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Chalcogen-hyperdoped silicon shows potential applications in silicon-based infrared photodetectors and
intermediate band solar cells. Due to the low solid solubility limits of chalcogen elements in silicon, these
materials were previously realized by femtosecond or nanosecond laser annealing of implanted silicon or
bare silicon in certain background gases. The high energy density deposited on the silicon surface leads to a
liquid phase and the fast recrystallization velocity allows trapping of chalcogen into the silicon matrix.
However, this method encounters the problem of surface segregation. In this paper, we propose a solid phase
processing by flash-lamp annealing in the millisecond range, which is in between the conventional rapid
thermal annealing and pulsed laser annealing. Flash lamp annealed selenium-implanted silicon shows a
substitutional fraction of ~ 70% with an implanted concentration up to 2.3%. The resistivity is lower and the
carrier mobility is higher than those of nanosecond pulsed laser annealed samples. Our results show that
flash-lamp annealing is superior to laser annealing in preventing surface segregation and in allowing
scalability.

specific physical properties, such as a near-unity broadband (particularly below the Si bandgap) absorp-

tion'™, a large enhancement of below-band-gap photocurrent generation®, and insulator-to-metal trans-
ition®”. These novel properties make chalcogen-hyperdoped Si a promising material for applications in Si-based
infrared photodetectors®*'® and intermediate band solar cells'''*. The insulator-to-metal transition realized in
sulfur and selenium doped Si is driven by deep level impurities, which opens a new material test-bed for insulator-
to-metal transition, the long-standing fundamental problem. Note that chalcogen elements in Si generally have
much lower solubility limits compared with III and V-column elements. For instance, the solid solubility limit for
sulfur in Si'® was determined to be around 10'* cm™. To realize hyperdoping above the solid solubility limits,
non-equilibrium methods were used. Femtosecond (fs) or nanosecond (ns) pulsed laser irradiation was success-
fully applied to prepare chalcogen-hyperdoped Si by melting the Si surface in certain background gases contain-
ing chalcogens or with a powder/film of chalcogen on the surface>'*'. In parallel, by ion implantation and
subsequent annealing with ns laser pulses chalcogen-hyperdoped Si have been fabricated">*'®. Both fs and ns (or
even longer pulse length) laser annealing (pulsed laser annealing: PLA) at a high enough energy density melts the
Si surface' and renders a fast solidification after the laser is off. The solute impurities are trapped at the moving
interface when the regrowth time is short enough®~**. However, the liquid phase epitaxy associated with fs or ns
laser annealing encounters some drawbacks. One is the dopant redistribution and pileup at the surface*****. The
second is the significant loss of the dopant due to surface evaporation®. The third is the formation of polycrys-
talline materials mainly due to the rejected excess dopants®®*®. The last but not the least is its missing scalability
and reproducibility of PLA, which inhibits the application in microelectronics industry.

In this paper, we propose a novel approach, flash lamp annealing (FLA) in millisecond time duration which
allows for a solid phase epitaxy from implanted Si layers, to realize selenium hyperdoped Si. We will show that the
solid phase epitaxy also can achieve selenium-hyperdoped Si with larger Hall mobility. Additionally, the problems
mentioned above occurring in nanosecond pulsed laser annealing can be solved by flashlamp annealing.

C halcogen-hyperdoped silicon (Si) much above the solid solubility limits has been investigated due to its

Results

Selenium substitution without diffusion. Figure 1 shows the representative Rutherford backscattering
spectrometry (RBS) random and channeling spectra of selenium-implanted Si substrates (Sample SiSe2.3 in
Table 1) that were pulsed laser annealed (wavelength: 308 nm, pulse length: 28 ns) or flash lamp annealed
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Figure 1| (a) A sequence of 1.7 MeV He RBS/channeling spectra of
selenium implanted Si single crystals after different annealing (taking
sample SiSe2.3 as the example). The channeling is along Si[001]. The Si
matrix is recrystallized after both FLA (1.3 ms, 3.4 kV) and PLA (308 nm,
28 ns, 0.9 J/cm?). The inset shows a zoom for the selenium signal. We can
see that selenium ions are mostly substitutional to the Si sites. However, for
the PLA sample, selenium ions do not substitute Si sites at the near surface
range. (b) The depth profile of selenium in Si after FLA or PLA calculated
from RBS spectra. The projected range of selenium in FLA samples is in a
reasonable agreement with SRIM simulation after considering the well-
known discrepancy in the projection range between SRIM simulation and
the experimental values® . After PLA, a significant redistribution of
selenium is observed. The inset shows the RBS spectra for the as-implanted
and FLA samples measured using 1.5 MeV He ions. There is no re-
distribution of selenium after FLA.

