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1. Introduction

Hyperdoping of semiconductors can be used to shift the optical
bandgap toward lower energies and thereby extend the optical
response of a material like Si further into the infrared.

Therefore, the approach is attractive for
optoelectronic applications, for example,
silicon-based infrared photodiodes or inter-
mediate band solar cells.[1–3] A typical
hyperdoping method is to combine ion
implantation and subsequent pulsed laser
melting for recrystallization with dopants
like transition metals [Ti, V, Co, Ag, Au],
chalcogens [S, Se, Te], and others [N,
Mg].[1] Here, we realize sulfur hyperdoping
by irradiating Si with numerous ultrashort
laser pulses in SF6 atmosphere. An impor-
tant figure of merit for photodetectors is
the ratio τ/ttransit of carrier lifetime over
transit time through the device or, in this
case, the hyperdoped layer and should
ideally be as large as possible.[4–6] The chal-
lenge with hyperdoped materials is that the
high concentration of the deep-level impu-
rity states required for sub-bandgap absorp-
tance, however, results in an elevated
recombination rate which poses a severe
challenge when aiming for a high carrier
collection efficiency. An additional source

of defects is the laser process which involves rapid melting/
resolidification cycles. It causes high stresses in the substrate
and gives rise to crystal defects like dislocations, pressure-
induced phase changes, or even void formation.[7–11]

A typical characterization method for quantifying the impact
of hyperdoping on the recombination rate is to study and mea-
sure the effective carrier lifetime τeff, that is, the time (photo-)
generated or injected charge carriers prevail in the material sys-
tem before they recombine. The term “effective” refers to the fact
that carriers recombine at different positions, for example, in the
bulk or at the surface, or by different mechanisms, for example,
by radiative, Auger, or defect recombination (described by
Shockley–Read–Hall formalism[12,13]), and that τeff is the aggre-
gate of all.[14] This implies that τeff in general depends on the
injection level. The generation position within the sample, that
is, the excitation wavelength in case of an optical pump, deter-
mines the time it takes carriers to reach the recombinative
surface layer and thus plays a role as well. Hence, τeff is only
an indirect measure of the local lifetime, for example, within
a thin defect-rich surface layer. Previous lifetime studies on
hyperdoped Si involved different contactless techniques like
optical pump and probing by terahertz pulses,[5] by microwave
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Charge carrier lifetime is a crucial material parameter in optoelectronic devices
and knowing the dominant recombination channels points the way for
improvements. The effective carrier lifetime τeff of surface-passivated hyperdoped
(hSi) and nonhyperdoped “black” (bSi) silicon by quasi-steady-state photocon-
ductance decay (QSSPC) measurements and its evolution upon controlled wet-
chemical etching are studied. Sample preparation involves the irradiation of Si by
numerous ultrashort laser pulses either in SF6 for hSi or ambient atmosphere for
bSi. Findings suggest that the hSi is composed of a double layer: 1) an amor-
phous resolidified top layer with about 92% of the total incorporated sulfur that
accounts for the sub-bandgap absorptance and 2) a crystalline layer underneath
in which sulfur concentration tails off toward the Si substrate. The effective
lifetime is deconstructed by a 1D simulation to quantify the impact of the local
lifetime of the defect-rich top layer, τtop. It is found that by the QSSPC method, a
maximum τtop for 1) can be estimated. For 2), τtop between 2 and 8 ns is esti-
mated. The bSi sample shows a faster lifetime recovery upon etching which
suggests that in hSi samples purely laser-induced defects are not limiting the
carrier lifetime compared to sulfur-related defects.
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reflectivity[15] or by inductive coupling to the quasi-steady-state
photoconductance (QSSPC).[16,17] Indirect methods like photo-
carrier transport measure the mobility-lifetime product and
require the deposition of Ohmic contacts.[18] The QSSPC
method, which we also apply in our study, is widely used in life-
time spectroscopy of Si and directly accesses τeff for a range of
injection levels by applying a flash lamp light source and an inte-
grated photodetector.[19,20]

Our objectives may be summarized by the following ques-
tions. 1) How does the effective carrier lifetime τeff relate to
the sulfur and laser-induced defect concentration? 2) Is it possi-
ble to relate τeff to the local lifetime in the hyperdoped layer?
3) What are the (dis-)advantages of the used lifetime characteri-
zation method with respect to its sensitivity in resolving changes
of recombination in the hyperdoped layer? 4) What implications
can be drawn from a device implementation perspective?

