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Abstract 
In this work, p-type silicon samples were doped with phosphorus using pulses of an ArF excimer laser. In order to 
separate the effects of the gas and the adsorbed layers on doping characteristics, experiments were performed 
using two different procedures; doping in POCl3 ambient and doping using only adsorbed layers of POCl3 on the 
sample surface. The lowest sheet resistance was obtained for samples doped in POCl3 ambient. Activation energy 
for phosphorus evaporation from the silicon surface was determined. As well, electrical properties such as 
conductivity, carrier concentration and mobility were studied for the prepared samples at laser fluence of 2.5 
mJ/cm2. Results presented could be considered successfully to develop semiconductor-doping using ultraviolet-
wavelength lasers. 
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1. Introduction 
A potentially low cost doping alternative can be realized by using laser technology in combination 

with different doping sources such as gaseous, liquid or solid dopant materials [1-3]. Due to the laser 
radiation, the temperature locally increases, leading to an incorporation of the dopants by solid-state or 
liquid phase diffusion [6]. The type of laser used for the respective process varies with regard to 
wavelength and the pulse duration, ranging from the infrared (IR) to the ultraviolet (UV) and from below 
100 fs pulses to continuous wave radiation, respectively [4-6]. The fundamental working principle is 
identical to most of the other known laser doping processes. The main difference lies in the application 
and structure of the doping precursor, which is performed prior to the process itself. The layers are 
always directly in touch with the silicon substrate, without any interlayers in between [7-9]. 

After the precursor deposition, the laser doping process itself starts. Based on the extensive research 
on laser melting and doping of semiconductors presented above, the laser doping process is 
hypothesized as follows. In the first stage, the laser irradiation heats up the precursor layer and the 
underlying silicon [10]. Either due to direct light absorption or, depending on the transparency of the 
precursor layer, due to heat transfer from the underlying silicon, the precursor evaporates and forms a 
dense vapor phase above the illuminated area. After then, the silicon surface melts and the melt front 
advances into the substrate. As soon as the silicon is molten, a liquid state diffusion process of dopant 
atoms starts. When the energy supply from the laser pulse ceases, the melt front reverses and the 
molten silicon recrystallizes epitaxially. As a consequence, a several 100 nm thick, doped area remains. 
The size of the doped area depends on the size of the laser focus on the substrate surface. In order to 
process larger areas, single laser spots are placed next to one another [11-13]. 

Laser melting of the silicon surface leads to an epitaxial regrowth of the silicon on the underlying 
substrate. The implanted impurity atoms are incorporated into substitutional lattice sites during the 
recrystallization with, their concentrations significantly exceeding the equilibrium solubility limit as well 
as, their segregation coefficients exceeding the equilibrium values. The concentration of implanted 
impurity atoms as well as the segregation coefficient depend on the recrystallization velocity, which is 
in the range of several meters per second [14-17]. 

At the same time to, or following the fundamental research, a number of authors reported results 
from "real" laser doping experiments, using different types of precursors and laser systems. There are 
some important results from these studies, there exists a threshold laser fluence for the onset of laser 
doping. This threshold coincides with the silicon melting threshold [18]. The depth of the laser-diffused 
layers increases linearly with the laser fluence [19]. Using a high number of repeated laser pulses leads 
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to a rectangular doping profile, with the doping depth corresponding to the melting depth [20-23]. Infinite 
dopant sources can be realized using gaseous precursors [24], while deposited precursors mostly act 
as exhaustive sources, leading to a decrease of the maximum doping concentration upon multiple 
irradiation [22]. 

In spite of the vast scientific effort spent on characterizing the laser doping process at that time, and 
first solar cells that were produced [19], no real development of laser doping for photovoltaics was 
reported until the beginning the 21st century, when the solar industry commenced its incredible growth, 
and the search for cheaper solar cell production processes intensified [20]. 

As dimensions of very-large-scale-integrated (VLSI) devices continue to decrease, the main 
challenge in the area of junction formation involves decreasing the junction depth [25] while 
simultaneously decreasing the sheet resistance [26]. In order to meet these requirements, researchers 
have devised activation methods that can anneal the doped layer intensively for a short duration. Though 
rapid thermal annealing (RTA) [27] is effective in obtaining low resistivity, it also results in redistribution 
of highly diffusive dopants in silicon. Laser annealing has been developed as an alternative to RTA to 
repair the damage from ion implantation and to activate the dopants [28-31]. 

At the same time, silicon thin films, such as amorphous silicon or polycrystalline silicon on insulating 
substrates, silicon on insulator (SOI), or thin film transistor (TFT) on glass, have become attractive for 
flat panel displays and for system on panel (SOP) applications. In these applications, high-performance 
junction formation technique is required, as mentioned above. Therefore, the effect of laser activation 
on thin films of silicon such as single-crystal or polycrystalline silicon is of much interest [32-33]. 

