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We successfully demonstrate, incorporation of phosphorus and boron in silicon using an IR 
semiconductor diode laser (λ=940 nm) in ambient air. Commercially available transparent spin on 
dopants were used to obtain surface concentrations higher than 5 x 1019 atoms/cm 3  with junction 
depths ranging from 20 nm to 3 microns at laser operating powers of 25- 39 Watts. Sheet resistances 
values of ~5 ohms / sq were observed for both p type and n type doping. It was also observed that 
the crystalline nature of the silicon was preserved and the surface remained smooth. 
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1. Introduction 
The performance of c-silicon solar cells largely de-

pends on the concentration and junction depth of the emit-
ter region. The blue response of the solar cell and the for-
mation of a good ohmic contact depend on the doping con-
centration of emitter region. Similarly, the presence of a 
back surface field is very important to increase the collec-
tion efficiency of the solar cell. The back surface field 
(BSF) basically opposes the motion of electrons to the base 
where the recombination velocity is very high thus improv-
ing carrier collection.  The presence of a BSF also trans-
lates into higher fill factors primarily due to the smaller 
current induced potential drops [1]. 

The principle of laser doping, by surface melting and 
solid state diffusion, has been previously demonstrated 
using nanosecond lasers such as Excimer laser and CW 
CO2 laser [2-4]. The use of expensive optics for frequency 
doubling, beam shaping etc. hinders the possible integra-
tion of these laser systems into the manufacturing environ-
ment.  

In this work we demonstrate the principle of laser dop-
ing using a semiconductor diode laser with high wall plug 
efficiencies (>50 %), excellent beam quality without the 
need for beam shaping and low operating powers. The use 
of spin on dopants (SOD) as the dopant source circumvents 
the use of toxic gases, time consuming and expensive sur-
face cleaning steps and vacuum equipment.  

In this paper we explore a CW laser based process in 
ambient air for the formation of emitters and back surface 
fields for solar cells. Another important aspect of this work 
is that the process has been carried out without the use of 
any optical absorption layers in spite of the low absorbance 
in silicon at λ=940 nm. Optical absorbing layers like dia-
mond like films (DLC) at this wavelength have previously 
found to be very efficient for laser annealing of ion im-

planted samples and laser re-crystallization [5-6]. The pres-
ence of such a carbon film could lead to unintentional in-
corporation of Carbon into the emitter.  The use of such 
optical absorption layers will also increase the process 
complexity and cost of solar cells. 

 
 

2. Experiment 
Owing to CW nature of the laser used and the low ab-

sorption coefficient of silicon at λ=940 nm, doping profiles 
and sheet resistance needs to be investigated. At higher 
powers, the continuous nature of the radiation may provide 
enough energy for the activation of slip planes in the lattice, 
eventually leading to the cracking of the wafer. In order to 
ease the thermal stress and increase the absorption of the 
laser radiation, we have used a chopper with a frequency of 
41 Hz and a substrate heater. Phenomenon like optical gen-
eration of free carriers by inter sub-band transitions  result 
in the increase of the absorption co-efficient and could pos-
sibly aide the formation of shallow doping profiles using 
laser radiation with energy at the band edge of silicon. The 
experimental setup used is illustrated in figure 1(a). Figure 
1 (b) shows the scanning pattern of the sample under the 
laser beam. The chopped laser beam (41 Hz; duty cycle: 
50%) was focused using a lens with focal length of 50 mm. 
The diameter of the circular focused beam used was around 
500 microns. 
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Fig.1 (a) Schematic of experimental setup; the 1 cm2 sample is 
placed on a heater at a constant temperature of 300 o C. The heater 
with the sample is mounted on a micro precision computer con-
trolled x-y stage. 
 

 
 
Fig.1 (b) top shows the raster scanning pattern and the bottom 
shows the overlap of the laser beam in the x and y direction as 
indicated. 
 
We have used boron doped Cz-Si wafers with a resistivity 
of 6-8 ohm-cm. The wafers were diced into smaller sam-
ples measuring 1 cm2. The samples were then cleaned us-
ing acetone, methanol and then rinsed in de-ionized water 
(DI) to remove any organic contaminations.  The native 
oxide on the samples was not stripped in order to increase 
the adhesion of the SOD to the silicon sample. The samples 
were then spin coated with phosphorus or boron doped spin 
on dopants obtained from Emulsitone Inc. Table 1 summa-
rizes the type of dopant, dopant concentration in SOD, spin 
speeds and the thickness of the final film. 

After spin coating, the samples were first soft baked at 
120 oC for 10 minutes and then hard baked at 270 oC for 10 
minutes to drive away any organic contamination. Optical 
absorption spectroscopy of the SOD spin coated on glass 
slides revealed no absorption in the wavelength range of 
200-1000 nm. The samples were mounted on a computer 
controlled x-y translation stage and were scanned under the 
laser beam. The laser treated samples were then cleaned in 
a 10% HF solution to strip the residual dopant layers and 
any oxide layer. The samples were then rinsed in DI water 
before any characterization. 
 
