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ABSTRACT

33 nm thick silicon on insulator films were implanted with boron at high dose (1.5 x 10'° or 2.5 x 10'° at/cm?) and low energy (3 or 4 keV),
then further annealed with 160 ns laser pulses. When the laser energy is set such as to lead to the near complete melt of silicon,
superconductivity is found in 4 keV-implanted films only, with a critical temperature that increases with dose from 270 to 390 mK. This
latter temperature is 200 mK higher than the one recently reported in polycrystalline films of same thickness. Transmission electron
microscopy images demonstrate that the films annealed at this particular laser energy are monocrystalline, with a lower density of boron
precipitates in superconducting ones at a given dose. A simple model shows that the appearance of superconductivity in 4 keV-implanted

films is due to the broader shape of the as-implanted boron distribution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166870

The primitive building block of most advanced quantum process-
ors is made of two superconducting electrodes delimited by a weak
link, known as Josephson junction (7)." " In the prospect of building a
quantum computer for which a very high number of qubits is
required, one is looking for superconductors that ensure the scalable
and reproducible fabrication of J7’s."” While aluminum is the material
of choice in current processors, silicon (Si) is undoubtedly the most
appropriate material regarding scalability and reproducibility.
Moreover, the Josephson effect has been recently observed in junctions
entirely made of silicon, called all-silicon JJ’s.” To form the supercon-
ducting electrodes of such JJ’s, Si is doped with boron well above its
solubility limit using gas immersion laser doping (GILD) or pulsed
laser induced epitaxy (PLIE).”® Depending on the technique, boron is
introduced through a precursor gas or by ion implantation. In both
methods, extremely short laser pulses (~10-100ns) are employed to
electrically activate boron through liquid-phase-epitaxy regrowth
(LPER).

Regarding the mass production of all-silicon JJ’s, PLIE is more
compatible than GILD since it does not require ultra-high vacuum
conditions and because ion implantation is a very common technique
in the semiconductor industry.’ Recently, superconducting silicon on

insulator (SOI) films (33nm) were obtained from PLIE using a
300 mm-compatible laser anneal system.” The energy and dose of the
boron ion implantation were set to 3keV and 2.5 x 10'° at/cm?,
respectively. Using 160 ns laser pulses, the complete melt of the SOI
layer was found as a required condition to induce superconductivity,
leading to polycrystalline films with 170 mK critical temperature (T¢).
However, monocrystalline electrodes with higher T are desired to
boost the supercurrent crossing the JJ’s.”” We here report ion implan-
tation conditions leading to monocrystalline SOI films of higher T¢
using the same laser anneal system as in Ref. 7. The role of boron
implant on superconductivity is analyzed by coupling standard char-
acterizations and modeling.

Four 300 mm wafers featuring a 15nm p-type (100) Si layer
(5-15 Qcm) on top of a 20 nm buried oxide (BOX) were used. SOI
layers were first thickened up to 33 nm by epitaxy. Then, boron was
implanted at tilt 7° and twist 22° using conditions given in Table I.
The ion implantation leads to the amorphization of close to half of the
SOI layer with slight variations related to dose and energy changes.”
Finally, 21 square fields (15 x 15mm?) received a 160 ns laser pulse
from a SCREEN LT-3100 system (4 = 308 nm) whose chuck was sta-
bilized at 200 °C in a N, atmosphere. To induce different conditions of
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TABLE I. Boron implant conditions and wafer labeling.

Energy — dose Wafer labeling
3keV — 1.5 x 10" cm ™2 W-315
3keV — 2.5%x 10" cm™ W-325
4keV — 1.5 x 10" cm ™ W-415
4keV —2.5% 10" cm™ W-425

