doping the contact region before metal deposition. 
 
2. Motivation and Approach 

In the manufacturing process of wafer-based silicon so-
lar cells the raw wafer is doped with phosphor to create the 
emitter layer and thus the essential pn-junction, which is 
responsible for the electrical function of the cell. The emit-
ter is only 200 to 800 nanometers thick to allow sunlight to 
reach the junction. In today's production a trade-off be-
tween conductivity of the silicon and the life-time of the 
minority carriers is necessary, the former requiring a high, 
the latter a low doping concentration. Using selectively 
controllable doping profiles for the emitter the cell effi-
ciency can be improved. Starting with a weakly doped 
emitter the doping concentration is increased locally at the 
positions of the metal contacts.  Several methods to achieve 
selective doping exist, some of which include several 
chemical steps [3, 4] or a combination of laser and chemi-
cal processing[5]. Here a one-step method using direct la-
ser beam treatment is presented. 
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Figure 3: Micrograph of the border of a laser-treated region 
(marked by dashed line). Left side: untreated; right side: irra-

diated with 100 ns pulses, 6 Watt average power. 
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Figure 1: Dependence of the penetration depth in silicon on 
the irradiation wavelength. 

For this one step doping process the phosphosilicate 
glass layer (referred to as PSG), which remains on the wa-
fer surface after emitter formation and which is normally 
etched away, is used as dopant source. The silicon is locally 
heated respectively molten using laser irradiation, allowing 
the phosphor atoms to diffuse into the material. After irra-
diation the silicon cools down and re-crystallizes, enabling 
the phosphor atoms to enter the silicon lattice as donors. 
Depending on the required doping profiles, different laser 
wavelengths with suitable penetration depths and process 
adapted temporal irradiation profiles can be used. The great 
advantage of this efficiency increasing concept is the pos-
sibility to include the laser doping step into existing PV 
manufacturing lines, without increasing the complexity of 
the fabrication significantly. 

In recent studies often a wavelength of 532 nm is used 
for laser doping, e.g. in [6, 7, 8]. IR and UV lasers are used 
only rarely [9, 10]. This can in part be explained by the 
magnitude of the penetration depth, which of the order of 1 
micrometer for 532nm, i.e. is comparable to the emitter 
depths (see figure 1 [11]). Pulse duration is normally in the 

nanosecond range [12, 13], with some efforts using cw 
lasers [14]. However, there is no study available which 
illustrates the effect of the pulse duration on the doping 
profile in detail. This work tries to fill this gap in a first 
step for green laser radiation by varying the pulse duration 
from 10 to 400 ns and analyzing the resulting laser doped 
emitter by ECV (electrochemical capacitance-voltage) and 
sheet resistance measurements. 

 
 

3. Experiments 
The laser source used for the following experiments 

was provided by the Canadian company PyroPhotonics via 
the distributor Soliton. The PyroFlex 10-532 emits around 
532 nm with a maximum power of 10 Watts and allows the 
selection of pulse duration, temporal pulse shape, repetition 
rate and pulse energy independently within a certain range. 
This promising new laser device was used to irradiate 
polycrystalline silicon wafers with a 60 Ohm/sq emitter and 
the residual PSG layer on top. The sample was positioned 
slightly out of focus so that an elliptical beam with Gaus-
sian profile of about 50 µm by 20 µm was incident on the 
surface. Using a galvanometer scanner to deflect the beam 
(along the short axis of the ellipse) squares of 20 by 20 
mm² where created with a pulse overlap of around 10% in 
both directions. This ensures that only a fraction of the area 
is irradiated multiple times. However, parts of the irradi-
ated areas are not covered by the laser pulses due to the 
elliptical shape. The effects of both the Gaussian beam pro-
file and the elliptical beam shape are not clarified up to 
now. Pulse duration and average power could be varied in 
the range shown in figure 2, while the repetition rate was 
kept constant at 64 kHz and the scanning speed at 3 m/s. 

Figure 3 shows a microscope photograph of the border 
of a laser treated region. On the left the typical irregular 
surface of a polycrystalline wafer is shown. On the right 
the laser treatment can be seen in the form of features simi-
lar to beads forming on the surface due to melting of the 
silicon. The individual laser spot are not discernible, since 
the laser power was selected so that no ablation takes place. 