For question 1), we prepare sulfur hyperdoped samples that
have been laser processed in SF6 as well as nominally nonhyper-
doped samples laser processed in ambient atmosphere with oth-
erwise identical parameters (pulse density and laser fluence). The
latter shall serve as benchmark for laser-induced defects, whereas
the hyperdoped samples come with both recombination chan-
nels. We then etch the samples for different durations tetch in
a diluted isotropic Si etch bath at room temperature to succes-
sively remove the defect-rich surface layers “top–down”. This
gives us a set of samples with different concentrations of sulfur
and laser-induced defects. After cleaning and surface passivation,
we characterize the set of samples by measuring the effective car-
rier lifetime by the QSSPC method. Furthermore, we determine
the absorptance and, for specific samples, the sulfur concentra-
tion depth profile by dynamic secondary-ion mass spectrometry
(SIMS). In addition, we examine the surface morphology by scan-
ning electron microscopy (SEM).

For question 2), we conduct a simplified 1D numerical model-
ling where we vary the local lifetime of the hyperdoped top layer
and study its impact on τeff. This helps to identify the sensitivity
of the lifetime characterization method with respect to the
recombination rate within the hyperdoped silicon (hSi) which
addresses question 3) as well as the effect of the electrically active
dopant concentration within the hSi. For question 4) we discuss
what our findings could imply for device implementation.

2. Results

Figure 1 shows SEM micrographs of the tilted cross section of
the hSi samples after different etch durations. The upper-left
micrograph illustrates the “as-processed” sample surface without
explicit back etching. The randomly arranged cone structures
have a height between 3 and 5 μm. Their surface appears rather
fuzzy due to a nanometer-sized subtexture. From transmission
electron microscopy (TEM) analysis on similar structures, it is
known that the cones typically have a resolidified surface layer
which contains amorphous, nano-, and polycrystalline phases
as well as voids.[10,21] After tetch= 60 s, the surface of the cones
has eroded and appears rougher on a nanometer scale, but the
original cones are still visible. After 300 s, the outline of the orig-
inal cones vanished as their tips were mostly etched off. The mor-
phology of the nanometer-sized erosions that were formed
before transferred to an overall rough surface. However, the sur-
face is rather smooth but fuzzy. For yet longer etch durations, the
surface morphology becomes more planar, as we would expect
from an isotropic etch.

Figure 2a shows the absorptance spectra of the hSi samples up
to tetch= 600 sec as well as for the nonetched bSi sample and a
polished crystalline silicon wafer (cSi). Up to a wavelength of
about 1 μm, the nonabsorbed photons are due to external surface
reflection. This fraction is reduced for both bSi and hSi over the
cSi reference due to the microstructured surface morphology. At
a wavelength of 600 nm, the absorptance of hSi first increases
with tetch up to 94%abs for tetch= 30 s and then decreases again
to 83%abs for tetch= 600 s. The average sub-bandgap absorptance
A1250�2500 for wavelengths λ> 1250 nm and up to the detection
limit (λ= 2500 nm) of the spectrophotometer remain nearly
constant for the hSi and decrease monotonously with tetch from
(65.5� 1.9) %abs for the nonetched sample (0 s) to (0� 1.2) %abs

after 300 s (see Figure 3a). The bSi sample shows sub-bandgap
absorptance as well which, however, decreases with wavelength.

Figure 2b shows the sulfur concentration profiles obtained by
SIMS for specific hSi samples with different tetch and for the non-
etched bSi. The sulfur concentration decreases with tetch for hSi
as expected and is lowest for the bSi sample. The shown
depths are calculated from the respective sputter time and the
calibration factor obtained from measuring the crater depth

5 µm

As processed 60 sec 300 sec

600 sec 900 sec 1200 sec

Figure 1. SEM micrographs of the tilted cross section of hSi samples etched for the stated duration. Defect-rich, amorphous, and polycrystalline regions
with high sulfur content are preferentially etched. After about 300 s, the isotropic etch polishes the surface. The scale bar is the same for each micrograph.
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on the planar calibration standard. The profile of the nonetched
hSi peaks at a sulfur concentration of (1.5� 0.1)� 1020 cm�3 at
(40� 3) nm, then decreases to (5.1� 0.1)� 1019 cm�3 at
(0.75� 0.06) μm, and shows a plateau until (1.85� 0.1) μm with
a concentration of (2.5� 0.1)� 1019 cm�3. This is also the maxi-
mum concentration obtained for the tetch= 300 s sample. Beyond
this depth, concentration declines to the detection limit at about
3.3 μm. The rough surface morphology, which above all varies
with tetch, and inhomogeneous material composition add uncer-
tainty to the depth resolution, which will be discussed below.
SEM cross-section micrographs of the sputter crater of the non-
etched hSi (see Figure S2, Supporting Information) point to a
nonconformal sputter rate as the cone structures basically disap-
pear. The hSi sample with the largest etch duration exhibits a
higher sulfur concentration than the nonetched bSi sample.
The small yet significant sulfur signal of the latter could be
due to matrix effects or mass interference with oxygen species.[22]