The excimer laser assisted "spin on" doping technique uses a pulsed excimer laser to melt the silicon 
surface. The incorporation of dopant atoms into crystalline silicon and their electrical activation can be 
envisaged as follows. First, they are liberated from the coated solid thin film through thermal-assisted 
dissociation, where laser irradiation was used to heat the sample. Secondly, they undergo rapid diffusion 
at high temperature into the liquid phase silicon. Solid phase diffusion through the melt/solid interface is 
only possible for large pulse number. The molten layer regrows epitaxially, resulting in electrically active, 
damage-free layer [34-36]. 

During the ultrafast melt/regrowth process (<200 ns in duration) dopant incorporation is restricted to 
the liquid phase. This limits impurity profiles to the maximum melt depth, a parameter which can be 
controlled very accurately by adjusting the energy fluence of the laser on the sample. By using multiple 
pulses, dopant can be distributed evenly throughout the melted layer to form box-like profiles. These 
profiles, in conjunction with precise control of melt, enable exact vertical placement of the metallurgical 
junctions. The rapid thermal cycle, 1 billion times faster than a rapid thermal annealing (RTA), also 
allows emitter fabrication with no effect on the base-collector junction depth. The ability to place theses 
junction independently, in turn, allows simple fabrication of base regions less than 100 nm in width [37-
40]. 

Reproducibility of the process is ensured by in-situ diagnostics which enable real-time prediction of 
the junction depth [41]. Masking is achieved using conventional lithography with an aluminum thin film 
to reflect the laser energy from regions where doping is not desired. 

Among the n-type dopants of silicon, phosphorus has only been recently used in solid-source epitaxy 
growth systems [42]. Phosphorus doping is of interest for several reasons. The solid solubility of 
phosphorus in silicon is approximately 10 times higher than that of antimony in silicon, permitting the 
higher doping concentrations required in sub-micron devices and in tunneling devices. In addition, it has 
been suggested that in a silicon-based quantum computer, accurately positioned phosphorus donors 
would function as quantum bits (qubits) [43]. However, the high vapor pressure of phosphorus prevents 
its use as an elemental dopant in a molecular beam epitaxy (MBE) growth system. There have been 
previous investigations of coevaporation of highly phosphorus-doped silicon, [33] and reports of the use 
of GaP in a Knudsen cell [44]. However, a comprehensive study of phosphorus doping of silicon using 
GaP is lacking. 

Impurity doping to silicon by decomposing BCl3, PCl3, B(CH3)3 and Al(CH3)3 using excimer lasers 
has been described [45,46]. Also, it had been shown from experiments using excimer lasers that both 
photochemical decomposition of the doping gas and thermal decomposition of adsorbed layers 
contribute to the formation of dopant atoms [47]. However, the absorption properties of the adsorbed 
layers may be different for different laser wavelengths. In other words, the adsorbed layers are 
decomposed, as well as the doping gas, photochemically or thermally by excimer laser irradiation. Then, 
if two different laser wavelengths are used, the effect that photochemical decomposition has on doping 
cannot be separated from the doping using the adsorbed layers. It is important to perform the excimer 
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laser doping using same wavelength in order to investigate the effect of photochemical decomposition 
[48-52]. 

In this work, we perform impurity doping using ArF excimer laser with a doping gas that is adsorbed 
at the wavelength of laser (193nm), and investigate the influence of photochemical decomposition on 
doping characteristics. Since we compare doping in gas ambient with that using only the adsorbed layers 
at the same laser wavelength, we are able to separate the effect that photochemical decomposition of 
a doping has on dopant incorporation. As well, the activation energy, electrical conductivity, carrier 
concentration and mobility for some of the prepared sampled were determined at the highest value of 
laser fluence. 

 
2. Experimental Part 
Phosphoryl chloride (POCl3, commonly called phosphorus oxychloride) was used as a doping gas. 

It is a colorless liquid with freezing point of 1 °C and boiling point 106 °C, so the liquid range is very 
similar to water. It hydrolyses in moist air releasing "phosphoric acid" and choking fumes of hydrogen 
chloride. In the semiconductor industry, POCl3 is used as a safe liquid phosphorus source in diffusion 
processes. The phosphorus acts as a dopant used to create n-type layers on a silicon wafer. It is typical 
as the liquid diffusion source of phosphorus and it is easy to use. POCl3 was loaded into a doping 
chamber through a reservoir by using nitrogen gas as the carrier. The reservoir was kept at 298 K and 
POCl3 vapor pressure was estimated to be about 40 torr [53,54]. Flow rate of nitrogen gas was 0.1 
liters/min.  