(pulse length: 1.3-20 millisecond). We also measured the random
and channeling spectra of the unimplanted virgin substrate and the
channeling spectrum for the as-implanted wafers (not shown to
avoid overlapping). The implanted layer is fully amorphous. As

shown in Fig. 1(a), the implanted layer can be well recrystallized
by both annealing methods. The RBS-channeling spectrum reveals
a near-surface minimum backscattered yield y,,;, (the ratio of the
aligned to random yields) of about 5%, which is very close to the
value of 4% determined for the virgin single crystal Si substrate.

In the selenium signal, two interesting features can be observed.
One is the channeling effect, which occurs in both FLA and PLA
samples. It proves the substitution of selenium onto the Si lattice
sites, which is expected and has also been proved by other experi-
ments*. The substitutional fraction can be approximated by 1-y,,,;,
(selenium), which is shown in Fig. 2 for different samples. ,,;,(se-
lenium) stands for the ratio between the channeling and the random
spectra for the selenium signal. As shown in Fig. 2(a) and (c), the
selenium substitutional fraction is higher in the FLA sample than in
the PLA sample. Another feature is the significant redistribution of
selenium upon PLA. As shown in Fig. 1(b), selenium atoms move
both inward and outward upon PLA, which has been reported in
many papers>>****’. However, there is no observable redistribution
in the FLA sample as shown in the inset to Fig. 1(b). In RBS spectra,
the selenium signal of the FLA sample almost overlaps with that of
the as-implanted sample. The so-called snow plough effect®**® is
avoided in solid phase epitaxy. In Fig. 1(b), we also show the depth
distribution of selenium obtained by SRIM (Stopping and Range of
Tons in Matter) simulation®. The slightly shallow and narrow distri-
bution of selenium from simulation is well known®**' and is possibly
due to the overestimation of electronic stopping for heavy ions in
semiconductors®.

In Figure 2 we compare the selenium substitutional fraction for
samples with different selenium concentration and with different
annealing parameters. Figure 2(a) shows the substitutional fraction
after FLA at different temperatures with the pulse duration of 1.3 ms.
The temperature is estimated according to calibration and theory
model®. All the samples are recrystallized. The substitutional frac-
tion is between 40 and 70% and shows a maximum at the annealing
temperature of 1473 K. The substitutional fraction decreases with
increasing the flash lamp pulse duration from 1.3 ms to 20 ms as
shown in Fig. 2(b). This can be expected, since the diffusion length
will be much larger if the sample is kept at higher temperature for
longer time. For PLA samples, when the laser energy density is below
0.6 J/cm’® the sample is not fully crystallized according to our RBS/
channeling measurements, particularly for the sample with smaller
selenium concentration. The laser annealing parameters have been
found to sensitively depend on the implantation fluence’**. As
shown in Fig. 2(c), when the pulsed laser annealing energy is 0.5 J/
cm?, the substitutional fraction in sample SiSel.l is nearly zero.
When the energy is high enough (larger than 0.6 J/cm® for both
samples) to recrystallize the full layer, there is not much difference
in the substitutional fraction. Yet the substitutional fraction for PLA
samples is generally lower than for FLA samples. It is worthy to note
that for both FLA or PLA samples, the substitutional fraction for
sample SiSel.1 is slightly smaller than for sample SiSe2.3, for which
the reason is not clear and more investigation is required. The sub-
stitutional fraction has been estimated by comparing the integration
of the selenium signal in channeling and random RBS spectra.

calculated using SRIM and verified by RBS measurements

Table 1 | Sample definition and related parameters. The samples are referred as SiSe0.9PLA annedled by pulsed laser or SiSe0.9FLA
annealed by flash lamp, respectively, with corresponding optimal parameters. The depth distribution of selenium (estimated thickness) is