LPER, each field was annealed at a given energy density (ED) between
1.0 and 1.5 J/cm? with an energy step Agp =25 mJ/cm?. After anneal,
the sheet resistance of each square field was measured at 20°C.
Measurements down to 50 mK and scanning transmission electron
microscopy (STEM) observations were done on 4 particular samples.
Figure 1 highlights the evolution of the sheet resistance (Rs) mea-
sured at 20 °C as a function of ED. In all wafers, increasing the ED ini-
tially leads to a sharp decrease in Rs. This drop results from the melt
of the amorphous layer followed by its explosive recrystallization into
doped polycrystalline Si.''" Then, the slower decrease in R, indicates
that the ED is high enough to cause a second melt after the explosive
recrystallization.”'" At small ED’s, the second melt only affects the
newly formed polycrystalline Si, leading to an increased dopant activa-
tion. At higher ED’s, the second melt reaches the monocrystalline part
of the SOI layer, leading after LPER to monocrystalline films of
increasing thickness, and hence, decreasing Rs. When the second melt
ultimately reaches the BOX, a polycrystalline film forms because there
is no more seed left for LPER. This event is characterized by a sudden
Rg increase between EDpy—Agp and EDpy, the so-called full-melt
threshold.”” One may also comment on the steep Rg decrease between
EDpym—2Agp and EDgpy—Agp, Our interpretation is that the second
melt stops sufficiently away from the post-implantation amorphous/
crystalline interface so that the growth of extended defects from the
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FIG. 1. 20 °C Sheet resistance as a function of energy density. Lines are guides for
the eye.
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coalescence of self-interstitials is prevented.12 Thus, the formation of a
defect-free SOI film would account for this steeper decrease in Rg.

As also outlined in Fig. 1, EDgy decreases from 1.425 to 1.325]/ cm?
when increasing the dose. This effect could be due to a decrease in the
reflectivity of the liquid when increasing the boron content, in agree-
ment with what has been reported in silicon-germanium alloys."”
One may also comment on the influence of dose and energy on the
four minimum Rg (Rils, Ri3s, Rils, and RJ35) obtained at
EDgv—Agp. The related doped-layers have approximately the same
thickness (~30nm), and the active boron concentration C, is rela-
tively constant within the layers because of the very rapid homogeni-
zation upon melting.” Hence, the differences in Rg roughly arise from
(Ca x )", where u is the hole mobility. At a given energy, R3]s
< R3s and R}js < Ri5s. In both cases, we cannot tell which film has
the higher C, because u is not constant. Indeed, we expect u to
decrease with the dose due to higher disorder (clusters/precipitates).
It is, thus, safer to compare the Rg at a given dose: Rjjs < R3}5 and
Ris < R3s most likely indicate that the 4keV energy leads to an
increased Cy.

Regarding superconductivity in monocrystalline Si, it has been
shown that the higher the active dose (at/cm?), the higher the T
In this respect, the energy density EDgy—Agp allows to reach a maxi-
mum active dose while preserving the monocrystalline quality of the
SOI layer. Superconductivity is then assessed in the four films
annealed in this particular condition (Fig. 2). While premises of super-
conductivity are evidenced in the curve related to W-325, both 4 keV-
implanted films are superconducting with a T¢ that increases with
dose from 270 to 390 mK. As compared to the previous study,’
increasing the implant energy by only one keV enables superconduc-
tivity below the full melt threshold and makes the T¢ increase from
170 mK to a maximum of 390 mK. This result corroborates the previ-
ously reached conclusion that 4keV implants lead to an increased
boron activation at EDgy—Agp. Moreover, increasing the dose either

1, Tt irezsmsssusasy snp g enin i
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FIG. 2. Normalized resistance of films annealed at EDgy~Agp (Fig. 1) vs tempera-
ture. The T is extracted at normalized resistance = 0.5.
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promotes superconductivity (3 keV) or leads to an increase in the T
(4keV). We conclude that highest-dose films feature higher active
doses even though they are more resistive (Fig. 1). As discussed earlier,
this conclusion is not contradictory and is in line with similar studies
(e.g., Fig. 3.21 in Ref. 15).

Cross-sectional STEM images of films annealed at EDgy—Agp
are shown in Fig. 3. The high angle annular dark-field imaging tech-
nique was employed to put in light variations in the atomic number.
Tiny dark spots, indicative of boron precipitates, can be seen at the
surface of the film related to W-315. Precipitates are better resolved in
films related to W-325 and W-425, with a higher density of them in
the former. We conclude that 3 keV-implanted films are more sensi-
tive to precipitation than 4 keV-implanted ones at a given dose. This
result corroborates the fact that 3 keV-implanted films are more resis-
tive (Fig. 1) and are not superconducting (Fig. 2). Furthermore, fast
Fourier transform (FFT) measurements were carried on high-
resolution images for each film. All recorded images are similar to the
ones shown in Fig. 3 insets, in which a single lattice is observed. We
conclude that SOI films are indeed monocrystalline.