Figure 3a,b shows the average sub-bandgap absorptance and
the sulfur dose obtained from integrating the sulfur profiles over
the depth versus tetch for hSi and bSi, respectively. Within the first
minute of etching (tetch≤ 60 s), the average sub-bandgap absorp-
tance drops from (65.5� 1.9) %abs to (6.8� 1.9) %abs and the
sulfur dose from (11.4� 1.7)� 1015 to (0.9� 0.1)� 1015 cm�2.
This indicates that 92%rel of the incorporated sulfur are within
the first 150–200 nm if we take the etch rate of the solution on
crystalline Si for granted. After the sub-bandgap absorptance
vanished at tetch= 300 s, the sample has a remaining sulfur dose
of (0.59� 0.08)� 1015 cm�2.

Figure 3c,d show the measured effective carrier lifetimes as
obtained by QSSPC and spatially resolved as obtained by PL
imaging, respectively. The PL images show the non-laser

processed and planar reference area in the upper-left region,
the circular bSi area in the upper right, and the two circular
hSi areas in the lower row for different tetch. The effective carrier
lifetime τeff of the planar reference is essentially independent
from tetch with lifetimes between 1 and 1.5ms, with a low
(575� 135) μs outlier at tetch= 600 s and a high (4200� 300)
μs outlier at tetch= 1200 s. The separation of the contributions
from bulk and surface recombination via the Kane and
Swanson method[23] yields that the outliers are mainly due to dif-
ferent bulk qualities, as the low (high) outlier does not coincide
with the highest (lowest) surface recombination rate. The non-
etched bSi (black symbols) and hSi (red symbols) samples have
low τeff values of (6.6� 0.3) μs and (5.4� 0.2) μs, respectively.

(a)

(b)

Figure 2. a) Absorptance spectra and b) SIMS profiles of hSi samples laser
processed in SF6 and etched for different durations tetch. Black curves refer
to the nonetched bSi sample processed in atmosphere.

0
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Figure 3. a) Average sub-bandgap absorptance in the spectral range
between 1250 and 2500 nm, b) sulfur dose, and c) effective minority carrier
lifetime τeff at an injection level of Δn= 1015 cm�3 for hyperdoped sam-
ples (red symbols) versus etch duration. Gray symbols refer to the case of
a,b) nonetched reference sample laser processed in atmosphere and the
(c) turquoise symbols mark τeff of the non-laser processed reference area.
Dashed lines in (c) are guide to the eye through the average values. The
vertical dashed line marks the first observation of vanished sub-bandgap
absorptance, here after tetch= 300 s. The insets in (c) show sketches of the
cross sections of planar, black, and hyperdoped samples, the latter with a
rough and sulfur-rich front surface (yellow), and Al2O3 passivation on both
sides (blue). d) Scaled PL images of wafers after three different etch dura-
tions. The upper-left area is non-laser processed, the upper-right circular
area is laser processed in atmosphere, and the two lower areas are
nominally identical laser processed in SF6.
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Within the first 60 s of etching hSi, that is, after the removal of
the sulfur-rich layer, τeff rises monotonously with tetch by 18%rel

to (6.6� 0.3) μs for tetch= 60 s. At tetch= 300 s, that is, after the
loss of sub-bandgap absorptance, τeff increased to (13� 1) μs for
hSi and (29� 2) μs for bSi. It becomes clear that the effective
carrier lifetime of bSi recovers faster than for hSi. After the max-
imum tetch applied in our experiment, the τeff-value for hSi
approaches (240� 150) μs while the value for bSi takes
(1291� 100) μs which is essentially the quality of the cSi bulk.
The PL images in Figure 3d illustrate that the recovery of the
lifetime is not homogeneous across the laser processed area,
either due to a spatial variation in etch rate or hyperdoping pro-
file, which explains the larger uncertainty of the values for hSi.
However, the general trend shows that while both laser-induced
crystal damage and incorporated sulfur severely reduce the effec-
tive carrier lifetime τeff, the sulfur states reach deeper into the
substrate and set the major limitation in the hSi samples as they
result in a higher recombination rate for all investigated etch
durations.