Sample ID Implantation parameters Estimated thickness Selenium peak concentration (%)
SiSe0.9 110 keV, 2.8x10' cm 2 ~150 nm 0.9
50 keV, 1.4x10'° cm2
SiSel.1 60 keV, 2.5x10'5 cm—2 ~100 nm 1.1
SiSe2.3 60 keV, 5.0x10'5 cm—2 ~100 nm 2.3
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Figure 2 | The selenium substitutional fraction in selenium implanted Si
after annealing by flash lamp or pulsed laser at different annealing
energy: (a) FLA at different flash-lamp charging voltages (different
annealing temperatures) with the pulse duration of 1.3 ms, (b) FLA with
different pulse duration and different charging voltages to have similar peak
temperature (~ 1473 K) in the sample and (c) PLA (308 nm, 28 ns) with
different energy densities.

Therefore, the relative error in the substitutional fraction values
when comparing different samples is very small.

Structural properties: epitaxial recrystallization. The structural
properties were characterized by Raman scattering and by X-ray
diffraction (XRD). Figure 3(a) shows the Raman spectra obtained
from selenium implanted Si as well as a reference single crystalline Si.
The as-implanted sample shows a broad Raman band at around
460 cm™', which corresponds to the amorphous silicon formed
during ion implantation®. After PLA or FLA, both samples exhibit
a peak at 520 cm™', corresponding to the transverse optical (TO)
phonon mode of crystalline Si. Moreover, an additional peak at about
303 cm™' which corresponds to the second-order transverse-
acoustic phonon (2TA) scattering from crystalline Si is observed
for both samples as for the Si reference sample, which is a
fingerprint of high crystallinity of the probed layer. The Raman
results prove the complete recrystallization of selenium implanted
Si by both PLA and FLA with relatively high quality.

As shown in Fig. 3(b), in the XRD 0 - 20 scans the as-implanted
sample shows a broad shoulder at the left side (lower angles). It is due
to the crystalline damage induced by ion implantation. The
implanted layer is amorphous-like as confirmed by Raman scattering
(Fig. 3(a)). After annealing, the left-side shoulder disappears, indi-
cating the recrystallization. There is large difference in the XRD
patterns between the PLA and the FLA samples. When selenium ions
substitute the Si sites, they form covalent bonds. The covalent radii
for selenium and Si are 120 and 111 pm, respectively. The doping of
selenium in the Si matrix up to a large enough concentration is
expected to increase the lattice parameter, like in antimony doped
Si*¥’. We do observe this effect in the FLA sample. Note that the
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Figure 3 | Representative Raman or XRD results taking SiSe0.9 as the
example after FLA (1.3 ms, 3.4 kV) and PLA (308 nm, 28 ns, 0.9 J/cm?).
(a) u-Raman spectra: A virgin Si is also shown for comparison. The spectra
have been vertically offset for clarity. (b) X-ray diffraction 6 — 20 scans:
The broad shoulder at the left side for the as-implanted sample is due to the
ion beam induced damage. After annealing, this broad shoulder disappears
and the oscillation indicates the good crystalline quality.

appearance of the x-ray interference effect (Pendellosung) in the
FLA sample is due to two layers with different lattice spacing. By
fitting the XRD pattern, we obtain a top Si:Se layer with a lattice
constant larger by around 0.60% compared with the Si substrate.
The presence of the interference peaks also proves the high crystal-
line quality and the sharp interface after flashlamp annealing.
However, the XRD result for the PLA sample is rather puzzling: it
contains a broader shoulder at a larger diffraction angle correspond-
ing to a smaller lattice constant.