The absorption characteristic of POCl3 gas was estimated by comparing the intensity of ultraviolet 
light through the sample gas and through a nitrogen gas which is a reference gas. These gases were 
enclosed in 1cm-length cell with quartz windows. We have used a scanning monochromator with a 
heavy hydrogen lamp as a light source, and the transmission intensity of the light through the gas was 
measured by a photomultiplier. The absorption characteristic of POCl3 adsorbed layers on quartz 
windows of the cell was also measured.  

The absorption characteristic through the cell filled with POCl3 gas includes both absorptions of the 
gas and the adsorbed layers on the windows. Then, the absorption characteristic of only the gas was 
evaluated by comparing the above characteristic with that of only the adsorbed layers. An ArF excimer 
laser with pulse duration of 17 ns at 193 nm was operated at 2 Hz. The focused laser beam was directed 
onto sample with a beam size of about 14mm2. Samples used were p-type (100) single crystal silicon 
with a resistivity of 3-5 Ω.cm. The sample surface was chemically cleaned using basic peroxide 
(NH4OH:H2O2:H2O = 1:1:5) and acid peroxide (HCl:H2O2:H2O = 1:1:5) process with an HF dip and a 
deionized H2O rinse. 

In order to separate the effects of the gas and the adsorbed layers on doping characteristics, 
experiments were performed by two different procedures; (i) doping in POCl3 ambient, and (ii) doping 
using only adsorbed layers of POCl3 on the sample surface. In the first one, POCl3 gas flowed during 
the irradiation of ArF excimer laser, while in the latter, POCl3 gas was purged from a doping chamber 
using nitrogen after loading the gas. By this procedure, dopant atoms are supplied from only the 
adsorbed layers during the excimer laser doping. 

Sheet resistance of the doped area was measured by the four-point probe method. Carrier 
concentration profiles were determined by the differential resistivity measurement using the four-point 
probe method with an anodic oxidation, which was carried out in phosphoric acid (H3PO4) solution. For 
the sheet resistance characterization, polished p-type CZ and FZ samples are used. The samples 
undergo the coating step on a laboratory spin-coater followed by a bakeout step on a hotplate at a 
temperature 300 °C for 12 minutes. After the bakeout, the layer thickness for the two groups of prepared 
samples amounts to about 100 nm and 400 nm due to the difference in viscosity. Following the bakeout 
the samples are ready for laser irradiation. The range of the laser pulse energy densities extends from 
0.1 to 2.5 J/cm2. In order to avoid sample to sample fluctuation, every sample carries multiple areas 
irradiated with the varying laser parameters. After the laser process, a cleaning step in diluted 
Hydrofluoric Acid (5% HF) removes the residues of the precursors and cleans the samples. 

The sputtered phosphorous layers are prepared with the traditional indentation toughness (TIT) 
method. By changing the deposition time, the thickness of the phosphorous layers is adjusted within 2-
30 nm. After coating, the samples directly receive the laser irradiation with 0.8-2.5 J/cm2, without any 
necessary annealing step. After cleaning, the sheet resistance data for both precursor types is measured 
with a four point probe (FPP) setup. For every laser parameter five individual measurements are 
averaged across the irradiated area. 



IRAQI JOURNAL OF MATERIALS 
Volume (5) Issue (2) April-June 2026, pp. 93-100 

Published and Sponsored by American Quality for Scientific Publishing, Inc. (AQSP) 

 

© All Rights Reserved    ISSN (print) 2958-8960 (online) 3006-6042   Printed in IRAQ  96 

 
3. Results and Discussion 
Both absorption characteristics of POCl3 gas and the adsorbed layers in the ultraviolet region are 

shown in Fig. (1). POCl3 gas had a large absorption at about 193nm, and the absorption coefficient is 
estimated to be 0.29 cm-1 (POCl3 40 torr) at 193nm. Then, POCl3 gas can be decomposed by ArF 
excimer laser irradiation despite that this absorption causes the decrease of the incident laser energy 
density at the surface of sample in POCl3 ambient. The adsorbed layers have absorption at about 200 
nm. Then, the adsorbed layers can be also decomposed photochemically by the irradiation of ArF 
excimer laser. 