3. Simulation

As mentioned above, the effective carrier lifetime τeff comprises
all recombination channels present in a sample. In the present
case, however, defect recombination in the laser-processed sur-
face layer determines and limits the measured value of τeff of
both bSi and hSi samples. We set up a simulation of the lifetime
measurement in the open-source software PC1D that solves the
set of Poisson’s, transport, and continuity equations for both car-
rier types in 1D.[24] Figure 4 shows a sketch of the simulated
geometry together with part of the assumptions and varied
parameters. If not mentioned otherwise, the physical properties
like bandgap, refractive index, etc. are taken from Si as preset in
the software. Carrier mobilities and free carrier absorption are
calculated from an internal model. We simulate the effective car-
rier lifetime by the temporal decay of the excess photoconductiv-
ity after an initial photogeneration at time t= 0. Note that this
refers to the so-called transient mode with no illumination dur-
ing data acquisition, whereas the measurements are taken under
(quasi-) steady-state mode under a flash with decay constant
of about 2ms. Simulations under steady state, however, yield

similar results. The spectrum of the illumination corresponds
to the spectrum of the flash lamp.[25] Its intensity is adapted,
depending on the local lifetime in the hyperdoped region τtop,
to allow for an excess carrier density in the cSi bulk of
1015 cm�3, as this is the injection level of the experimental values
in Figure 3c. We assume no surface recombination and a bulk
lifetime of the substrate of 1ms based on the measurements of
the reference area. Note that the actual bulk lifetime of the mate-
rial is likely higher, which results in a higher uncertainty of the
simulated when bulk recombination cannot be neglected over
recombination in the hSi. The absorption coefficient of the
hSi layer is adapted, as shown in Figure 4, to account for a higher
absorptance of IR photons. Its value is estimated from the analysis
in ref. [26] for an assumed optical depth of 0.03 (Tanneal= 400 °C)
and a thickness of the hyperdoped layer of 1 μm. Thereby, about
one-third of the total photogeneration takes place within the hSi.
The two parameters bulk lifetime τtop and dopant concentration
ND in the hSi layer are varied to study their respective impact
on the effective lifetime of the whole sample stack.

Figure 5 shows the dependence of the simulated effective
carrier lifetime τeff on τtop as well as on different n-type dopant
concentrations ND. The undoped case refers to the same p-type
doping of the hSi as the cSi substrate. For all dopant concentra-
tions, there is an interval of τtop-values for which the effective
carrier lifetime depends strongly on the local hSi carrier lifetime.
If τtop exceeds a certain value, τeff approaches the bulk lifetime of
the substrate; if it falls below a certain value, τeff takes a lower
limit and does not change significantly with τtop. The trend with
respect to the n-type dopant density is that a higher ND results in
a higher effective carrier lifetime for a given hSi lifetime τtop. An
exception is the lower τeff-limit for the undoped case, which is
11 μs and thereby higher than the lower limit for an assumed
ND= 1016 cm�3 of 5 μs. We find that the measured effective car-
rier lifetimes in Figure 3c are best modeled by assuming a dopant
concentration of ND= 1016 cm�3 or lower and local top layer
lifetimes in the range from few ps up to 10 μs.

4. Discussion

The hyperdoped layer is composed of 1) a resolidified amor-
phous, nano-, and polycrystalline top layer that here contains

hSi

cSi

ValueParameter

0 cm/sSurface recombination velocity

flash lamp of WCT-120 [*]Illumination spectrum

hSi

1 µmThickness

250-660nm: Si literature values;
660-1300nm: = 300 cm-1 (fixed)