The doped samples were characterized using an ECV 
measurement station to determine the doping profiles and 
several devices for the measurement of the sheet resistance: 
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Figure 2: Accessible parameter range of the used laser. Each 
black dot corresponds to one parameter set used for the laser 

doping trials. The laser power is limited for shortest and long-
est pulse durations by the laser design. 
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Figure 6: Dependence of sheet resistance on pulse duration 
for different average powers. The dashed line corresponds to 

the original full-area emitter. 
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Figure 4: Emitter profiles measured with the ECV device. 
The green curves correspond to the original full-area emitter. 
Red and blue curves where doped with 40 ns pulses at two 

average powers. 

0 100 200 300 400 500

0,3

0,4

0,5

0,6

0,7

0,8

 4 Watts
 2 Watts
 untreated

em
itt

er
 d

ep
th

 [µ
m

]

pulse duration [ns]

Figure 5: Emitter depth for various laser doped samples de-
termined from ECV profiles. The dashed line corresponds to 

the original full-area emitter. 
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Figure 7: Dependence of sheet resistance on average power 
for different pulse durations. The dashed line corresponds to 

the original full-area emitter. 

a handheld MR-1 resistance meter, a stationary Sherescan 
device and the ECV station. Since all sheet resistance 
measurements yield approximately the same values, the 
Sherescan values are presented in the graphs. 

Figure 4 shows three selected ECV profiles, which 
show the concentration of n-type and p-type dopants plot-
ted over the depth. The green curves correspond to the un-
treated sample areas and show the doping profile of the 
standard 60 Ohm/sq full area emitter applied to the wafers. 
Red and blue curves correspond to areas irradiated with 40 
ns pulses and 2, respectively 4 Watts average power. Two 
important features are observed in the curves: the amount 
of active donors in the emitter is increased by the laser 
treatment from a maximum of 4·1020 cm-3 to 1·1021 cm-3 
and the depths of the emitter increases strongly.  

This latter effect is illustrated in more detail in figure 5, 
where the emitter depth is plotted over the pulse duration 
for 2 and 4 Watts average power, respectively. The values 
of the emitter depth were determined by fitting a line to the 
last three data points of the n-type region of the ECV pro-

files and calculating the intersection with the p-type back-
ground doping of about 1·1016 cm-3. The influence of the 
surface roughness of a few micron on the ECV measure-
ments was not considered here, though it may be responsi-
ble for the large fluctuations in the data. The measurement 
of the reference full area emitter yielded the correct depth 
of ~300 nm. The dashed line corresponds to the depth of 
the untreated emitter (300 nm) and it is again observed that 
laser treatment increases the emitter depth. However, a 
strong dependence on the pulse duration is not evident. A 
strong influence of the average power is observed, but due 
to limited resources for ECV measurements here only two 
different average powers are plotted. 

To further analyze the effect of the laser doping process 
the sheet resistance was measured, which is a measure for 
the doping concentration within the whole emitter layer. 
Figure 6 and 7 illustrate the change of the sheet resistance, 
and thus – in first approach – the change of the doping con-
centration with the two laser parameters pulse duration and 
average power. Again the dashed line corresponds to the 
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untreated reference emitter. A decrease of the sheet resis-
tance to values as low as 10 Ohm/sq is evident. 
 
4. Discussion 

The experimental results show that emitter depth in-
creases and sheet resistance decreases with average power, 
which was expected since the total energy deposited in the 
sample and thus the temperature increases. Also, due to 
thermal diffusion, a larger volume of the material is heated. 
Laser doping occurs for all laser parameters in the range 
selected for the experiments. Within the average power 
range no ablation was observed in the microscopic images. 
Also a strong increase in sheet resistance, indicating the 
ablation of the emitter layer [9], was not observed. 

However, a strong dependence on pulse duration is not 
evident in the range under study. Here, it was expected that 
a longer duration of irradiation results also in a longer dif-
fusion time and ultimately in a deeper emitter, which was 
indicated in [15]. The experiments described here demon-
strate that this is not the case.  Only a small decrease of the 
sheet resistance with pulse duration is observed in figure 6 
for high average powers.  

The question, which type of laser source is most suit-
able for laser doping can be answered tentatively: in figure 
7 a weak increase of the sheet resistance for high average 
powers is visible for a pulse duration of 40 ns. This can 
probably be attributed to the onset of material ablation. 
Also in figure 6 the strongest dependence of the sheet resis-
tance on pulse duration is observed for the maximum 
power of 6 Watts. Altogether, this means that the data indi-
cates a larger processing window in terms of suitable laser 
powers for longer pulse durations. If the pulsed irradiation 
at 532 nm wavelength is the most suitable process for laser 
doping has to be shown by further investigations. 

