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Femtosecond-laser hyperdoping of sulfur in silicon typically produces a concentration gradient that
results in undesirable inhomogeneous material properties. Using a mathematical model of the
doping process, we design a fabrication method consisting of a sequence of laser pulses with
varying sulfur concentrations in the atmosphere, which produces hyperdoped silicon with a
uniform concentration depth profile. Our measurements of the evolution of the concentration
profiles with each laser pulse are consistent with our mathematical model of the doping
mechanism, based on classical heat and solute diffusion coupled to the far-from-equilibrium
dopant incorporation. The use of optimization methods opens an avenue for creating controllable
hyperdoped materials on demand. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907988]

Optical and electronic properties of silicon are con-
trolled by the concentration of dopants. Traditionally, the
impurities are incorporated during the slow growth of silicon
crystals from its melt, where dopant concentrations are lim-
ited to the equilibrium solubility limit in the solid. Non-
equilibrium processes such as laser-hyperdoping can achieve
much higher concentrations. Irradiating silicon with intense
femtosecond-laser (fs-laser) pulses in a sulfur-containing
atmosphere allows surpassing the equilibrium concentration
limit by up to four orders of magnitude.' At sulfur concentra-
tions of up to 1 at. %, the electronic band structure funda-
mentally changes. Overlapping sulfur donor states may
create an additional metallic intermediate band, which ena-
bles two sub-band gap infrared (IR) photons to excite an
electron from the valence band to the conduction band.*™
With its IR absorption capability, hyperdoped silicon is of
interest for devices such as silicon-based IR detectors™® and
highly efficient photovoltaic cells that harvest additional
energy from the sub-bang gap spec:trum.2’7’8

Although laser-hyperdoping greatly expands the range
of accessible dopant concentrations, it produces highly non-
uniform dopant profiles in the material: the highest doping
concentration sharply decays on a length scale of about a
hundred nanometers from the surface into the bulk.” This
nonuniformity produces undesirable variation in optical and
electrical properties. Moreover, up until now, protocols for
fs-laser doping have kept laser fluence and the sulfur-
containing gas pressure in a fairly narrow range. This raises
the question of whether it is possible to find a parameter
range where the nonequilibrium doping produces a flat con-
centration profile up to a given depth.

In this letter, we present a doping process that achieves
an almost flat concentration profile while preserving the
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crystallinity and the atomically smooth surface morphology.
We use a mathematical model and experimental constraints
to determine a fluence and gas pressure combination that
maximizes the time for sulfur diffusion to flatten the concen-
tration profile while avoiding solute rejection during solidifi-
cation. Our mathematical model of the doping process is
qualitatively consistent with experimental measurements.
The mathematical model of fs-laser induced hyperdop-
ing'? generalizes the previous models of nanosecond-laser
(ns-laser) driven dopant incorporation.'®'! We solve the
equations of heat and solute transfer during melting and reso-
lidification, when a silicon surface responds to the ultrafast
laser energy deposition.'! Unlike the ns-laser processes where
the pulse duration is on the same time scale as the melting du-
ration,'®!'! the fs-laser pulse deposits energy before the onset
of any heat diffusion pI‘OCCSSCS.23 Therefore, we account for
the energy deposition only in the initial condition for solving
the heat equations. The model assumes that despite the
extreme energy fluxes involved in the fs-laser treatment, the
dopant incorporation mechanism is dominated by classical
heat and solute diffusion coupled to the suppressed solute
rejection at the moving liquid-solid boundary.'® When a laser
pulse of 100 fs and a fluence of 2.7 kJ/m? hits the silicon sur-
face, the non-reflected part of the light is absorbed by the
electronic-system. The silicon surface melts on a time scale
much shorter than heat or solute diffusion and then develops
a constant solidification velocity (Figure 1(a)). While the sili-
con is molten, adsorbed sulfur-containing molecules diffuse
into the liquid surface and are incorporated when the surface
cools and solidifies.”' The key to achieve a nonequilibrium
concentration is the extremely high intensity of the laser
pulse of order 10'* W/m? causing nonlinear absorption of the
energy in a very thin surface layer. A steep thermal gradient