Absorption coefficient

Varied between 5 ps to 10 µsBulk lifetime top

Varied between undoped or n-typeDopant concentration

cSi

300 µmThickness

1000 µs (fixed)Bulk lifetime bulk

2.78 1015 cm-3 (fixed), p-typeDopant concentration

Figure 4. Sketch of the simulation and summary of a part of the assumed and varied sample parameters. The upper and lower layer refer to the
hyperdoped (hSi) and crystalline bulk (cSi) silicon. The 2D sketch is for illustration only. *Flash lamp spectrum from ref. [25].
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92% of the incorporated sulfur dose with a rather uniform dis-
tribution of the dopant and 2) a crystalline layer underneath in
which the sulfur concentration gradually decreases.[1] We deduce
from the controlled back-etch experiment that the resolidified top
layer has a thickness between 150 (tetch= 60 s) and 750 nm
(tetch= 300 s). It also accounts for the sub-bandgap absorptance
of the material. The initial increase in absorptance in the visible
region for tetch< 30 s could be attributable to morphology
changes but more likely it is due to a thinning/removal of a thin
amorphous top layer that forms nearly conformally on the
surface due to the scanning movement of the laser beam across
the surface.[9] The higher refractive index of amorphous silicon
results in a higher surface reflectance.[27] Figure S1, Supporting
Information, shows Raman spectra of the corresponding sam-
ples that yield a fully crystalline material after tetch= 300 s.
The SEM micrographs indicate that the resolidified, defect-rich,
and highly doped layer is preferentially etched,[28,29] so the thick-
ness bounds are likely underestimated. TEM analyses in litera-
ture also show thickness inhomogeneities with resolidified
material concentrating especially in the tip region of the cone
structures where its thickness can exceed 1 μm.[9,21] The SIMS
profile of the nonetched sample in Figure 2c shows highest con-
centration up to a depth of (0.75� 0.06) μm and a wider plateau
until (1.85� 0.1) μm after which concentration gradually decays.
We assume that after the first interval, the resolidified layer has
been removed in regions of lower thickness between the protru-
sions and that the plateau arises from sulfur in the tip region. As
already mentioned in Section 3, the depth resolution of the SIMS
profiles is limited due to an initially nonconformal sputter rate
and varying composition of the layers. As the sputter rate
depends on the angle of incidence of the ion beam and the mor-
phology changes with the amount of sputtered material, the local
rate also changes over acquisition time.[30,31] This dependency on
morphology and composition likely explains why the sulfur pro-
file of the tetch= 300 s sample differs in shape and depth from
final decay in sulfur concentration of the nonetched sample.

The profile of the tetch= 300 s sample is stretched in comparison,
suggesting a lower sputter rate for this morphology and
composition.

For the 1D simulation, we do not distinguish between the two
layers and simplify the hSi layer as a 1 μm-thick layer of elevated
recombination, whereas actually the carrier lifetime depends
on the crystal quality[8] and the dopant concentration.[32,33]

Furthermore, the absorption coefficient in the hSi is in practice
linked to the local lifetime but kept fixed for all τtop. However, the
main trends and dependencies are reflected in Figure 5.

The first trend is the dependency on τtop. The lower limit
where τeff does not depend on τtop is due to the diffusion-limited
carrier transport from the bulk to the hSi. That means that at this
level even a higher number of defects does not reflect in a change
of τeff. Effective carrier lifetimes of 5 and 11 μs correspond to
electron diffusion lengths of 127 and 189 μm, respectively, for
the given substrate. This covers the average distance between
position of photogeneration and hSi and means instantaneous
recombination once the carriers reach the hSi. If we switch
the incident illumination to the rear, that is, the non-laser proc-
essed side in the simulation, we observe a slightly higher τeff as
this avergage distance increases. For a simulated dopant concen-
tration of ND= 1016 cm�3, the lower limit is reached for
τtop< 2 ns, that is, measured effective carrier lifetimes of—in
this case—5 μs mean carrier lifetimes in the hSi below 2 ns.
For dopant concentrations of 1020 cm�3, carrier lifetimes of
about 1 ns and diffusion lengths of below 1 μm are reported.[32]

This yields that for a τtop> 2 ns, the diffusion length of carriers
exceeds the thickness of the hSi layer. Hence, they may trans-
verse the hSi into the bulk of the substrate, resulting in an
increase of τeff. This increase continues until τtop> 10 μs where
the cumulative recombination in the hSi does not limit τeff any-
more. At this level, the neglection of surface recombination in
the simulation certainly should be reconsidered for more accu-
racy. Note that the slight but significant increase in τeff for the
experimental samples in Figure 3c for tetch≤ 60 s is not reflected
in the simulation. This likely results from the fixed absorption
coefficient—and thus also fixed generation profile—in the sim-
ulation. In the experiment, a larger fraction of carriers is gener-
ated in the cSi bulk when the hSi becomes etched which also
influences τeff .

