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ABSTRACT

The relentless scaling of semiconductor devices pushes the doping level far above the equilibrium solubility, yet the doped material must be
sufficiently stable for subsequent device fabrication and operation. For example, in epitaxial silicon doped above the solubility of phosphorus,
most phosphorus dopants are compensated by vacancies, and some of the phosphorus-vacancy clusters can become mobile around 700 �C to
further cluster with isolated phosphorus ions. For efficient and stable doping, we use microwave annealing to selectively activate metastable
phosphorus-vacancy clusters by interacting with their dipole moments, while keeping lattice heating below 700 �C. In a 30-nm-thick Si nano-
sheet doped with 3� 1021 cm�3 phosphorus, a microwave power of 12 kW at 2.45GHz for 6min resulted in a free-electron concentration of
4� 1020 cm�3 and a junction more abrupt than 4 decades/nm. The doping profile is stable with less than 4% variation upon thermal anneal-
ing around 700 �C for 5min. Thus, microwave annealing can result in not only efficient activation and abrupt profile in epitaxial silicon but
also thermal stability. In comparison, conventional rapid thermal annealing can generate a junction as abrupt as microwave annealing but
25% higher sheet resistance and six times higher instability at 700 �C.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0099083

In shrinking the size of semiconductor devices, their free-electron
concentration must also be raised higher through heavy doping of the
semiconductor material with impurities as well as controlled annealing
to activate the impurities into efficient donors or acceptors of charge
carriers.1 Traditionally, doping is achieved through ion implantation
and activation is achieved through thermal annealing.2 For scaling
beyond the 3-nm node, the introduction of 3D nanostructure transis-
tors, such as nanowire and nanosheet MOSFETs3,4 [Fig. 1(a)], presents

new challenges for doping and activation.5–10 For example, the
source and drain of the MOSFETs may be doped with more than
3� 1021 P/cm3, an order of magnitude higher than the equilibrium
solubility of P in Si,11 through in situ doping during epitaxial growth
(see the supplementary material) instead of ion implantation.12–16

Although this helps to reduce the channel resistance through strain-
enhanced carrier mobility, the free-electron concentration saturates
due to dopant compensation while the electrical resistivity increases
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due to impurity scattering [Fig. 1(b)]. Thus, with the increase in P con-
centration, the source and drain resistance increases rather than
decreases, which renders the source and drain resistance higher than
the channel resistance and the bottom nanostructure MOSFET inac-
cessible. Furthermore, the excess donors can become deactivated upon
heating during subsequent device fabrication.14,17–29 The deactivation
occurs because at elevated temperatures, the surface can supply vacan-
cies to diffuse through the nanometer-thin layer to cluster with P and
form PNV complexes, thereby preventing P from being electrically
active. Here, V denotes the vacancy and N¼ 1, 2, 3, or 4. Moreover, at
around 700 �C, PV, P2V, and P3V are sufficiently mobile23 to continue
the chain reaction to deactivate more P until they become immobile
P4V:

30

Pþ þ e� þ V ! PV; PV þ Pþ þ e� ! P2V;

P2V þ Pþ þ e� ! P3V; P3V þ Pþ þ e� ! P4V;
(1)

where e� is the free electron. Note that P4V is structurally similar to
Si3P4 or Si3N4.

To overcome the dopant activation/deactivation challenges, we
take advantage of the dipole moments of PV, P2V, and P3V [Fig. 1(c)]
to selectively activate them with microwave annealing31–36 (MWA)
while keeping the temperature of the Si lattice below 700 �C to avoid
forming new PNV clusters. Thus, MWA can reverse the chain reaction
of Eq. (1) to increase doping efficiency and stability:

P3V ! P2V þ Pþ þ e�; P2V ! PV þ Pþ þ e�;

PV ! Pþ þ e� þ V:
(2)

The last step frees up the vacancy that can diffuse to the surface
and be annihilated. Notice that unlike Eq. (1), Eq. (2) does not involve
P4V, which, lacking a dipole moment, cannot interact with the micro-
wave. By contrast, conventional rapid thermal annealing (RTA, see the
supplementary material) heats the lattice to near melting and recrystal-
lization, dissociates all PNV clusters non-selectively, and quenches in
unstable PV, P2V, and P3V clusters upon cooling. The selectivity of
MWA to dipoles is the key distinction from RTA.