Electrical properties: selenium hyperdoping. Selenium is a deep
donor in Si and its energy level is around 200-300 meV below the
Si conduction band® Upon high concentration doping, an
insulator-metal transition was observed in selenium doped Si’.
We also measured the electrical properties of selected samples.
Figure 4 shows the sheet resistance in the temperature range 4-
30 K. Since we use nearly intrinsic Si substrate with a sheet
resistance around 1.5X10° ohm/[] at room temperature, the par-
allel resistance from the substrate is much larger than the selenium
doped layer. Therefore, we only measure the conductivity from the
doped Si layer. For the PLA samples, an insulator-metal transition
occurs with increasing selenium concentration: Sample SiSel.l
behaves like an insulator with its sheet resistance sharply rising
at low temperature. Its conductivity is thermally activated. On
the other hand, for the higher doped sample SiSe2.3 the
resistance increases only very slightly at low temperature and its
conductivity appears to remain finite when the temperature
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Figure 4 | Temperature dependent sheet resistance of selenium
implanted Si annealed by FLA (1.3 ms, 3.4 kV) or PLA (308 nm, 28 ns,
0.9 J/cm?): With increasing selenium concentration, an insulator-metal
transition occurs for the PLA samples, while all FLA samples show quasi-
metallic conduction.

approaches zero. In sharp contrast, flash lamp annealing renders
both samples metallic like - the higher doped SiSe2.3, but also the
lower doped SiSel.1. The sheet resistance of sample SiSel.1FLA is
even lower than SiSe2.3PLA with a higher Se concentration, clearly
showing the superior (flash-lamp) annealing behavior by solid-
phase epitaxy. Finally sample SiSe2.3FLA exhibits the smallest
sheet resistance and a clear metal-like conductivity. Its sheet
resistance at 5 K is around 190 ohm/[J. It corresponds to a con-
ductivity of 500/(ohm*cm) if assuming a thickness of 100 nm. This
conductivity is three times larger than sample SiSe2.3PLA. We
attribute the large conductivity to the high quality of the
recrystallized layer by FLA, which results in a large Hall mobility.
Figure 5 shows the comparison of the electron concentration and
Hall mobilities measured at 300 K for different FLA and PLA sam-
ples with increasing selenium concentration. The carrier concen-
tration is calculated by assuming the effective thickness of the
selenium doped layer as 150 nm for sample SiSe0.9 and 100 nm
for samples SiSel.l and SiSe2.3 (see Table 1), respectively. As can
be seen, the carrier concentration is in the range of 3-
13X10" cm™. The activation efficiency is thus around 10%.
Although the PLA samples generally have a larger electron concen-
tration than the FLA samples, the mobility is around 3 times smal-
ler. The Hall mobility in FLA samples is in the range of 80-
100 cm?/V -+ 5. The values achieved here are almost of the same
order as in Si doped with normal shallow donors in the high doping
regime (10"°7*° ¢m™*)*. It is worth to note that the FLA samples
have a larger substitutional fraction and a smaller carrier concen-
tration than that of PLA samples. This discrepancy might be due to
the fact that in PLA samples selenium diffuses out- and in-ward
resulting in a larger effective doping depth. On the other hand the
interstitial selenium or other defects probably also contribute to
free electrons as for the case of titanium supersaturated Si*>*'.

Discussion

How to understand the success of hyperdoping Si with selenium
via solid phase epitaxy? Let us revisit the mechanism for realizing
hyperdoped semiconductors. The hyperdoping is attributed to the
so-called solute trapping at the moving amorphous/crystalline
interface when the dopant retain time is larger than the time
required for one monolayer regrowth®>*>*. This process is deter-
mined by the diffusion coefficient, which is much larger in liquid
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Figure 5| (a) The carrier concentration and (b) the Hall mobility at 300 K
of selenium implanted Si annealed by FLA (1.3 ms, 3.4 kV) or PLA

(308 nm, 28 ns, 0.9 J/cm?) with optimized parameters. The mobility of
FLA samples is comparable with the shallow donor considering the dopant
concentration®. The solid lines are only for guiding the eyes.

phase than in solid phase for most of dopants. This reminds us
that a compromise approach might exist for chalcogen elements
which are relatively slow diffusers in the solid phase compared
with transition metals. Indeed, supersaturation of tellurium in Si
up to 3X10* cm™ has been realized by furnace annealing at
550°C and the substitutional fraction is around 70% in tellurium
implanted Si*°. However, the substitutional fraction is largely
decreased to 45% when the implantation fluence is increased as
for the case of selenium implanted Si**.