 

 
Fig. (1) UV absorption spectra of POCl3 gas and the adsorbed layers at room temperature 

 
Figure (2) shows the dependence of sheet resistance on the number of pulses. Curve (a) shows the 

doping in POCl3 ambient at 1.2 J/cm2, and curves (b) and (c) show the doping using the adsorbed layers 
at 0.8 and 1.2J/cm2, respectively. The lowest sheet resistance was obtained for samples doped in POCl3 
ambient. Because of the decrease of laser intensity in POCl3 gas, incident laser energy density of 
1.2J/cm2 is estimated to be 0.9 J/cm2 on the surface of sample in POCl3 ambient. Hence, the beam 
energy density on the surface of sample is almost same between doping in POCl3 ambient at 1.2 J/cm2 
and that using the adsorbed layers at 0.8 J/cm2. Therefore, the difference in sheet resistance between 
both cases is caused by the incorporation of dopant atoms produced by photochemical decomposition 
of POCl3 gas into silicon. As for the doping using the adsorbed layers (curves of b and c), sheet 
resistance of samples doped at 1.2 J/cm2 is lower than that doped at 0.8 J/cm2. Because melting time 
becomes longer as beam energy density increases [55], more incorporations of dopant atoms from the 
adsorbed layers into silicon cause the low sheet resistance. Meanwhile, the sheet resistance decreases 
with increasing the number of pulses at both beam energies. It indicates that there are the adsorbed 
layers on the silicon surface after laser irradiation. 

Carrier concentration profiles for samples doped at 1.2J/cm2 in POCl3 ambient are shown in Fig. (3). 
Compared with the doping using the adsorbed layers, the surface concentrations are nearly constant 
until 150 pulses. Because more dopant atoms are supplied by photochemical decomposition of POCl3 
gas in addition to the adsorbed layers, the surface concentration saturates earlier than the case of 
doping using only the adsorbed layers. The total quantities of impurity as a function of the number of 
pulses are shown in Fig. (4). The total quantity for doping in POCl3 ambient (green line) is much larger 
than that of doping using the adsorbed layers (red line). It is clear that the difference is caused by dopant 
atoms supplied from only the gas phase, which is subtracted from the quantity of doping using the 
adsorbed layers from that of doping in POCl3 ambient. The result is nearly comparable to the green line 
obtained from the doping in the gas ambient. It is found that dopant atoms produced by photochemical 
decomposition in the gas phase are the dominant source of supply into silicon. 
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Fig. (2) Sheet resistance vs. the number of pulses for doping in POCl3 ambient at 1.2J/cm2, using the adsorbed layers 

at 0.8J/cm2, and using the adsorbed layers at 1.2J/cm2 
 

The activation energy for the phosphorus evaporation can be determined by plotting the logarithm of 
remaining phosphorus atoms (Prem) versus reciprocal temperature (1/T) [56], as shown in Fig. (5). This 
plot is only valid since the time at temperature for each sample is the same. The activation energy for 
phosphorus evaporation has been determined to be 2.07±0.23 eV or 199±22 kJ/mol. This corresponds 
very well to prior determinations. Figure (6) shows the electrical conductivity of poly-silicon films with 
respect to the number of laser shots. The step-up irradiation was applied to the laser energy density of 
2.5 mJ/cm2 and the number of shots at each step was varied from one to 10. The electrical conductivity 
increases with increasing laser energy density, except for a drop at five shots. 

The prepared samples were also examined by the Hall effect measurement, and the result is shown 
in Figs. (7) and (8). The carrier concentration increases from 7.4x1013 to 3.3x1014 cm-3 as the number 
of laser shots is increased. The carrier mobility decreases as the number of laser shots is increased 
from one to five, shows a minimum value at five shots, then increases with increasing number of laser 
shots. The number of laser shots is also important in the electrical characteristics of the polycrystalline 
silicon films [57]. 

 

  
Fig. (3) Carrier concentration profiles for samples doped 
at 1.2J/cm2 in POCl3 ambient 

Fig. (4) Total quantity vs. the number of pulses (green 
line) doping in POCl3 ambient at 1.2J/cm2, (red line) using 
adsorbed layers at 0.8J/cm2, and (black line) the total 
quantity supplied from only the gas phase 
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Fig. (5) Variation of the remaining phosphorus atoms 
(Prem) with reciprocal temperature (1/T) to determine of 
the activation energy for phosphorus evaporation from 
the silicon surface 

Fig. (6) Variation of electrical conductivity with the 
number of laser shots at laser fluence of 2.5 mJ/cm2 

  

  
Fig. (7) Variation of carrier concentration with the number 
of laser shots at laser fluence 2.5mJ/cm2 

Fig. (8) Variation of carrier mobility with the number of 
laser shots at laser fluence 2.5mJ/cm2 

 
4. Conclusion 
From the experiments of doping in POCl3 ambient and that using the adsorbed layers formed on the 

silicon surface, it could be concluded that dopant atoms produced by photochemical decomposition of 
POCl3 influence the doping characteristics. In the case of doping in POCl3 ambient, the surface 
concentration is nearly constant. It is due to a large quantity of dopant atoms supplied from the gas 
ambient. 
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