Equations (1) and (2) present a simplified picture. In reality, the
thermodynamics, charging states, and kinetics of all defects involved,
such as P, V, PV, P2V, P3V, and P4V, are complicated and not fully
quantified. It has been shown by positron annihilation spectroscopy
(PAS, the supplementary material) that in annealing heavily P-doped
Si, P3V clusters start to form around 527 �C and start to dissociate
around 627 �C.23 This is because the formation energy of a vacancy is
reduced by its binding energy with P. Similarly, P2V and PV clusters
can be formed when annealed to higher temperatures but quenched to
room temperature. Since these quenched-in PV, P2V, and P3V clusters
all have formation and migration energies around 1 eV, upon reheat-
ing to the 500–700 �C range, they can diffuse around to gather more P
until becoming stable P4V. Thus, reheating to 700 �C constitutes a
severe test for dopant deactivation and the thermal budget for postpro-
cessing. Note that 700 �C is an order-of-magnitude estimate and the
extent of diffusion and deactivation is governed by not only tempera-
ture but also time and distance.

MWA is not just another way to heat a cystal.37–40 Compared to
RTA of the same temperature and duration, MWA of ion-implanted
Si has been found to result in more dopant activation and less dopant

FIG. 1. Epitaxial Si:P in a 3D nanosheet transistor. (a) Cross-sectional structure of a 3D-stacked gate-all-around nanosheet transistor. (b) As-grown resistivity and free-electron
concentration of Si epitaxial layers doped with different concentrations of P. (c) Tetrahedron atomic structure of PNV clusters. Arrows indicate dipole moments except in P4V.
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diffusion (Table I).31–35 In the case of MWA of epitaxial Si, abrupt
junction profile and stable activation was found.36 These advantages of
MWA have been attributed to the direct interaction of microwave
with the dipole moments of vacancy clusters.35 These advantages are
particularly remarkable when the doping concentration exceeds the
solubility limit of phosphorus34,36 or boron.35

Efficient activation and abrupt junction by MWA have been
found mainly in ion-implanted Si.31–35 Our results not only confirm
the same advantages in epitaxial Si but also show additional advantage
in stable activation that can withstand reheating up to 700 �C. Epitaxy
is often required for 3D nanostructures. Epitaxy also avoids implanta-
tion damage and simplifies dopant activation and diffusion kinetics.
Thus, rather than removing implantation damage, the focus for
annealing a heavily doped epitaxial layer is on efficient activation with
minimum diffusion. The additional advantage of MWA in stability is
particularly important for doping concentrations above the solubility
limit, which can suffer from dopant deactivation.

To better understand the MWA mechanism, we characterize the
epitaxial Si in terms of not only impurity concentration and electrical
resistivity as in Refs. 31–36 but also strain by high-resolution x-ray dif-
fraction (HRXRD, see the supplementary material), and vacancy con-
centration and electronic environment by PAS (the supplementary
material). Additionally, we confirm the selective activation of low-N
PNV clusters through ab initio calculations (the supplementary mate-
rial) of their formation energies and dipole moments. The calculations
confirm that while PV and P2V have significantly positive formation
energies, P4V has a negative formation energy and, hence, thermal sta-
bility. Moreover, the binding energy of P to all PNV clusters is on the
order of 1 eV, making it difficult to reverse Eq. (1) except by non-
thermal means, such as MWA.

In this paper, we show that a 30-nm-thick Si epitaxial layer,
doped with 3� 1021 P/cm3 and annealed by a microwave power of
12 kW at 2.45GHz for 6min, has a free electron concentration of
4� 1020 cm�3 and a junction more abrupt than 4 decades/nm. This is
25% more efficient than the same layer annealed by millisecond
annealing (MSA, the supplementary material)41–44 using a flashlamp,
which represents the state-of-the-art RTA. Meanwhile, the MWA
sample is six times more stable than the MSA sample when subjected
to RTA around 700 �C for 5min.