We try to characterize the competition between the solute trap-
ping and diffusion by estimating the time needed to regrow (zs) or
to diffuse (tp) over a Si monolayer (0.27 nm). In other words, the
speed of the resolidification and the speed at which the impurity
atoms can move determine how likely they will stay ahead or be
trapped by the moving amorphous/crystalline interface. If 7p is
larger than 75, the dopants are able to be trapped in the crystalline
matrix. In Figure 6, we compare 7 and 7, estimated from data
published in literature. 7, is calculated according to the data in ref.
45. The large uncertainty in 75 comes from the large scattering in
the regrowth velocity, which exhibits different values reported by
various groups®***’. However, as shown in Fig. 6, in solid phase Si
7p is generally larger than 7. That means selenium impurities can
be trapped in the Si matrix if an optimized thermal treatment is
applied even in solid phase processing. Particularly, in the low
temperature regime, Tp is much larger than 7, which well explains
the realization of doping above solubility limit by low temperature
annealing®.

Another criterion to be considered is the annealing duration. In
the regrown metastable layer, the impurity concentration is much
above the thermal equilibrium solubility limit. During the prolonged
annealing to finish the regrowth completely, the metastable solubility
returns to the equilibrium value as dopants come out of their sub-
stitutional positions. This has been observed in sulfur hyperdoped
Si*. The decrease in the substitutional fraction with increasing dop-
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Figure 6 | Competition between the Si recrystallization and selenium
diffusion characterized by the time needed to regrow (z) or diffuse (zp)
one monolayer. The dashed line is 7, in solid phase according to the
diffusion parameter in Ref. 45. The other lines or symbols are 75 according
to different references: open square*, star'’, open triangle*®, solid square®’,
open circle®. Despite the possible uncertainty of the regrowth velocity, 1
is smaller than 7p. That means it is possible to trap selenium and realize
metastable, selenium over-saturated Si layer. The vertical dashed and
dotted lines indicate the working regime of flash lamp annealing (FLA).
The reported 7 is shown as a solid triangle” and 7, is shown as a vertical
thick line by assuming the growth velocity of 1-10 m/s for pulsed laser
annealing (PLA).

ant concentration is due to incipient precipitation®’. For a first
approximation, the metastable phase does not precipitate if the mean
diffusion length of the impurity at the annealing temperature is less
than their average distance. For a diffusion length larger than the
average impurity distance, there is a finite probability of nucleation of
a secondary phase or dimers. Therefore, the diffusion length
L=(2Dt)"2, D being the diffusion coefficient*® and ¢ the annealing
time, must be relatively short in order to achieve a high concentration
of dopants on the substitutional sites. We illustrate the estimated
results in Fig. 7, in which the working regimes of furnace annealing
(FA), rapid thermal annealing (RTA) and flash lamp annealing
(FLA) are indicated. In the case of FA at low temperature (around
500°C), an annealing duration more than 1000 s is needed to regrow
the whole layer. A longer annealing time and a slightly higher anneal-
ing temperature strongly increase the diffusion length. From Fig. 7,
an annealing processing in millisecond or microsecond while keep-
ing the system in solid phase could result in a minimized diffusion
length. This also explains why the substitutional fraction strongly
reduces in furnace annealed selenium-implanted samples when the
selenium fluence is increased**.

In summary, we have presented a solid phase epitaxy approach by
millisecond FLA to realize selenium hyperdoped Si from implanted
amorphous layers. The dopant redistribution, which always occurs in
pulsed-laser induced liquid phase epitaxy, can be effectively sup-
pressed by FLA. The FLA-prepared sample exhibits larger Hall
mobility and conductivity than the samples prepared by liquid phase
epitaxy. The success of FLA lies in the facts that the selenium impur-
ities have moderate diffusion coefficients in solid Si and that FLA
occurs within milliseconds (much shorter than furnace or rapid
thermal annealing). The regrowth velocity can beat the dopant dif-
fusion in carefully optimized annealing condition. Our finding is not
limited to selenium, but generally interesting for chalcogen impur-
ities and other unconventional dopants in semiconductors.
Annealing in the microsecond or millisecond range might be opti-
mized for realizing hyperdoping of transition metal impurities in Si
as well as in III-V compound semiconductors.
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Figure 7 | Selenium diffusion length (L) in Si at different temperature vs.
time duration. The three boxes indicate the working regime of different
thermal process in solid phase: low temperature furnace annealing (FA) for
more than 1000 second, rapid thermal annealing (RTA) for seconds and
flash lamp annealing (FLA) for milliseconds at high temperature. The
diffusion length of selenium in liquid phase is also shown for comparison.

