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In this paper, we examine the fundamental processes that occur during femtosecond-laser hyper-
doping of silicon with a gas-phase dopant precursor. We probe the dopant concentration profile as
a function of the number of laser pulses and pressure of the dopant precursor (sulfur hexafluoride).
In contrast to previous studies, we show the hyperdoped layer is single crystalline. From the dose
dependence on pressure, we conclude that surface adsorbed molecules are the dominant source of
the dopant atoms. Using numerical simulation, we estimate the change in flux with increasing num-
ber of laser pulses to fit the concentration profiles. We hypothesize that the native oxide plays an
important role in setting the surface boundary condition. As a result of the removal of the native ox-
ide by successive laser pulses, dopant incorporation is more efficient during the later stage of laser
irradiation. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914520]

I. INTRODUCTION

Using pulsed lasers to introduce non-equilibrium con-
centrations of dopants into silicon (Si), also called hyperdop-
ing, is a promising technique for fabricating Si with unique
properties. For example, Si becomes a superconductor when
hyperdoped with boron to greater than 5 at. %." When heavy
chalcogens (S, Se, or Te) are incorporated in Si at concentra-
tions near 1 at.%, the hyperdoped Si exhibits infrared
absorption as well as photocurrent response at photon ener-
gies below the band-gap energy of Si.>~> Moreover, hyper-
doping with ultrafast lasers can cause laser-induced periodic
surface structures (LIPSS) that act as light trapping struc-
tures.®’ Hyperdoping using femtosecond (fs) lasers, how-
ever, often results in poor material crystallinity, and there is
no reliable method for controlling the concentration profile.®

The key processes during pulsed-laser hyperdoping are
shown in Figure 1. After laser irradiation, the dopant atoms
diffuse in from the surface while the silicon is molten. If the
dopant concentration in the liquid is higher than the maxi-
mum solubility in the solid, the resolidification dynamics
determines the amount of dopant (solute) incorporated
(trapped) into the solid phase. Solute trapping depends on
the resolidification velocity and the diffusive velocity of the
dopant.”'* If the resolidification interface velocity is smaller
than the diffusive velocity of the dopant atoms, excess dop-
ant atoms are rejected into the melt from the solid. If the
resolidification velocity is larger than the diffusive velocity,
solute trapping occurs, yielding a dopant concentration
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higher than thermodynamically favorable.'®!'" While solute
trapping has been studied extensively,'>'? the dopant incor-
poration mechanism (i.e., how the dopant at the surface dif-
fuses into the melt) and the resulting dopant concentration
profile are not well characterized.'*

This paper focuses on understanding the hyperdoping
of sulfur in silicon using fs-laser pulses using a gas-phase
dopant precursor. For S hyperdoping, sulfur hexafluoride
(SFg), a stable and inert gas, is an ideal dopant precursor.
However, as the equilibrium S concentration in Si is low
(maximum 3 x 10"®cm™3),'5 solute trapping is necessary
to achieve the concentration at which interesting optoelec-
tronic properties are reported. We perform hyperdoping
using fs-laser pulses at a fluence of 2.5kJ/m” which
results in a crystalline hyperdoped layer. We study how
the pressure of the dopant precursor and the number of
laser pulses influence the dopant concentration profile.
This work provides insight into the dopant incorporation
mechanism and fabrication guidelines for fs-laser hyper-
doping of Si.

Il. EXPERIMENTAL

To achieve hyperdoping, we use an amplified
Ti:sapphire fs-laser system (80-fs pulse duration, 800-nm
center wavelength, and 100-Hz repetition rate) and focus the
laser spot to a diameter of 460 ym (full-width-half-maximum
of Gaussian beam profile). We first performed laser irradia-
tion tests on Si to identify the processing parameters that pro-
duce samples suitable for concentration measurements. To
measure the dopant concentration profiles accurately, the
surface of the samples needs to be flat and free of laser-
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ablated particles. After examining the surface of Si samples
irradiated with 1-10 laser pulses at fluences between 2.0 and
4.0 kJ/mz, we determined that irradiation with six laser
pulses at 2.5kJ/m* produced samples with a flat surface,
with no evidence of LIPSS nor any ablated particles.

To examine the microstructure of the hyperdoped Si,
we performed Raman spectroscopy to detect the presence
of amorphous Si phases by monitoring the signature amor-
phous Si modes at 150cm ' and 480cm ™ '. We used a
Raman spectrometer with a 10-mW, 632.8-nm HeNe laser,
recorded through a 20x objective with a spot size of
approximately 10 um. To support our Raman measure-
ments, we also investigated the microstructure of one sam-
ple with transmission electron microscopy (TEM). Cross-
sectional TEM samples were prepared using the lift-out
method on a dual-beam focused ion beam. Bright-field
TEM images were collected with a transmission electron
microscope operated at 200kV.