Figure 2(a) shows schematically that the MWA setup (DSG
AXOM) resembles a microwave oven with a cavity of approximately
600mm on each side. In the middle of the cavity, three parallel suscep-
tors are stacked with a spacing of approximately 5mm. Each susceptor

is a 300-mm-diameter, 775-lm-thick Si wafer coated with 225-lm-
thick SiC. The Si susceptor is doped with a conductivity of 10 S/m, so
that it can be heated by a microwave signal of 12 kW and 2.45GHz to
680 �C as measured by a pyrometer. In this case, the heating of the sus-
ceptor is mainly by the microwave-induced eddy current and the asso-
ciated Ohmic loss.37–40 The susceptor spacing and the microwave
frequency have been optimized so that a fifth-order standing wave
forms between the top and bottom susceptors with the intensity peak-
ing at the middle susceptor where the sample is placed. Figure 2(b)
confirms that, under a 12.241-GHz signal, the simulated (the supple-
mentary material) electric field distribution peaks between the top and
bottom susceptors. Note that the microwave source is made of mag-
netrons, which are notoriously noisy and rich in harmonics. Although
the simulation shows also a lateral resonance across the diameter of
the susceptor, in reality the very-high-order resonance is fragile and
can be smeared out by the noise of the magnetrons [Fig. 2(c)].
Experimentally, we found that MWA results in uniform sheet resistiv-
ity across the sample, but its efficiency is sensitive to the susceptor
spacing and microwave frequency.

To produce a low-resistance, ultra-shallow junction for aggressive
device scaling, MWA is at least equal to, if not better than, MSA.
For comparison, the 30-nm-thick Si epitaxial layer doped with
3� 1021 P/cm3 is split into two halves for MWA andMSA, respectively.
Figure 3(a) shows that the impurity profile after MWA, as measured by
secondary ion mass spectroscopy (SIMS, the supplementary material),
has a junction slope of 4–5 decades/nm, which is comparable to the pro-
files as-grown and after MSA. Figure 3(b) plots the sheet resistance as
measured by the four-probe Kelvin method (the supplementary mate-
rial) against the junction depth. It can be seen that, compared to the
MSA sample, the MWA sample has a comparable junction depth but a
25% lower sheet resistance. Additionally, the sheet resistance and junc-
tion depth appear to be insensitive to the MWA duration. For example,
an additional 30 s of MWA decreases the sheet resistance by only 2%
and increases the junction depth by only 5%.

The lower sheet resistance of the MWA sample is consistent with
the lower PNV concentration as correlated with the reduction of the
tensile strain in Si:P.14–16 Figure 3(c) compares the effects of MWA
and MSA on the HRXRD rocking curves of the Si:P layer. The most
prominent peak at 0 arc sec is associated with bulk Si; the secondary
peak, approximately 2000 arc sec higher, is associated with the Si:P
layer. Compared to the curve of the as-grown sample, both MSA and
MWA shift the Si:P peak toward the Si peak, indicating lower tensile
strain and lower vacancy concentration. However, MWA is more

TABLE I. Advantages of MWA over RTA for dopant activation in silicon crystals.

Year Dopant Conc. (cm�3) Method
Freq.
(GHz)

Power
(W/cm3)

Lattice
temp. (�C)

Efficient
activation

Abrupt
junction

Stable
activation Reference

2001 B 1� 1019 Implant 2.45 9� 10�3 900–1,000 X 31
2009 B 1� 1018 Implant 2.45 5� 10�2 450–500 X 32
2011 As 4� 1018 Implant 2.45 5� 10�2 520–680 X 33
2013 P 8� 1020 Implant 2.45 4� 10�2 740 X 34
2013 B 5� 1021 Implant 5.8 530 X X 35
2021 P 3� 1021 Epitaxy 5.8 7� 10�2 700 X X 36
2022 P 3� 1021 Epitaxy 2.45 7� 10�2 680 X X X This work
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effective than MSA, and MWA of 15 kW and 150 s is more effective
than MWA of 12 kW and 300 s.