Methods

Semi-insulating (100) Si wafers were implanted with selenium at room temperature.
The implantation energy and fluence are listed in table I. The resistivity of the virgin Si
wafer is above 4000 ohm*cm at room temperature. This resistivity corresponds to a
sheet resistance of 1.5X10* Q/[J at room temperature, which is even 10 times larger
than sample SiSel.1PLA (shown in Fig. 4) with the most resistive sample in our
experiment. Therefore, the parallel conductivity from the Si substrate can be
neglected.

Implanted Si samples were flash-lamp annealed for 1.3, 3 and 20 ms. The FLA
system employed in our experiments has been introduced in details in Ref. 33,52. It
consists of two annealing systems. At the top there are twelve 30 cm long xenon
(Xe) lamps spaced by about 3 cm representing together with the reflector the FLA
system, and at the bottom a lower bank of halogen lamps allows the wafer to be
preheated to a selected temperature - a type of rapid thermal annealing system. The
Xe lamps are energized by discharging a capacitor/inductor unit in the millisecond
time scale. The maximum energy which can be delivered to the sample during a
single 20 ms shot is 250 k] which is sufficient to melt silicon. The emission spec-
trum of Xe lamps used in our system falls in the visible spectral range in between
350 and 800 nm. For effective annealing, FLA treated materials should have a high
absorption coefficient in this spectral region, e.g. silicon is perfectly suited for FLA
processes. Wafers up to 100 mm in diameter can be processed with a lateral
homogeneity better than 5%. The temperature simulation was carried out based on
the wave transfer matrix method for modelling the absorption of the flash light, and
the numerical solution of the one-dimensional heat equation®. The optical system
taken into consideration for temperature simulation comprises the inert gas
atmosphere of argon, amorphous Si layer formed during ion implantation and the
bulk Si. The energy delivered to the sample during the FLA process depends on the
overall absorption and transmission of the investigated system. The as-implanted Si
absorb about 85% of the incident flash lamp spectrum, while the virgin Si wafer
absorb only about 65% of the light delivered to the sample surface. Therefore the
annealing parameters used to obtain the same final temperature during the FLA
process in different materials have to be carefully adjusted. As one example,
according to the simulation of the temperature distribution in Si wafer during 3 ms
annealing, the maximum temperature at the surface is reached after 2.5 ms with
temperature gradient of about 1°C/um.

The laser annealing system is a Coherent XeCl excimer laser with 308 nm wave-
length and 28 ns duration which was focused to a 5 mmX5 mm square spot, where
the lateral intensity variation was less than 3%. Samples were irradiated with different
energy fluences ranging from 0.5 J/cm? to 1.2 J/cm®.

The structural properties of the annealed samples were investigated by Raman
spectroscopy, Rutherford backscattering spectrometry/channeling (RBS/channeling)
and X-ray diffraction (XRD). The RBS measurements were performed with a col-
limated 1.7 MeV He™" beam at a backscattering angle of 170°. For the results in the
inset of Fig. 1(b), the measurements were performed with 1.5 MeV He" ions. The
sample was mounted on a three-axis goniometer with a precision of 0.01°. The
channeling spectra were measured by aligning the sample to make the impinging
He™ beam parallel with the Si[001] axis. The XRD experiment were performed at
Rossendorf Beamline (ROBL), European Synchrotron Radiation Facility (ESRF),
using a X-ray with wavelength of 0.1078 nm. The phonon modes were determined
by Raman spectroscopy in a backscattering geometry in the range of 200 to 600 cm ™"
using a 532 nm Nd:YAG laser with a liquid nitrogen cooled charge coupled device
camera. Electrical properties were measured in van der Pauw geometry using a
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commercial Lakeshore Hall System. Gold electrodes were sputtered onto the four
corners of the square-like samples. The sputtering process also removed the nature
SiO, layer to some extent. Silver glue was used to contact the wires to the gold
electrodes. All contacts are confirmed to be ohmic as we checked by measuring
current-voltage curves at different temperatures.
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