The fluctuations in the data are probably due to the fact 
that polycrystalline material was used for these experi-
ments. This is in part compensated by the large range of 
pulse durations covered by the experiments. However, a 
much stronger evidence for the trends described here would 
probably be gained from the same experiments conducted 
on monocrystalline silicon samples. 
 
5. Industrial scale-up 

In addition to the physical characteristics of the selec-
tively doped emitter it is important to keep the industrial 
feasibility in mind. Of course, emitter and metallization 
strongly interact, so it is important to distinguish two dif-
ferent cases: a) doping of the finger pattern only and b) 
doping of busbars and fingers. The former can be applied 
to screen-printed or lithographically printed contacts, the 
latter to self-aligning plated contacts. For both cases 156 
mm wafers and 60 fingers are assumed. 

For case a) the doped lines below the fingers have to be 
wide enough to securely place the full metal contacts onto 
the doped area. A finger width of 200 µm is thus assumed. 
This means that with a 30 µm laser spot size on the sample 
9 passes are needed per finger, resulting in a total pass 
length of nearly 84 meters. With 64 kHz and 10% spot 
overlap a scan speed of 1.7 m/s is required. The total proc-
ess time amounts to about 54 seconds per wafer, much too 
slow for industrial applications. With a repetition rate of 
500 kHz a scanning speed of demanding 13.5 m/s is re-

quired, resulting in a processing time of less than 7 seconds 
per wafer. If the spot size is increase to 80 µm (which 
means that the pulse energy has to be increase accordingly 
to keep the fluence constant) the repetition rate has to be 
reduced to 250 kHz to keep the scanning speed below 20 
m/s. This results in a processing time of 1.7 seconds. How-
ever, for such a process the laser source would be required 
to deliver at least 110 Watts average power, which is be-
yond the capabilities of current solid state lasers. Advances 
in screen-printing which allow narrower fingers would 
make this process industrially feasible. 

For case b) two busbars of 1 mm width are assumed, the 
fingers can be as narrow as 50 µm, supposed the plating 
process allows such narrow fingers. In this case only two 
passes per finger are required. The pass length would 
amount to 19 meters for the fingers and 13 meters for the 
busbars. With the laser used here the processing time would 
amount to about 20 seconds. Scaling up to 350 kHz and a 
50 µm spot size the processing time would be reduced to 
only 1.2 seconds at a scanning speed of 16 m/s. Still, 60 
Watts laser power would be required. If the selective emit-
ter concept is combined with plated contacts, this could be 
a feasible process for industrial application, but it is quite 
obvious that with existing commercial laser sources more 
than one machine would be required to reach the process-
ing times of 1 second per wafer. 
 
6. Conclusion and Outlook 

This study investigates the influence of two essential la-
ser parameters, namely average power and pulse duration, 
on the emitter characteristics during laser doping. Using a 
very flexible laser source emitting at 532 nm the pulse du-
ration was varied from 10 to 400 ns and the laser power 
from 1 to 6 Watts. The resulting laser doped samples were 
analyzed by ECV measurements to determine the emitter 
depth. A strong dependence of this depth on the average 
power was observed while the influence of the pulse dura-
tion was found to be insignificant. By analyzing sheet resis-
tance measurements it was demonstrated that the pulse du-
ration has a minor influence on the total amount of active 
dopants as well. A beginning increase of the sheet resis-
tance for short pulses and high average power indicates that 
longer pulses allow a larger process window. 

For an industrialization of the laser doping process an 
estimation of the processing time was calculated for differ-
ent scenarios. Here, it can be concluded that with commer-
cial lasers and state-of-the-art metallization processes a 
laser doping machine could be competitive in terms of 
throughput if at least two machines work in parallel. 

For a comprehensive success the promising selective 
emitter concept requires more basic investigations from the 
point of view of the laser specialists. In addition to the 
study presented here, it is imperative to look at other wave-
lengths like near IR and UV in a similar approach. Our 
group is planning to use monocrystalline material for fur-
ther studies to eliminate any uncertainties in the data aris-
ing from the sample itself. Also, for a study more closely 
related to the selective emitter application samples should 
be prepared with a weakly doped emitter of around 100 
Ohm/sq. The effects of a Gaussian beam profile and a non-
uniform irradiation due to a circular or elliptical beam 
shape should be investigated in future studies. 
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