MWA is more effective than MSA in dissociating PV, P2V, and
P3V clusters as characterized by PAS.45,46 To circumvent calibration
issues, the PAS result is summarized in the W–S plot as increasingly
energetic positrons sample deeper from the surface into the bulk.47,48

Here, W and S are shape factors of the spectral line sensitive to core
electrons and valance electrons, respectively, around the vacancy.
Figure 3(d) compares theW–S plot after MWA with that as grown. In
both cases, the W–S curve first follows the line of surface states and
then switches over to the line of bulk states, with the turning point cor-
responding to where the positron is most likely trapped and annihi-
lated. However, theW–S curve of the MWA sample turns around at a
much lower S value, indicating a higher N of the PNV cluster where

the positron is trapped and annihilated. Compared with the PAS of an
MSA-annealed sample,10 this confirms that the MWA sample is domi-
nated by high-N PNV clusters, whereas the as-grown and MSA sam-
ples are dominated by low-N PNV clusters.

Compared to MSA, MWA can result in not only lower resistance
and higher free-electron concentration but also greater stability during
device fabrication and operation. Figures 3(e) and 3(f) compare the
changes in resistivity and free-electron concentration after 5min of
conventional RTA at different temperatures. Here, the resistivity is cal-
culated by multiplying the measured sheet resistance with the layer
thickness, and the free-electron concentration is characterized by Hall
measurements (the supplementary material). For both MWA and
MSA, the resistivity first increases up to approximately 700 �C and
then decreases. However, from 550 to 750 �C, the MWA sample is

FIG. 2. Microwave annealing setup. (a) Schematics showing three closely spaced SiC-coated Si susceptors stacked in the middle of the microwave cavity and a sample placed
on the middle susceptor. (b) Simulated electric field distribution over the microwave cavity showing fifth-order vertical resonance at 12.241 GHz between the top and bottom
susceptors. (c) Detailed field distribution between the susceptors with the vertical dimension exaggerated and the microwave signal tuned away from 12.241 GHz, showing the
lateral resonance shifts while the vertical resonance stays.
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significantly more stable with a variation of approximately 18 lX�cm
(4%), whereas the MSA sample varies by approximately 70 lX�cm
(24%). Similarly, over the same temperature range, the free-electron
concentration varies by 7% for the MWA sample, but by 22% for the
MSA sample. The difference in temperature stability between MWA

andMSA is consistent with the hypothesis that MWA is more effective
in reducing the concentration of PV, P2V, and P3V clusters. As
mentioned before, these clusters start to form around 527 �C but can
dissociate around 627 �C. This causes the resistivity to increase
below 700 �C and decrease above 700 �C, while the free-electron

FIG. 3. Comparison of MWA and MSA of a 30-nm-thick Si epitaxial layer doped with 3� 1021 P/cm3. (a) Depth profile of P impurity concentration showing that both MWA and
MSA can result in an abrupt junction. (b) Sheet resistance vs junction depth showing MWA can result in a junction depth comparable to that of MSA but a lower sheet resis-
tance. (c) HRXRD rocking curves showing that MWA results in greater reduction of tensile strain than MSA does. (d) PAS W–S plots showing the reduction of PNV clusters
after MWA. (e) and (f) Changes in resistivity and free-electron concentration when thermal annealed at different temperatures showing that the MWA sample is more stable
than the MSA sample.
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concentration does the opposite. However, with fewer residual PV,
P2V, and P3V clusters in the MWA sample to begin with, it is more
stable than the MSA sample against such a temperature variation.

In conclusion, we have overcome the fundamental challenge for
high yet stable doping above the solubility. Our results support the
hypothesis that unstable doping in thermal annealing of Si doped with
P above the solubility limit is mainly due to unstable and mobile PV,
P2V, and P3V clusters. With MWA, these clusters can be selectively
eliminated while keeping the lattice temperature sufficiently low to
prevent new PNV clusters from forming. This can result in an efficient,
abrupt, and stable doping in Si not only with P, but also other dopants
such as B, As, Sb that can also cluster with a point defect. The same
approach can also be applied to other semiconductors, such as SiGe
and Ge.49,50 With further optimization of the MWA setup and condi-
tion, the advantages of MWA over MSAmay be enlarged.

See the supplementary material for characterization and simula-
tion methods as well as dipole moments evaluated by electronic den-
sity calculations.
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