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Abstract and Introduction:
Hyperdoped semiconductors, i�e� semiconductors that have 
been doped far above the solid solubility limit, represent a 
route towards high-efficiency, scalable, and low-cost solar 
cells and photodetectors [1]� Ion implantation followed by 
pulsed laser melting (PLM) has been demonstrated to be an 
effective method for hyperdoping semiconductors [2]� PLM-
created alloys are currently limited in doping concentration by 
a phenomenon known as cellular breakdown: solidification 
front instabilities force the solute to come out of solution 
[3, 4]� This effect is primarily governed by the speed of 
solidification in the material as described by Hoglund, et 
al. (1998) [5, 6]. An increased solidification speed should 
be able to trap more impurities without inducing cellular 
breakdown, as shown in Figure 1� A faster, lower energy 
laser pulse will induce a steeper thermal gradient across the 
melted region, increasing the solidification rate. This work 
demonstrates that by increasing the solidification velocity 
from 3-5 m/s to 8 m/s, single-crystal sulfur-silicon (S-Si) 
alloys of a world-record 2 at% can be created�

Figure 1: Minimum solute concentration of iron and sulfur in Si 
that can be achieved as a function of solidification velocity, cal-
culated using parameters from [6], and accessible velocity regimes 
for different lasers. Vd = 10 m/s was used as an estimate for iron.

Experimental Procedure:
Positive (p)-type silicon (Si) wafers were ion implanted 
with: 32S+ at 45 keV to a concentration of 1 × 1016 cm-2 
(shallow implant), 32S+ at 90 keV to a concentration of 1 × 
1016 and 3 × 1016 cm-2 (deep implant), and 56Fe+ at 80 keV to 
a concentration of 1 × 1016 cm-2� The implantation depth was 
calculated, using the standard Stopping and Range of Ions In 
Matter (SRIM) code, to be 100 nm for the 45 keV S sample 
and 300 nm for the 90 keV S and the iron (Fe) samples� 
Samples of each type were melted in air using a Continuum 
Surelite pulsed Nd:YAG laser (355 nm, 4 ns FWHM, and 
8 ns total duration) with a single shot� Additionally, the 
deep-implant S and the Fe samples were irradiated four 
times with a XeCl excimer laser (308 nm, 25 ns FWHM, 
and 50 ns total duration)� The deeply implanted S and Fe 
samples were irradiated using the Nd:YAG at 0�9-1�1 J/cm2, 
while the shallow-implant S sample was irradiated using the 
Nd:YAGat 0�5-0�7 J/cm2� Fluence calibration was achieved 
by irradiating a single-crystalline Si wafer, recording the 
melt duration through time-resolved reflectivity of a low-
power Ar+ laser (488 nm, continuous wave), and comparing 
the data to predictions from a one-dimensional heat flow 
simulation [4, 5]� Imaging was performed using a Zeiss 
Supra field emission scanning electron microscope (SEM).

Results and Discussion:
The 1 × 1016 cm-2, 90 keV, S-implanted Si is known to not 
undergo cellular breakdown when melted with the XeCl 
laser, and therefore acts as a reference for determining 
whether breakdown has occurred� Electron backscattering 
diffraction has previously been used to verify that XeCl-shot 
Si implanted with 3 × 1016 cm-2 S and 1 × 1016 cm-2 Fe both 
undergo cellular breakdown� The surface structure of the 
Nd:YAG-shot Fe-implanted Si (Figure 2) closely resembles 
the Fe-implanted Si shot with the XeCl laser, implying that 
cellular breakdown still occurs with iron ions at 1 at%� 
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However, in the 3 × 1016 cm-2 S-implanted Si, there was 
significant variation between the microstructures created from 
the XeCl laser and the Nd:YAG laser� The pattern visible from 
the XeCl laser was periodic and on the order of 200-250 nm – 
unlike the surface structure created by the Nd:YAG laser, which 
was either a regular pattern on the order of 100-150 nm (Figure 
3), or had no surface patterning� This indicates that this sample 
was at the point where minor variations in fluence across the 
laser beam were able to cause or prevent cellular breakdown�

Heat flow simulations indicated that the peak solidification 
velocity, and therefore the maximum solute concentration, could 
be achieved with a combination of a thin implant layer of 100-
150 nm and laser fluence around 0.4 J/cm2� The results from 
the shallow S-implanted, 1 × 1016 cm-2 Si sample, indicated no 
regular surface patterning, and were qualitatively identical to 
samples in which breakdown did not occur (Figure 4)� 

Pending verification from XTEM, this represents the first single-
crystalline sulfur-silicon alloy above 2 at%� Future work will 
explore the creation of previously impossible hyperdoped alloys 
across a range of alloying elements�
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Figure 4: SEM image of Nd:YAG-irradiated shallowly-
implanted S in Si. The white clusters and dark lines are not 
associated with cellular breakdown.

Figure 2: SEM image of Nd:YAG-irradiated Fe-implanted 
Si, showing clear signs of cellular breakdown.

Figure 3: SEM image of Nd:YAG-irradiated, deep-implant 
S in Si at 3 × 1016 cm-2, showing what may be cellular 
breakdown but with little periodicity.