[15]

The second trend is in the dopant concentration ND of the hSi.
Two aspects come into play that differ depending onND. The first
is that an n-type doping results in a space–charge region at the
interface to the substrate. The charge carriers become separated
and diffusion of electrons (holes) into the substrate (hSi) reduces
due to the energy barrier. The height of the energy barrier
increases with dopant concentration and furthermore depends
on the injection level and thereby also on the local carrier lifetime
τtop. It “screens” the recombinative hSi from the cSi bulk by
reducing the replenishing flow of recombination partners. The
undoped case without any space–charge region therefore shows
the lowest τeff values. The exception for ND= 1016 cm�3 for
τtop< 2 ns is due to a high recombination rate at the hSi/cSi inter-
face. The reason is due to the second aspect, which is that recom-
bination rate is proportional to the product of electron n and hole
density p. The electric field drives a drift current of electrons
from the cSi toward the hSi that quickly replenishes recombined
carriers, thus resulting in a higher p–n product and an overall

Figure 5. Simulated effective carrier lifetime τeff of the sample as shown in
Figure 4 versus the assumed lifetime in the top hSi layer for different n-type
dopant concentrations ND. Undoped means the hSi layer has the same
p-type dopant concentration as the cSi bulk.
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faster decay compared to the undoped case at the interface.
However, if ND becomes larger, the countereffect of holes drift-
ing into the cSi combined with a higher-energy barrier becomes
important. Figure S3, Supporting Information, shows more
details on spatially resolved recombination and carrier densities.

It might seem contradictory that the experimental values are
best matched by a simulated ND= 1016 cm�3 although the sulfur
concentration is above 1019 cm�3. Even if only 1–10% of the sul-
fur is electrically active as donor,[11,34–36] there is a large discrep-
ancy. The reason is that the crystalline tail region limits τeff of the
sample and the effective doping here is much lower than in the
resolidified layer. Figure 6a shows a replot of the measured τeff
values of hSi samples over the sulfur dose calculated from the
SIMS profiles. In the process of thinning and removal of the
resolidified layer, although it contains most of the sulfur and
crystal defects, τeff changes insignificantly. Only after its removal
and the onset of thinning the underlying sulfur-containing crys-
talline silicon, τeff increases significantly. This suggests that the
used conditions of measuring and studying the effective lifetime
are especially sensitive to the tail region and hold limited insight
with respect to the resolidified layer.

For the same etch duration, the lifetime of the bSi shows a
stronger recovery. The sample shows a microstructured cone-like
morphology as well. Its sub-bandgap absorptance is due to
Urbach states that result from amorphous and polycrystalline
phases and small amounts of incorporated oxygen and
nitrogen.[37–40] Previous studies suggest that incorporation of
nitrogen from N2 is less efficient than from, for example, NF3
precursor gas.[41,42] We therefore assume a similar two-layer
composition as for the hSi, with the main difference that bSi
is essentially free of sulfur.[9] The resolidified layer becomes
removed in a similar duration as for the hSi so we can infer a
benchmark for the recombination due to laser-induced defects

from the bSi. Figure 6b shows the local lifetime τtop that we
obtain from Figure 5 by correlating the measured (Figure 3c)
and simulated τeff for hSi (red) and bSi (black) versus sulfur dose.
For bSi, we take the curve of the undoped, for hSi the
ND= 1016 cm�3 curve for the for shorter and undoped for the
two longest tetch for correlation. The uncertainties in the mea-
sured τeff values and due to the choice of ND are reflected by
the vertical error bars. As mentioned, we interpret the values
for τtop from bSi with the same tetch as the “defect limit,” that
is, the lifetime in the crystalline tail region if no sulfur and only
laser-induced defects were present. After the longest tetch= 1200
s, this limit yields a τtop-value of at least 10 μs, which means that
we cannot ensure that all defects have been removed but only that
they do not limit τeff anymore. We estimate the etch depth at this
point to be at least 3 μm. Liu et al. report a full lifetime recovery
at an etch depth of 9 μm in a similar back-etch experiment, but
most of the defects are already removed at a depth of 4.5 μm.[20]

We find that the crystalline tail region in the hSi has a local carrier
lifetime τtop between 2 and 8 ns after the removal of the resoli-
dified layer whereas the defect limit after the same etch duration
holds a τtop of about 25 ns. For higher doses where the resolidi-
fied layer is still present, we can only infer an upper limit of
τtop< 2 ns. Lifetime characterization methods with higher
temporal resolution and monochromatic excitation in the hyper-
doped layer itself report values of the resolidified layer between 1
and 200 ps, depending on dopant concentration.[5]