For hyperdoping, the samples are irradiated with one to
six laser pulses with a laser fluence of 2.5 kJ/m2 at an SF¢
pressure ranging from vacuum (10~°Torr) to 500 Torr. Prior
to laser treatment, Si wafers (float-zone grown, p-type, 3 kQ
cm) are solvent-cleaned and etched with alignment markers
using standard photolithography and reactive ion-etching
recipes. The alignment markers are mesas 800 um in diame-
ter and 1.5 um in height. We then place the sample in a vac-
uum chamber, pump down to 10~°Torr, and fill the chamber
with SFg to the desired pressure.

sion profile and effect of solute
trapping/rejection.

solute
trapping/rejection

To characterize the dopant concentration as a function of
depth, we perform secondary ion mass spectrometry (SIMS)
measurements. The SIMS measurements are carried out using
a 6-keV Cs ion beam with a current of 4nA. We perform
SIMS measurements on a region of 20 x 30 um? at the center
of the laser irradiated spot. The area probed is small compared
to the laser spot size (460-um diameter) to minimize the spa-
tial variation of the local laser fluence across the SIMS sample
region (<1%). We record counts of 29Si, 328, 34S, 19F, and
180, and the S and F counts are calibrated against known ion-
implanted Si samples.

lll. RESULTS

We first study the microstructure of a sample after laser
irradiation at a fluence of 2.5kJ/m>. Figure 2(a) shows Raman
spectra normalized to the strong crystalline Si signal at
520cm ™', demonstrating that the center of the laser irradiated
area is crystalline. The optical microscope image of the sample
in the inset in Figure 2(a) shows a ring with visible color con-
trast (the laser beam diameter is larger than the field of view).
The Raman spectrum from this ring confirms that it is amor-
phous. Figure 2(b) shows a cross-sectional TEM image at the
center of the laser irradiated spot. Fast Fourier transform of the
TEM image from the square area in Figure 2(b) shows that the
center of the sample is single crystalline (Figure 2(b) inset).

The SIMS measurements in Figure 3 show the depend-
ence of S concentration on SFg pressure P and the number of
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FIG. 2. Microstructure of a sample hyperdoped at 100 Torr SFs with four laser pulses. (a) Raman spectra taken from three different locations of the sample:
the center (black dashed line), edge of the laser irradiated spot (red dotted line), and a reference Si without laser irradiation (gray solid line). The locations are
marked in the optical microscope image in the inset. (b) Bright-field TEM image taken from the center of the laser-irradiated spot. The labels indicate protec-
tive carbon layer, native surface oxide SiO,, and the hyperdoped area, c-Si. Inset: Fast Fourier transform of the TEM image from a hyperdoped area indicated

in (b) shows the center of the laser-irradiated region is single crystalline.
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FIG. 3. Sulfur concentration profiles of
samples hyperdoped at (a) 0.5 Torr and
(b) 100 Torr. Sulfur concentration of a
Si control sample (labeled N=0) is
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laser pulses N. Figure 3(a) shows S concentration profiles of
samples irradiated at 0.5 Torr. At this pressure, dopants are
incorporated deeper into Si with each additional laser pulse,
but the total S dose (area under the concentration curve)
remains constant. At a pressure of 100 Torr, on the other
hand, both the surface concentration and the depth of the
dopant distribution increase with the number of laser pulses
(Figure 3(b)). In all profiles, the sulfur concentration exceeds
the maximum solubility of S in solid Si (3 x 10'®cm ™).

The S count of the Si control sample without laser irra-
diation (N =0 curve in Figure 3(b)) shows a small decreas-
ing signal that extends to a depth of 10nm. This curve
reveals two uncertainties of our measurements: (1) a small
contribution from oxygen signal and (2) the depth resolution.
Because ionized O, has the same mass as S, the presence of
a native oxide contributes to the total count in the mass spec-
trometer.® For the hyperdoped samples, the error from ion-
ized oxygen molecules is a small percentage of the S count
(<10%). Secondly, the Cs ion milling drives a portion of the
atoms from the surface further into the sample; the N=0
control sample measurement in Figure 3(b) suggests a result-
ing depth measurement uncertainty of about 10 nm."®

To directly compare the dopant concentration profiles at
different pressures, Figure 3(c) shows samples irradiated by
four laser pulses across the entire range of pressures investi-
gated. For samples hyperdoped at or below 1 Torr, the con-
centration profiles are identical. For P greater or equal to 10
Torr, the S concentration at the surface increases with pres-
sure. Regardless of the SFq pressure, the dopant incorpora-
tion depth is the same.