© 2015 AIP Publishing LLC
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FIG. 1. (a) The simulated melt dynamics, and (b) the simulated doping pro-
file evolution from 1 to 50 laser pulses at the same fluence. The sulfur is
introduced as a sharp surface layer, meant to simulate an adsorbed layer,
present only in the initial condition of the first laser pulse.

of 10° K/m results in a quick dissipation of the released latent
heat during solidification. The phase change is driven to
extreme nonequilibrium conditions and the resolidification
velocity v is large compared to the diffusive velocity
(vpr= 1 m/s) at which sulfur ions can escape from the solid
phase back to the liquid phase.'* Consequently, instead of
being rejected like salt from the slowly freezing seawater, the
solute is ‘trapped’ in the solid, giving rise to greatly enhanced
dopant concentrations. We estimate the partition coefficient,
K=(K.+ v/vpp)/(1 +v/vpp to be 0.9, with the solute diffu-
sive velocity of sulfur at the interface vpy=1m/s and the
equilibrium partition coefficient K,=10"*'" Only 10% of
the solute atoms in the solid phase escape back to the liquid
phase. The doping concentration is several orders of magni-
tude beyond the thermodynamic equilibrium solubility limit
(around 10'6 cm ). 114

We emphasize an important step in this presumed pic-
ture of hyperdoping: solute diffusion in the liquid phase dur-
ing the doping process. If the dopants are truly transported
diffusively in the liquid phase, we can utilize this mechanism
to eliminate the concentration gradient by providing long
enough diffusion time for the dopants to travel down the con-
centration gradient and pile up at the melt depth. Indeed, a
thorough numerical search (see supplementary material®’)
for the optimum fluence and dopant precursor pressure
sequence suggests the following design principle for
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fabricating a flat profile: introduce the dopants silicon with
the first laser pulse and use subsequent pulses to diffuse the
dopant out to the melt depth. We simulate the evolution of
doping profiles over 50 laser pulses to illustrate the design
principle (Figure 1(b)). In this simulation, a sulfur flux is
present only for the first laser pulse, and the laser fluence is
constant for each pulse. We also assume an ideal situation
where all the dopants introduced in the first laser pulse
remain in the silicon after subsequent laser pulses.
Therefore, the sulfur dose, characterized by the area under
the curve, is constant for each profile.

While the simulation suggests using as many laser
pulses as possible to achieve a perfectly flat profile, we must
take into account several limiting factors when designing the
experiment. First of all, to study the doping profile with sec-
ondary ion mass spectrometry (SIMS), a flat surface is desir-
able for quantitative analysis. However, nanoscale surface
periodic structures appear after many laser pulses, constrain-
ing the maximum number of laser pulses.lS’16 Second, the
resolidification velocity increases with the decrease in flu-
ence, leading to higher concentrations of lattice defects in
the resolidified region. Eventually, the interface moves faster
than the time required for atoms to diffuse and find a lattice
site to sit in, resulting in amorphization. The transition veloc-
ity is approximately 15m/s."” Finally, the laser fluence must
be smaller than the ablation threshold.'® Otherwise, signifi-
cant material removal and unavoidable surface roughness
complicate the SIMS measurements and analysis.

To achieve a flat profile, we maximize the integrated dif-
fusion time for the dopants to transport down the concentra-
tion gradient and pile up at the melt depth. Therefore, we use
a fluence that maximizes the number of laser pulses before
the onset of surface texturing. We use a regeneratively ampli-
fied Ti:sapphire laser system to hyperdope silicon at a repeti-
tion rate of 100 Hz. The silicon cools to room temperature in
less than 1 ms, so there is no thermal memory between laser
pulses. The laser pulse has a wavelength centered at 810 nm
and a pulse duration of 70 fs as measured with an autocorrela-
tor. With the combination of a half waveplate and a polarizer,
we tune the average pulse energy to 0.87 mJ and focus the
pulse to a full-width at half-maximum of 1040 yum as meas-
ured with a CCD camera. The effective fluence is 2.7 kJ/m>,
which is above the melting threshold (1.5 k]/mz) and below
the ablation threshold of silicon (3 kJ/m?)."”