3. Results and Discussion 

In this section, various results on n-type and p-type la-
ser doped samples will be presented. In all cases, the sam-
ples were held at a constant substrate temperature of 300oC 
unless mentioned otherwise. Laser doping was carried out 
as a function of laser power for different number of scans 
and sample scanning speeds. The sample was raster 
scanned under a laser beam using a computer controlled x-
y stage with an overlap of 20% in the y direction for all 
cases to avoid any edge effects. The overlap in the x direc-
tion was varied from 42 % to 80 %. The number of scans 
denotes the number of times the laser beam scans across 
the sample in the x direction (back and forth) before travel-
ling down in the y direction to repeat the process as indi-
cated in figure 1(b). 1x, 2x, 4x, 10x scans denotes that the 
laser beam traveled 1, 2, 4, and 10 times respectively. It 
was also observed that the rastering of the laser beam over 
a Si sample for all the processing parameters without any 
SOD did not result in any change in the sheet resistance. 
The surface morphology without the use of SOD was simi-
lar to when SOD was used. 
 

Table 1 SOD Parameter Summary 

Materia l   C o n c e n tra t io n  RPM Thickness

P-SOD 0 .03M 3000  200nm 
B-SOD 0 .039M 2500  500nm

3.1 N-type Doping 
Results on sheet resistance of phosphorus doped samples 

as a function of laser power for various processing parame-
ters will be presented in this section.  

Figure 2 illustrates the sheet resistance as a function of 
laser power for different number of scans and chopping of 
the CW laser beam. It should be noted that the starting 
sheet resistance of the wafer is ~180 ohms/sq. It can be 
observed that at laser power less than 30 Watts for the case 
of the chopped laser beam, the sheet resistance of the sam-
ple is much above 180 ohms/sq. This can be attributed to 
the compensation type of doping that first occurs on ac-
count of the starting wafer being p type or the junction 
depth being extremely shallow. It can also be seen that the 
sheet resistance for the samples treated with the chopped 
laser beam decreases from around 400 ohms/sq to 2 
ohms/sq. In the case of the laser doping achieved without 
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the use of the chopper, the threshold power to achieve low 
sheet resistance was clearly reduced. 

 
 
Fig. 2 Illustrates the sheet resistance of the n doped samples as a 
function of laser power for different number of scans.  
 
This reduction in maximum was accompanied by complete 
surface re-melt at powers greater than 39 watts. After the 
removal of the SOD, it was observed that the silicon sur-
face morphology changes and becomes translucent. XRD 
analysis conducted on such a surface nevertheless revealed 
that the crystalline nature of the material was intact. 
 Figure 3 (a) shows the effect of laser power on sheet re-
sistance for different sample scanning velocities. It can be 
seen that the decreasing trend of sheet resistance is identi-
cal for all the stage velocities. We think that the minor dif-
ference in the sheet resistance at a particular laser power is 
for different sample scanning velocities is due to the 
change in junction depths. The stage velocity controls the 
laser dwelling time and hence the incident energy. The 
pulse energy incident in this study ranges from 261 J/cm2 
to 847 J/cm2. This in turn can be used to control the surface 
temperature and time for the dopants to diffuse into the 
surface. 

 

Fig.3 (a) Sheet resistance as a function of laser power for differ-
ent scan velocities; number of scans was kept constant at four. 
 

 
Fig. 3 (b) Effect of laser power on sheet resistance for different 
number of scans. 
 
We also think that the minority carrier lifetime of the sam-
ples for 4X type should be less than that of 1X type scan 
owing to the change in material structure due to the in-
crease in number of possible defect sites. Minor surface 
roughness and thermal stress marks were observed on the 
surface which arises due to the scanning nature of the laser 
beam. Figure 3 (b) illustrates the effect of laser power on 
sheet resistance for different number of scans. The sample 
scanning velocity was kept constant at 6 mm/sec.  A  small 
discrepancy in the measured sheet resistance for the v= 6 
mm/sec; 1X case is observed. This can be attributed to 
small change in the thickness of the SOD layer which can 
cause a big change in the reflection and hence the absorbed 
energy. 
 
It can be observed that minimum sheet resistance shifts 
towards lower power levels as the number of scans increase. 
This trend is as expected.  As the number of scans increases 
at a constant sample scanning velocity, the sample is sub-
jected to more exposure causing more dopant atoms to be 
incorporated and hence the junction depth to increase. 
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Fig.4 Effect of substrate temperature on sheet resistance for dif-
ferent types of scans at a constant power and scanning velocity 
 
Figure 4 depicts the effect of initial substrate temperature 
on the sheet resistance. It is clear from the figure that the 
sheet resistance decreases as the substrate temperature in-
creases. The trend for two different types of scans was seen 
to be the same. This can be explained by the increase in the 
absorption coefficient and hence an increase in the surface 
temperature. The increase in the absorption coefficient can 
result from phonon assisted indirect transitions across the 
bandgap [7] and free carrier absorption as the intrinsic car-
rier concentration in silicon increases with temperature [8]. 
 Variation in concentration profile with depth was exam-
ined using Secondary Ion Mass Spectrometry (SIMS). 
SIMS results for two different scans and laser power is 
shown in figure 5.   