We show in Figure 3(d) the total incorporated S dose
(number of S atom per unit area). Because SIMS cannot
accurately measure the dopant concentration near the surface
(within 5 nm), the dose reported here is a lower bound on the
total incorporated S. The figure shows two pressure regimes,
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with a transition at some critical pressure, P, between 1
and 10 Torr. At SFg pressures smaller than P, the S dose is
independent of pressure and of the number of laser pulses.
At pressures greater than P, the S dose increases with both
pressure and number of laser pulses.

We also recorded fluorine concentration and found that
F atoms are also incorporated into Si (data not shown). The
F concentration profiles have the same shape as S concentra-
tion profiles and the incorporation depth is also the same.
The F dose is about two times the S dose.

IV. DISCUSSION
A. Crystalline phase

The laser fluence used in this paper is carefully chosen
so as to optimize the material crystallinity and minimize sur-
face texturing. Unlike previous studies where we used fluen-
ces above the ablation threshold and produced amorphous
material,® in this paper, we use a lower fluence of 2.5 kJ/m?>
and observe a crystalline phase (Figure 2). Bonse ef al. report
that there is a small fluence range between the melting and
ablation threshold where the laser treated material is crystal-
line."” For Si, a crystalline phase cannot form if the resolidi-
fication process is fast; if the solid-liquid interface moves
faster than 15m/s, the resolidified Si is amorphous.'®
Therefore, we can identify 15 m/s as an upper bound of the
interface velocity during the entire resolidification process.

Although we identified a fluence where the hyperdoped
Si is crystalline, the outer edge of the laser-treated spot is
amorphous. Because of the Gaussian laser intensity profile,
the fluence at the edges of the irradiated area is lower, and
the resolidification velocity is different. Gimpel et al. show
that the amorphous phase is also enhanced when scanning
the laser pulses, as is commonly done when fabricating
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large-area hyperdoped Si.'® For large area fabrication, the
amorphous region could be minimized using a flat-top beam.

B. Source of dopant atoms

There are two possible sources of dopant precursors:
molecules adsorbed on the Si surface prior to laser irradia-
tion and gas-phase molecules impinging on the molten Si
surface (Figure 1).%° The number of gas-phase molecules im-
pinging on the Si surface is linearly proportional to the pres-
sure, while the thickness of the adsorbed layer of molecules
depends on the adsorption isotherm and can be a nonlinear
function of pressure. We can determine the type of dopant
precursors (adsorbed or gas-phase) by examining how the
dopant incorporation depends on pressure.

In the low-pressure regime (<P, the rate of gas phase
molecules impinging on the molten Si surface is not high
enough to account for the dopant incorporation. From the ideal
gas law, it follows that the impingement rate of SFg molecules
on a surface is 1 x 10°°cm s~ ! at 0.5 Torr (Table 1).>! We
also know that the silicon resolidifies within 8ns,® implying
that the impingement flux of gas phase molecule on the molten
silicon is 8 x 10''cm ™2 Below P, the S dose is on the order
of 10" cm ™2, so to achieve the observed S dose from gas phase
molecules, all the molecules striking the Si surface need to be
incorporated, which is unlikely. Furthermore, in vacuum,
where the impingement rate of molecules is six orders of mag-
nitude smaller, we observe the same S dose of 102 cm 2,
Therefore, below P, the gas phase SFs molecules are not suf-
ficient to account for the amount of S incorporated. Both the
pressure independence of S incorporation below P and the
high level of doping compared with the expected rate of S
impingement indicate that the majority of the dopant must
come from a layer of SFs molecules adsorbed on the Si
surface.

In the high-pressure regime (>P.;), S incorporation
increases with pressure; the pressure dependence is a power
law, D o< PP with < 1. Because the impingement rate of
SFg molecules increases linearly with pressure (which would
result in f=1), a f <1 suggests that gas phase molecules
are not the dominant source in this pressure regime either.