Before hyperdoping, we pattern the silicon wafer
(Boron-doped, resistivity =7-14 Q-cm) using a standard
photolithography procedure and create circular mesas on the
silicon surface with a reactive ion etch. These mesas, having
a diameter of 800 um and a height of 2 um, serve for align-
ment purposes in the hyperdoping process and the SIMS
measurements. We clean the patterned wafer with acetone,
methanol, isopropanol, and water before placing it in a vac-
uum chamber. The chamber is pumped down to 10~° Torr
then back-filled with 730 Torr of SFs. We use a mechanical
shutter to control the number of laser pulses irradiating the
silicon wafer and fabricate a set of 9 hyperdoped silicon sam-
ples labeled 1-9. The sample number corresponds to the total
number of laser pulses delivered to the surface. For all the
samples, we irradiate the first laser pulse in 730 Torr of SFe.
We perform all the subsequent pulses for sample number
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2-9 in vacuum (10~ ° Torr). For example, sample 9 is irradi-
ated by 1 laser pulse in SF¢ followed by 8 laser pulses in vac-
uum. We use Raman spectroscopy and optical profilometry
to confirm that the surface is crystalline and atomically flat.

We then carry out SIMS measurements with a Cs ion
beam of 6 keV at a current of 7nA. We align the ion beam to
the center of the laser-irradiated area. The ion beam is
focused to a rectangular spot size of 150 um x 200 um while
we collect only the center 15 um x 30 um of secondary ion
signals by electronic gating, an area corresponding to less
than 1% of fluence variation in the Gaussian pulse used for
fabrication. We monitor ion channels including 29Si, 328,
34 and '80. We use a standard sulfur sample
(dose =1 x 10'*cm™?) made by ion implantation for calcu-
lating the relative sensitivity factor.

Figure 2 shows the experimentally measured sulfur con-
centration depth profiles. In the following context, we
describe these profiles as “SIMS profiles” to distinguish
them from the concentration profiles generated by the simu-
lation. For clarity, we show only a subset of 5 of the SIMS
samples. The SIMS profile for sample 1 demonstrates an ex-
ponential decay over depth. Upon subsequent pulses, the
SIMS profile evolves deeper and deeper into the surface and
the concentration gradient flattens out. Eventually, a plateau
develops, and the SIMS profile for sample 9 has an abrupt
cut-off at a depth of about 55nm. We note that the data
points within the first 6 nm of all curves are omitted because
it takes time for SIMS to develop a stable drilling rate. The
noise level is at about 10'° (cm73). In all samples, we
observe an exponential tail with a decay rate of 10nm/dec-
ade that is consistent with the SIMS mixing effect.” Cs ions
cause this mixing effect by pushing sulfur ions into the sam-
ple rather than sputtering them off the surface. A SIMS con-
centration profile measured on a reference area that has not
been irradiated by any laser pulses has a decaying oxygen
signal with the same length scale coming from the native ox-
ide covering the silicon surface.

Figure 3(a) shows a comparison between the numerical
simulation and the experimental results for sample 1 and 9.
While the SIMS profile for sample 1 follows similar exponen-
tial decay as the profile generated by the simulation, the
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FIG. 2. Evolution of SIMS profiles of the hyperdoped samples from pulse 1
to 9. We select only these profiles for clarity. The profile changes from an
exponential decay in the first pulse to a nearly flat profile in the 9th pulse.
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FIG. 3. (a) Comparison of the simulated (dashed) and measured SIMS pro-
file (solid) for the samples 1 (black) and 9 (red). (b) Sulfur dose of each
SIMS sample.

SIMS profile for sample 9 is flatter than the simulated profile.
Despite the discrepancy in slopes, the depths where the SIMS
profile of sample 9 and the simulated profile cut off are within
the measurement error in depth.”' Figure 3(b) shows the sul-
fur dose, integration of the SIMS profile over depth, for each
sample. Different from the assumed constant dose in the
simulation, the dose monotonically decreases from 2 X 10"
to 1 x 10"?cm 2 after 9 laser pulses.