 
Fig. 5 SIMS box like depth profiles of phosphorus doped samples 
for different scan types 
 
It can be clearly seen that by choosing the right laser power 
and type of scan, the doping profile can be engineered to a 
great extent. It can be seen that the junction depth is 0.43 

and 2.5 microns for 10 X and 1X type of scan respectively. 
Another important observation from the figure is the sig-
nificant change in the surface concentration; hence by 
choosing the appropriate processing conditions it is possi-
ble to tailor the surface concentration which has a signifi-
cant impact on the quantum efficiency in the blue region of 
the spectrum.  

Further, it was seen that for 1X scan type, the junction 
depth was reduced to 100 nm by reducing the operating 
power of the laser to 30 Watts. It was also noted that 1X 
scan type was more preferable considering the lesser 
amount of time taken to scan the given area provided; sec-
ondary effects like material quality are preserved as com-
pared to multiple scan types. Ability to tailor the junction 
depths precisely to such small depths also allows the use of 
this laser process for selective emitter fabrication [9].  

 
Fig. 6 XRD spectra of control and n type laser doped sample 
  

Figure 6 shows the XRD spectra of a control and laser 
doped sample with a junction depth of 3 microns. It can be 
seen that there is no apparent change in the crystalline qual-
ity after the laser doping process. Also, the presence of any 
amorphous silicon if any on the surface was not  observed  
in the background as the samples were thoroughly cleaned 
in aqueous HF before carrying out the XRD analysis. 

Figure 7 illustrates the control of dopant incorporation by 
laser power.  
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Fig. 7 Total number of phosphorus atoms incorporated as a func-
tion of laser power 
The total number of incorporated phosphorus atoms is cal-
culated by integrating the area under the doping profile 
obtained by SIMS. Results from phosphorus doping ob-
tained by furnace diffusion at 1050 0C for 15 minutes has 
also been included to bench mark the results. The thickness 
of the SOD used for furnace diffusion was the same as that 
for laser doping. 

Optical microscope images of laser treated samples are 
presented in figure 8.  Figure 8 (a) shows light re-melt 
marks on the sample at low operating powers; 8 (b) shows 
thermally induced surface roughness at higher powers. 

 
 

 
                                            
 

 
 
Fig. 8 Optical micrographs as a function of incident laser power; 
(a) power = 28 Watts (b) power = 32 Watts  
 
 
3.2 P-type Doping 
 

P doped samples starting with a sheet resistance of about 
180 ohms/sq were spun coat to form a p+ layer. Figure 9 
illustrates the sheet resistance as a function of laser power 
for different scan types and scanning velocities. 

  It can be observed from figure 9 that the onset or 
threshold power of doping for 1X and 4X type scan for a 
scanning velocity of 12 mm/sec is more than for 6 mm/sec 
as expected. It can also be seen that the trend for X and 4X 
type scan at constant velocity is the same and that there is 
no large difference in the sheet resistance between the two. 
This can be explained by the deeper junction produced by 
the 4X scan type due to multiple scans. 

 

 
Fig. 9 Variation of sheet resistance with laser power of a p+ doped 
samples; the solid and open symbols represent X and 4X scan 
type for different scanning velocities. The log scale is used in 
order to highlight the onset of boron doping (p+).  
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Finally, figure 10 illustrates the shallow p+ boron junction 
profiles obtained by SIMS. It can be clearly seen that the 
junction depth can be increased by the use of multiple 
number of scans. 
 

 
Fig. 10 SIMS depth profiles of boron doped samples for different 
number of scans at a constant sample scanning velocity and power. 
 
 
4. Conclusions and Future Work 

In summary, we have demonstrated the use of a highly 
efficient diode laser in the near infrared regime to obtain p 
and n type doping. Good uniformity and profile control 
have been demonstrated for both boron and phosphorus 
incorporation into c-Si substrates. Effect of initial substrate 
heating to increase the absorption coefficient and reduce 
the thermal stress was shown and that it was not very se-
vere. It was observed that increasing the scanning velocity 
raised the laser power threshold for doping of both p and n 
type. Finally, optical images revealed minor roughness 
formation and thermal re-melt lines on account of the scan-
ning nature of the beam and it was shown this roughness in 
no way affected the crystalline nature of the silicon sample. 
These laser induced defects will be a cause of carrier re-
combination which can degrade the performance of solar 
cells.  These defects could be removed by etching away 
few tens of nanometers of the silicon surface which is a 
common practice for these applications. Removal of this 
surface layer will also etch away any ‘dead layer’ that 
could degrade device performance. 
 In the future, we plan out to carry a detailed investigation 
of minority carrier lifetime to arrive at optimum laser proc-
essing parameters for efficient photovoltaic device fabrica-
tion. 
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