In the following, we present a model accounting for boron pre-
cipitation upon laser anneal. First, we rule out the possibility of precip-
itation from a solid solution since the diffusion length upon such short
anneal is meaningless (< 1 A°).'® Second, we consider that precipita-
tion does not start upon the very sudden primary melt (few ns)."” To
derive the atomic fraction of boron in the second melt (X,), we make
the approximation that the as-implanted profile follows a Gaussian
distribution of mean g, standard deviation ¢, and peaks concentration
—2 where ¢ is the dose. From simulations, 4 =9.9, ¢ =4 nm for a
@V boron implant, and y=13.2, 6 =54nm for a 4keV boron
implant.'® Upon melting, the extremely high boron diffusivity in liquid
Si (~10~* cm?/s) results in the almost-instantaneous homogenization
of the concentration (e.g., Fig. 3 in Ref. 19). Hence, we obtain the

ARTICLE pubs.aip.org/aip/apl

following expression by assuming that X is constant throughout the
melt,

J ) Cp(x)dx
Xo(x1) = L ) (1)

X1, CS + J CB(X)dX
0

where x; is the depth of the advancing liquid/solid (L/S) interface, Cg
the concentration of atoms in Si (5 x 10%% at/cm®) and Cg(x) the as-
implanted boron concentration at a depth x. The evolution of X, with
x1, is shown in Fig. 4. X, increases as the liquid gets thicker until it
reaches a maximum at x; = u + o. Then, X, decreases as less and less
boron is introduced into the advancing melt. Clearly, increasing the
implantation energy at a given dose makes the solution less enriched
with boron upon the spreading of the second melt. This is due to the
broader shape of the as-implanted profile.

Because x; remains small (< 30 nm), we consider that the tem-
perature is uniform inside the melt (e.g, Fig. 3 in Ref. 19).
Furthermore, if we refer to the phase diagram, the melting temperature
of the liquid evolves slightly (1385 °C-1414°C) in the range of boron
fraction 0-15 at. %.”” Hence, we make the approximation that the liq-
uid is at the Si melting point (Ty; = 1414 °C). The corresponding solu-
bility limit X, is drawn in Fig. 4. According to the model, precipitation
occurs beyond a critical x;. (X, > X;) at the exception of the film
related to W-415. At a given dose, a more pronounced precipitation is
expected in 3 keV-implanted films because of the higher gap between
X, and X;,. Both predictions are consistent with observations (Fig. 3).

The precipitates growth rate is assessed as follows. The phase to
consider is SiBs, as it is known to grow from boron-saturated solution in
both the solid and the liquid states.”’ Assuming a diffusion-limited reac-
tion, the growth rate of spherical precipitates is given by Zener et al.,”

FIG. 3. Cross-sectional STEM images of
films annealed at EDgy—Agp. Fast Fourier
transform of high-resolution images is
shown in the insets.
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FIG. 4. The atomic fraction of boron in the liquid as a function of the depth of the
advancing L/S interface. The solubility limit of boron in liquid Si at Ty (X} =14.2 at.
%)* is indicated by a black dotted line.

dRp XP—-X: D

— = X — 2
dt  2Xg—X:  Rp’ @

where Rp is the radius of precipitates, D is the diffusivity of boron in
liquid Si (1.2 x 10~* ecm?/s),” X2 is the atomic fraction of boron in the
liquid far away from precipitates, and X is the one in SiB; (75 at. %).
The factor 2 comes from the ratio between the concentration of atoms
in precipitates (~ 10** at/cm’)** and the one in the liquid phase
(~5 x 10°* at/cm®).”” At the beginning of precipitation, it is common
practice to assume that the liquid far from precipitates is not affected
by the growth (XE =X,). When X, remains constant over growth, this
relation does not hold long because boron is pumped further and fur-
ther from precipitates. Here, we considered that X} =X, is a good
approximation in the thickness range [0, 1 + o] because X, increases
at the same time as precipitation occurs. Finally, we used t = x; /v, for
the growth time, where vs= 0.3 m/s is the velocity of the L/S interface
estimated from time-resolved-reflectometry.””