Our achievement of producing a flat concentration pro-
file with the aid of a mathematical model demonstrates the
feasibility of designing the doping profiles on demand. Our
approach is distinct from previous hyperdoping processes
where the dopant source is kept constant for every laser
pulse.”*? Because the external dopant source is eliminated
after the first laser pulse, we directly observe the dominating
hyperdoping mechanism assumed in the numerical model by
monitoring the change in doping profiles from pulse to pulse.
While our previous study suggests a consistency between the
experimental result and the simulation,'*** the validity of
several assumptions made in the mathematical model
requires closer examination. Our model adapts heterogene-
ous melting based on the fact that melting occurs on a time
scale much faster than heat or solute diffusion.”> The elec-
tron and phonon systems are under highly nonequilibrium
conditions for the first few hundreds of picoseconds,24 an
effect not captured by our mathematical model. Despite this
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uncertainty in the real thermal evolution, our model uses the
simulated melt dynamics—maximum melt depth and dura-
tion—determined in our previous study.'*?* The only fitting
parameter applied here is the total sulfur dose for the first
laser pulse. The observed diffusive flattening from pulse to
pulse in both the simulated and SIMS profiles therefore
strongly suggests that the doping mechanism is dominated
by the classical heat and solute diffusion coupled to the non-
equilibrium solute trapping at the fast moving liquid/solid
interface.

It is interesting to note that it takes fewer laser pulses to
smooth out the sulfur concentration gradient than that pre-
dicted by the simulation (Figure 3(a)). Several factors may
contribute to this discrepancy. The mathematical model
assumes that all sulfur incorporated by the first laser pulse
remains in silicon during subsequent laser pulses. However,
the sulfur doses of the SIMS profiles show a decrease from
2% 10" to 1 x 10'*cm ™2 with increasing laser pulses, indi-
cating an outward flux of sulfur during doping. We believe
that this arises from the presence of the native oxide layer on
the surface of silicon, which is well known to serve as a dif-
fusive barrier during doping. While the melting temperature
of silicon oxide is at least 200 K higher than that of silicon, a
laser pulse at 2.7kJ/m? could overheat the liquid silicon.
Under elevated temperature, the silicon oxide could either
evaporate or mix into the silicon melt. The absence of a uni-
form oxide layer allows sulfur to escape from the silicon.
For example, an oxide layer has been used to control the
dopant evaporation rate during ns-laser melting.”> Another
factor causing the discrepancy between experiment and sim-
ulation is that the finite resolidification velocity causes sulfur
to be rejected from the solid phase and accumulate in front
of the moving interface. Without an outward flux that
releases the sulfur piling up near the end of the resolidifica-
tion process, the simulation predicts a steep sulfur concentra-
tion slope at the surface that requires a longer integrated
diffusion time to be erased.”? As a result, the concentration
gradient introduced in the first laser pulse is eliminated
sooner than expected from the simulation.

Despite the experimental limitations that result in a 10-
nm uncertainty in depth,?' the abrupt drop in sulfur concen-
tration in the SIMS curve for sample 9 is close to the pre-
dicted melt depth from the mathematical model. We believe
this cut-off in the sulfur concentration indicates the actual
melt depth and the dopants have reached the melt depth after
9 laser pulses. Given that the melt duration is about 5ns
obtained in our independent experiment reported elsewhere,®
we estimate the diffusivity required to achieve a diffusion
length of 55nm during the doping process. The integrated
diffusion length is approximately L = \/(NDt), where N is
the number of laser pulses, D is the diffusivity of sulfur in lig-
uid silicon, and 7 is the melt duration. With N=9, t =5 ns,26
and L =55nm, the D =6.7 x 10°* cmz/s, which is compara-
ble with the reported value of 2.7 x 10~* cm?/s in the litera-
ture?> and used in our simulation. Therefore, we believe that
we obtain a flat doping profile due to a combination of two
effects: (1) a diffusion-driven decrease in concentration gra-
dient over a relatively long melting time that results in the
accumulation of sulfur at the melt depth, and (2) the escape
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of sulfur from the surface that facilitates the elimination of
the concentration gradient.

In conclusion, we designed a simple recipe that effec-
tively produces hyperdoped silicon of nearly constant doping
concentrations over depth up to the melt depth. Additionally,
our approach provides a direct confirmation of the underly-
ing mechanism for fs-laser hyperdoping. Our work demon-
strates optimization of a doping profile on demand and has a
broader impact on the development of fs-laser hyperdoping
using a gas-phase precursor.
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