5. Conclusion

We produce hyperdoped (hSi) and nonhyperdoped (bSi) silicon
by ultrashort laser pulse irradiation in SF6 and ambient atmo-
sphere, respectively. The laser process creates a surface texture
of randomly arranged micrometer-sized cones. A controlled wet
chemical back etch procedure leads to a set of samples with a
variety of sulfur concentrations. Based on our characterization,
we can distinguish two different layers that compose the hyper-
doped surface: 1) a resolidified amorphous, nano-, and polycrys-
talline top layer that contains about 92% of the incorporated
sulfur in a rather uniform distribution and that makes up for
the sub-bandgap absorptance and 2) a crystalline layer with a
declining sulfur concentration. We estimate the thickness of
the resolidified top layer between 150 nm in its thinnest exten-
sion between the cones and (1.85� 0.1) μm within the cone tips.
The thickness of the underlying layer is inhomogeneous as well
but based on the SIMS profile it should lie in a similar range.

The examination of the effective carrier lifetime of the sample
set yields the following conclusions based on the questions we
raised in the introduction. 1) How does the effective carrier life-
time τeff relate to the sulfur and laser-induced defect concentra-
tion? We take the bSi sample as a benchmark for laser-induced
defects that we assume has a similar double layer composition as
the hSi. The finding of a faster recovery of τeff of bSi over hSi
during “top down” wet chemical etching suggests that on the
one hand, laser-induced defects do not reach as deep into
the substrate as the sulfur and, on the other hand, that within
the hSi, it is the sulfur and not the laser-induced crystal damage
that mainly limits τeff. A significant increase in τeff is only
observed after the removal of the resolidified layer. This suggests

(b)

(a)

Figure 6. a) Measured effective carrier lifetime τeff of the hSi sample as
shown in Figure 3c versus the sulfur dose obtained by SIMS measure-
ments. b) Corresponding local hSi bulk lifetime τtop obtained from
correlating the measured τeff to the simulated τeff in Figure 5 for
ND= 1016 cm�3. The upper limit for three highest sulfur doses is
τtop< 2 ns. We estimate the “defect limit” due to laser-induced damage
from the bSi sample.
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that the measured τeff refers to the diffusion-limited lifetime as
long as the resolidified layer is present and that carriers recom-
bine “instantaneously” once they reach this layer, at least for the
temporal resolution of the used setup. 2) Is it possible to relate
τeff to the local lifetime in the hyperdoped layer? We estimate the
local lifetime τtop in the defect-rich hSi by comparing the mea-
sured τeff with the ones obtained from a 1D simulation with sim-
plifying but justified assumptions for different τtop. We find that
the highly recombinative resolidified layer has a maximum τtop of
2 ns. The crystalline layer with the declining sulfur concentration
has τtop between 2 and 8 ns and the sulfur-free bSi sample with
the same etch duration a τtop of about 25 ns. If τtop approaches a
value of at least 10 μs, τeff is not limited by recombination in hSi
anymore. 3) What are the (dis-)advantages of the used lifetime
characterization method with respect to its sensitivity in resolv-
ing changes of recombination in the hyperdoped layer? The
QSSPC method as implemented in the setup has the advantage
that in principle it gives the injection dependence of τeff in a
quick and easy-to-apply procedure. A challenge is linked to the
spectrum of the flash lamp that generates charge carriers in
the hSi as well as in the cSi bulk. As for hSi samples, τeff is deter-
mined by the time it takes carriers to diffuse from cSi to the hSi,
the measured τeff varies with, for example, the excitation wave-
length, the absorption coefficient of the hSi, or whether we illu-
minate from the front or rear side. The lifetime within the
resolidified layer remains obscured. An interesting feature is that
the doping of the tail region influences τeff as it can “screen” car-
riers from the resolidified layer. By our measurements, we esti-
mate that the effective n-type doping concentration of this region
is of the order 1016 cm�3. Thus, the QSSPC method in principal
yields information of the electrically active dopant density of the
hSi tail region. For detailed information of the local lifetime in
the resolidified layer, exclusive photogeneration within this layer
as well as a higher temporal resolution of the lifetime measure-
ment are necessary. 4) What implications can be drawn from a
device implementation perspective? The controlled back etching
of the resolidified layer could prove beneficial for the perfor-
mance of the material as an IR photodetector device as it tunes
the figure of merit τ/ttransit. Wang et al. showed improvement in
responsivity at least at an above-wavelength illumination of
1064 nm of a similar material after reactive ion etching.[43]

There may be an optimum trade-off between the positive effects
of an elevated local carrier lifetime τ on a scale below the “detec-
tion limit” of 2 ns, a possible increase of carrier mobility, lower
layer thickness which both affect transit time, and the negative
effects of reduced sub-bandgap absorptance. For an estimate on
the figure of merit, however, carrier mobility and electrical active
sulfur concentration for determining the built-in voltage should
be characterized in addition to the parameters obtained in our
study.