TABLE 1. Impingement rate Jj,, of SFs molecules at different pressures.
The impingement rate is given by Ji,, = Na P/V2nMRT, where N, is
Avogadro’s number, P is the pressure, M =146 g/mol is the molecular
weight of SFe, R is the universal gas constant, and T is temperature.”’ Based
on the impingement rate and assuming a surface density of 10" cm 2, we
calculate the minimum time it takes to build up monolayer coverage by
assuming the sticking coefficient is equal to 1 (all molecules impinging on
the surface stay on the surface). The last two columns show measured S
dose after 1 and 6 laser pulses.

Jimp Minimum time to Sdose N=1 SdoseN=6
P (Torr) (ecm s ') build up a monolayer (102em™2)  (10"%cm™?)
10°° 2% 10 5s 0.8+0.2 0.6 +0.1
0.5 1% 10%° 10 s 0.8+0.2 0.9+0.2
1 2% 10%° 5 us 0.9+02 1.1+03
10 2% 10*! 0.5 s 0.8+0.2 59+ 1.4
100 2% 10%? 50ns 0.9+0.2 158 +3.7
500 1x10% 10ns 1.4+03 33.0+7.8
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The dependence of the adsorbed layer thickness on pressure
is likely to result in the observed non-linear pressure depend-
ence of the S dose.”>?* In summary, surface adsorbed SFg
molecules are likely to be the main dopant source in both
pressure regimes.

Previous studies on hyperdoping Si using SF, as dopant
precursors do not focus on F incorporation,”* but our meas-
urements reveal a significant amount of F incorporation.
When SF¢ molecules are excited or ionized, they can react
with Si and create silicon tetrafluoride (SiF,) which is vola-
tile and is not incorporated into silicon.”>***® We hypothe-
size instead that after laser melting, the SFq molecules
thermally decompose at the gas-liquid interface. Part of the
F atoms reacts with silicon, and part is incorporated into sili-
con.”’ As a result, both S and F are incorporated, and we
observe a F concentration about twice that of S. The struc-
tural and electronic properties of F dopant in Si are not well
known, although some reports suggest F atoms form small
SiF, clusters inside crystalline Si.%%-*

C. Pulse number dependence and dopant
incorporation mechanism

In this section, we discuss the native oxide on the surface
and its possible role as a diffusion barrier. First we show the
amount of dopant incorporated is only a small fraction of the
adsorbed dopant molecules. To emphasize that equilibrium
adsorption is achieved before the laser irradiation, Table I
shows the minimum time required for a monolayer of SFg
molecules to build up on a Si surface if the sticking coefficient
is unity. At 10"°Torr, it takes only on the order of 5s for SFq
molecules to accumulate a monolayer on the Si surface, much
shorter than the time scale required for setting up the experi-
ment. The time required for accumulating a monolayer is
orders of magnitude smaller at higher pressures. Therefore,
the amount of SFg molecules adsorbed on the surface of Si
should be at equilibrium before the hyperdoping process.
After one laser pulse, the S dose (10120m72) is orders of mag-
nitude smaller than the density of S atoms in a monolayer of
surface coverage (10'°cm ™2, see Figure 3(d)). This suggests
that only a fraction of the adsorbed dopant molecules is incor-
porated during the hyperdoping process. We propose that the
native oxide layer acts as a diffusion barrier, limiting S incor-
poration following fs-laser irradiation.

Further evidence for the role of the native oxide as a dif-
fusion barrier can be obtained by examining changes in S
dose with increasing number of laser pulses N. At pressures
equal to 100 and 500 Torr, the S dose increases more than
linearly with respect to the number of laser pulses. Table I
shows that at 100 Torr, the S dose increases 18 times
between N=1 and N=06; and similarly at 500 Torr, the S
dose increases 24 times. Possible mechanisms for increased
incorporation are that the native oxide on the surface is
removed by subsequent laser pulses®' or etched away by ion-
ized SFf,.32 Without the surface oxide,23 S atoms can diffuse
into Si more easily and increase S incorporation from the
surface.

Changes to the oxide layer after multiple laser pulses
could explain not only the increase in dose, but also
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variations in concentration profile shape. The adsorbed dop-
ant molecules can enter molten silicon in one (or a combina-
tion) of two ways: (1) the molecules enter relatively slowly
(as a flux) over the entire duration of the melting and the sol-
idification phase, (2) the total dose of dopant molecules enter
immediately upon melting. We will refer to mechanism 1 as
a “surface flux” and mechanism 2 as an “instant dose.” An
outward flux of sulfur has been observed during ns-laser
processing of ion implanted silicon. This outward flux is
found to depend on the presence of a native oxide layer.'?
We hypothesize that in our system, the native oxide layer
acts as a diffusion barrier. When there is native oxide on the
surface, S enters the molten Si as a surface flux. After the ox-
ide layer is removed by successive laser pulses, there is no
diffusion barrier and the adsorbed dopant precursor is imme-
diately incorporated into the Si as an instant dose. For an in-
termediate range of native oxide layer thicknesses, we can
model the S incorporation as a combination of instant dose
and continuous surface flux.