Using the previous assumptions, Eq. (2) has been numerically
integrated between t, and t, where t, is the time at which X, becomes
higher than X, (Fig. 3) and tg the time at which X, reaches its maxi-
mum at x; =y + 0. The calculated Rp can be compared to the mean
size of precipitates Ry measured in STEM images (Fig. 3). Such mea-
surements could not be performed in the film related to W-315
because the dark spots are not well defined. As outlined in Table II, Rg
and Ry are relatively close to one another. This tends to indicate that
precipitation completes around tg. The fact that precipitates are mostly
evidenced in the first £ + ¢ nm (14 or 19 nm) corroborates this inter-
pretation (Fig. 3). At least it seems reasonable to conclude that precipi-
tation completes before the onset of LPER (x; ~30nm) in films
annealed at EDgy—~Agp.

In order to estimate the fraction of the dose trapped in precipi-
tates Fp, let us assume that precipitation ends the very moment the L/S

ARTICLE pubs.aip.org/aip/apl

TABLE II. Calculated radius (Rp) vs experimental size (Rg) of precipitates. NP = no
precipitation.

Film label Rp (nm) Rg (nm)
W-315 1.4 J/cm? 1.1 /
W-325 1.3 J/cm? 49 3.1
W-415 1.4 J/cm? NP NP
W-425 1.3 J/cm? 3.3 22

interface reaches x; = it + a. Fp is related to the molar fraction of pre-
cipitates as given as follows:*
Fp :0.84&)(07)(;,

Xo Xp =X,
where X,(1t + o) is known from Eq. (1). The factor 0.84 accounts for
the fact that only 84% of the dose is comprised in the melt. Then, we
can deduce the dose available for LPER (Dy), that is the dose present
in the liquid phase when the L/S interface reached its deepest position
(%1, ~30nm in films annealed at EDgy; — Agp). Results are shown in
Table II1. According to the model, around 40% of the dose is con-
sumed by precipitation in the film related to W-325. As a result, the
corresponding Dy is equal to the one of W-415, in which precipitation
has not occurred. The highest Dy is found in the film featuring the
best compromise between high implanted dose and low Fp namely,
the film related to W-425. Hence, increasing the implantation energy
helps reducing precipitation during the melting phase, thus leading to
a higher boron dose available for activation at the onset of LPER.

Finally, we can deduce the dose retained in the epitaxial layer
after LPER, namely, kg x Dy, where kg is the segregation coefficient of
boron in Si. This latter is close to 0.85 in our experimental conditions
(vg ~0.3 m/s).27 In 4keV-implanted films, we, thus, find that the
retained dose is close to 1.3 x 10'® and 1.6 x 10'° at/cm?, respectively.
According to GILD experiments,* such doses would lead to T¢ of 280
and 380 mK, in excellent agreement with what is actually found (270
and 390 mK). This means that the model, despite its simplicity, lead to
accurate predictions in this case. However, the model fails in predict-
ing the non-superconducting behavior of 3 keV-implanted films: the
retained doses seem too high. We believe that the amount of boron
trapped in precipitates is underestimated at this energy, probably
because the as-implanted profiles determined from the Gaussian
assumption are incorrect. Note also that further increase in the Tc¢
requires higher retained doses. In this respect, shorter laser pulses
(e.g. 25 ns)” are needed to reduce the precipitation time (smaller Fp)
and increase the solidification velocity (kg ~1).

3)

TABLE lll. Fp and D in films annealed at EDgy — Agp assuming that precipitation
completesax. = p + a.

Film label Fp (%) Dy (at/cm?)
W-315 1.4 J/cm? 7 1.4 x 10'°
W-325 1.3 J/cm? 40 1.5 x 10'°
W-415 1.4]/cm? 0 1.5 x 10'°
W-425 1.3 J/cm? 23 1.9 x 10'°
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In summary, we have studied the effect of boron implant dose
and energy on the superconductivity of laser-annealed monocrystal-
line SOI films (~30 nm). Despite the extremely short duration of laser
pulses (160 ns), we have shown that boron precipitation could still
occur in the liquid phase due to the very high concentrations gener-
ated by ion implantation. Such effects can be alleviated if not sup-
pressed by using a 4keV instead of a 3keV implant energy, the
implanted dose being distributed over a larger depth. In doing so,
monocrystalline SOI films with relatively high T¢ (390 mK) have been
obtained. The combination of 4 keV ion implantation and nanosecond
laser anneal below the full melt threshold is compatible with the
300 mm-manufacturing of all-silicon Josephson junctions.

The authors would like to thank SCREEN company and its
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European projects MATQu and SIQUOS (Grant Agreement Nos.
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