6. Experimental Section

Sample Preparation: We used double-side polished, Czochralski-grown
crystalline silicon (cSi) wafers with a diameter of 4”, a (100)-crystal orien-
tation, p-type resistivity of 1–10Ωcm, and a thickness of (380� 10) μm.
For sulfur hyperdoping, we placed the wafer into a cylindrical vacuum
chamber which we filled by sulfur hexafluoride (SF6) to a pressure of
675 mbar according to the procedure described in ref. [44]. For laser

processing in atmosphere, we placed the wafers on the chamber chuck
without the cover and used a laser fume suction to reduce dust and debris.
The Yb:YAG laser system (Amplitude Tangor 100) emitted pulses at the
central wavelength 1030 nm with 10 ps pulse duration at a repetition rate
of 200 kHz. A two-axis galvanometer scanner with an f-theta lens (focal
length 340mm, 1/e2-beam diameter of 70 μm) scanned the pulses across
the wafer in a square-shaped grid pattern with a scanning speed of
555mm s�1 (spot-to-spot distance Δx=Δy≈ 2.8 μm). This resulted in
a total number of pulses per spot of N= 500. The peak fluence was
ϕ0= 1.4 J cm�2. The circular laser processed areas had a diameter of
4 cm. Most wafers designated for back etching came with one area proc-
essed in atmosphere and two nominally identical areas processed in SF6.
We used the sequence of first processing the area in atmosphere and then
in SF6 to avoid any possible cross contamination by sulfur-containing
debris. Due to the induced surface structure, both laser-processed areas
appeared almost black but since the latter was additionally hyperdoped by
sulfur, we termed the former “bSi” and the latter “hSi.” Part of the wafers
only came with three identical hSi areas. We additionally produced a bSi
sample with areas processed in atmosphere only for absorptance and
secondary-ion mass spectrometry (SIMS) measurement as reference.

After laser processing the samples were precleaned by rinsing in a
sequence of acetone, isopropanol, and deionized (DI) water. A 2 min
dip in hydrofluoric acid (HF) removes any oxide layer. We then applied
an isotropic Si etch consisting of HF (50 wt%), nitric acid HNO3

(70 wt%), and DI water in a mixing ratio of 1:20:29 in a total volume
of 2.5 L. We estimated the etch rate of this solution on planar cSi to
be (150� 25) nmmin�1. We applied etch durations tetch of 10, 20, …,
60, 300, 600, 900, and 1200 sec on separate wafers. We then applied a
standard clean (SC1 and SC2) including HF dip. Subsequently, both front
and rear surfaces were passivated by 50 nm atomic layer deposited Al2O3

(dep. temperature 200 °C, precursors trimethylaluminium and H2O as in
another study[45]) and annealed at 400 °C (30min, forming gas ambient) to
activate the passivation.

Characterization: We first measured the effective carrier lifetime τeff by
QSSPC decay (Sinton WCT-120). We placed the center of each laser-
processed area over the center of the coil of the setup that detected
the photoconductance. This coil was calibrated for samples with a diame-
ter of 4 cm. We illuminated the samples from the laser-processed side and
evaluated τeff at an excess minority carrier density of Δn= 1015 cm�3. The
optical constant during measurement was kept fixed at 0.7 for planar sam-
ples and 0.9 for laser-processed samples. Changes in morphology due to
etching were not accounted for as the impact of the constant on τeff was
below 10%rel. We additionally performed photoluminescence (PL) imaging
(BTI LIS-R2 PLUS) for spatial resolution of τeff. We then removed the sur-
face passivation layer again by HF dip (1 wt% for 5min) and cleaved the
samples for scanning electron microscopy characterization. Absorptance
is measured by a spectrophotometer by placing the samples in an inte-
grating sphere according to the method described in another study.[26]

We measured sulfur depth profiles by dynamic SIMS Cameca IMS 4f-
E6 of specific samples without additional HF dip prior to measuring.
The system was calibrated by a planar S/Si implantation standard.
Data acquisition and thus sputtering time terminated when the back-
ground signal was reached. The measurement area was (120� 120) μm2.
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