We numerically simulate simultaneously both the melt-
ing and solute dynamics to obtain the dopant concentration
profile (Supplemental Material®®). We use established mod-
els for nanosecond-laser melting,'>'?*> adjusted to
account for femtosecond laser energy absorption, rapid ther-
malization, and slow thermal melting.*® We simulate thermal
melting with a melt depth of 60 nm and solidification veloc-
ity of 12.5 m/s. We treat the diffusion and incorporation of S
into Si using a continuous non-equilibrium growth model.**
Surface flux and instant dose represent different boundary
conditions at the surface. For a given total S dose from ex-
perimental data (Figure 3(d)), we simulate material incorpo-
rated entirely from surface flux and entirely from instant
dose and then linearly combine the two resulting profiles, fit-
ting the relative contribution from each boundary condition.
The profiles may be linearly combined because diffusion,
constant flux, and instant dose are all inherently linear
(Supplemental Figure S1 (Ref. 33)). Further discussion of
simulation and fitting can be found in Ref. 37.

Figure 4 shows that our fitted simulation results closely
match the experimental data. In the measured concentration
profiles of Si hyperdoped at 500 Torr, the shape of the dopant
profile changes as the number of laser pulses is increased
from 1 to 6 laser pulses. The profiles for N <2 appear expo-
nential, while those for N > 4 have a plateau between a depth
of 10 and 20nm. Figure 4 inset shows that a monotonic
change in the boundary condition from primarily surface flux
to primarily instant dose best fits the experimental data. The
main effect of the change in the boundary condition is an
increase in effective diffusion time. This observation sug-
gests that as the native oxide layer depletes, a larger propor-
tion of the dose diffuses into the silicon right after it melts.
Sulfur incorporated as an instant dose has more time to dif-
fuse and equilibrate across the region, forming the plateau
observed in profiles for N=4 and 6. These results support
our hypothesis that the oxide diffusion barrier changes as the
number of laser pulses is increased. Our study suggests that
the dopant profile can be engineered by manipulating the sur-
face oxide layer, thereby controlling the dopant incorpora-
tion mechanism.

J. Appl. Phys. 117, 125301 (2015)
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FIG. 4. Comparison between S concentration profiles (dots) and simulation
results (solid lines) for P =500 Torr. Profile shapes are exponential for
N<2. For N>4, a plateau forms at a depth between 10 and 20nm.
Numerical simulation results are fit to concentration profiles by determining
the total dose from experiment and fitting the relative contributions from
instant dose and surface flux as described in the text. The inset shows the
contributions from instant dose (open circles) and surface flux (filled circles)
as a function of the number of laser pulses. Error bars on the proportion of
instant dose and surface flux reflect 95% confidence intervals in the fit for
N=1 and 2. Error bars for N =4 reflect the possible range of total dose for
N =3 (from the dose incorporated during N =2 to the half the dose incorpo-
rated between N =2 and 4), and range of incorporation mechanism (from 0
to 100% flux). A similar analysis was done for error on the N = 6.

V. CONCLUSION

We performed fs-laser hyperdoping under different dop-
ant precursor pressures with varying number of laser pulses
and achieve single crystalline hyperdoped Si at a fluence of
2.5kJ/m*. By measuring the resultant dopant profile using
SIMS, we identified two pressure regimes. At pressures
below 1 Torr, the dose of S is independent of pressure and
the number of laser pulses; at pressures above 10 Torr, the S
dose increases with both pressure and the number of laser
pulses. Analyzing the pressure dependence of dopant incor-
poration reveals that the surface adsorbed molecules are the
dominant source of the dopant material. Analyzing the effect
of multiple pulse irradiation shows that the dopant incorpora-
tion depth and profile can be controlled by the number of
laser pulses. We also show that the native surface oxide layer
forms a diffusion barrier that limits dopant incorporation.
Numerical simulation reveals that without a diffusion barrier
at the surface, dopant is incorporated more efficiently and
the concentration profile has a plateau. Our results provide
new insights into the dopant incorporation mechanism, fabri-
cation guidelines for hyperdoping Si with high crystalline
quality, and a model for predicting dopant concentration
profiles.
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