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Abstract

Copper contamination threatens silicon devices because mobile Cu can form electrically active defects
and redistribute during thermal processing. Here we combine DFT-informed implantation simulations, an
actively learned deep potential (DP) and large-scale molecular dynamics to connect elementary Cu
migration with vacancy-dependent transport and annealed depth profiles. The DP reproduces DFT
energies and forces with root-mean-square errors of 3.16-3.71 meV/atom and 35.10-88.30 meV/A,
respectively. Nudged-elastic-band calculations yield an interstitial migration barrier of 0.192 eV, close to
the DFT value of 0.185 eV, and capture the energetic preference for Cu occupation of a Si vacancy. Across
systems containing eight Cu atoms and 0, 2, 4 or 8 Si vacancies, atom-resolved trajectories reveal
competition between mobile interstitial Cu and vacancy-associated Cu. Increasing vacancy number raises
the prevalence of locally confined Cu and changes the ensemble-averaged transport behaviour. The
vacancy-free system has an apparent activation energy of 0.202 eV, comparable in magnitude to reported
experimental values of 0.15-0.18 eV. The combined DFT-MD+DP framework also reproduces the
principal features of SIMS profiles before and after annealing. Relative to the MC/BCA+KMC workflow
assessed here, it reduces mean-normalized NRMSE by 47-61% across the full profiles, with
improvements in both the near-surface region and low-concentration tail. By linking Cu-—vacancy
interactions to measurable redistribution, this framework offers a route to jointly evaluating implantation-
induced defects and annealing conditions when seeking to limit mobile Cu and residual Cu—defect
complexes in silicon.
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1. Introduction

Copper has become the dominant metallization material for advanced integrated circuits because of its
low electrical resistivity and superior resistance to electromigration compared with aluminium 2. The
development of three-dimensional integration and Cu through-silicon vias has further increased the
interfacial area over which Cu-containing structures are brought into close proximity to crystalline silicon
13 This integration creates a persistent reliability concern because Cu can penetrate imperfect diffusion
barriers, migrate rapidly through Si and subsequently react with native defects or form Cu-rich precipitates
and silicide-related phases *’. Controlling Cu incorporation and redistribution is therefore important for
interconnect reliability, wafer processing and the fabrication of Si-based electronic and photovoltaic
devices.

Copper is also one of the most common metallic contaminants encountered during Si crystal growth
and semiconductor processing ®. Even at low concentrations, Cu-related defects can introduce electrically
active states, promote carrier recombination and increase junction leakage currents *'*. Cu precipitation
has additionally been correlated with gate-oxide breakdown and the degradation of metal-oxide-
semiconductor capacitors %!°. Transmission electron microscopy and secondary-ion mass spectrometry
measurements have further associated Cu redistribution with structural degradation and increased leakage
current in Si p-n junctions '®. In photovoltaic Si, the influence of Cu depends strongly on its concentration,
charge state, precipitation behaviour and the conductivity type of the substrate '7->*, Some measurements
indicate a limited effect of moderate Cu concentrations in p-type Si, whereas n-type material can exhibit
substantially greater minority-carrier lifetime degradation '°>4. These apparently different observations
reflect the multiple forms in which Cu can exist in Si, including isolated interstitials, substitutional defects,
impurity-defect complexes and extended precipitates.

The unusual mobility of Cu originates from its interstitial diffusion mechanism *>°2%, Positively
charged interstitial Cu preferentially occupies tetrahedral sites and migrates between neighbouring
tetrahedral positions through a low-energy region close to the hexagonal interstitial site. The intrinsic
migration barrier is approximately 0.18 eV, making Cu one of the fastest diffusing transition-metal
impurities in crystalline Si *%*’. Hybrid-functional calculations have reproduced a comparable barrier of
approximately 0.19 eV and shown that the relative stability of interstitial and substitutional Cu depends
on charge state and Fermi-level position »°. Static first-principles calculations have reported barriers of
approximately 0.24-0.32 eV 283931 suggesting that lattice relaxation, atomic kinetic energy and finite-
temperature dynamics can become important for such a mobile impurity.

Rapid interstitial migration does not, however, imply unrestricted macroscopic diffusion. Interstitial Cu
readily interacts with Si vacancies, shallow acceptors, dislocations and implantation-induced damage >
38 Emission-channeling measurements show that implanted Cu can occupy near-substitutional
configurations displaced towards bond-centred positions, with dissociation energies substantially larger
than the intrinsic interstitial migration barrier 3. First-principles calculations further indicate that capture
of interstitial Cu by a pre-existing Si vacancy produces substitutional Cu and releases several electronvolts
of energy 23433, Vacancy-related configurations can therefore act as strong kinetic traps: Cu may migrate
rapidly while it remains interstitial but become immobilized after entering a vacancy-associated state.



Subsequent transport is governed by competition between interstitial migration, defect capture, detrapping,
Cu-Cu association and precipitation 3-8, The coexistence of mobile and trapped Cu populations makes
an atom-resolved description essential for interpreting ensemble diffusion coefficients.

Experimental methods including secondary-ion mass spectrometry, transient-capacitance
measurements, emission channeling and carrier-lifetime measurements have provided important
information on Cu depth distributions, diffusivities and lattice locations *%16:232426.3338 Nevertheless,
these measurements generally probe spatially or temporally averaged observables and cannot directly
resolve individual capture and release events. A measured Cu concentration profile may therefore reflect
the combined effects of implantation, surface loss, long-range migration, trapping, precipitation and the
evolving population of implantation-induced defects. In particular, agreement near the concentration
maximum does not necessarily ensure an accurate description of the near-surface region or the low-
concentration diffusion tail.

Atomistic calculations complement these measurements by resolving the elementary migration
pathways and defect configurations involved. First-principles methods have been used to determine Cu
formation energies, charge states, electronic levels, migration barriers and interactions with vacancies and
dislocations 2293234373 Their computational cost, however, restricts conventional ab initio molecular
dynamics to relatively small cells and short trajectories, which are generally insufficient for statistically
converged diffusion coefficients or the heterogeneous defect environments generated during implantation
and annealing. Classical molecular dynamics provides access to larger systems, and both conventional
and reactive force fields have been applied to Cu diffusion and clustering in Si *®%°, Their accuracy and
transferability remain dependent on the assumed functional form and the configurations included during
parametrization.

Machine-learned interatomic potentials provide a route across this scae gap by retaining a first-
principles description of the local energy landscape while enabling substantially larger and longer
atomistic simulations. Active-learning strategies can further reduce training-set redundancy by identifying
uncertain configurations for additional first-principles labelling *!. For ion implantation, DFT-informed
full molecular dynamics provides a more complete representation of atom-atom interactions and substrate
response than recoil-interaction or binary-collision approximations ***. A recently developed DFT-MD
and deep-potential framework has also demonstrated that implantation-induced defects and subsequent
defect-mediated diffusion can be treated within a physically consistent atomistic workflow #44>. These
advances provide the methodological basis for connecting implantation, annealing and impurity transport
without prescribing a fixed catalogue of migration events.

Here, we develop an actively learned deep-potential model for Cu-Si and integrate it with DFT-MD
implantation simulations to establish a unified description of Cu implantation, defect interactions and post-
implantation diffusion. The model reproduces DFT energies with root-mean-square errors of 3.16-
3.71 meV/atom and atomic forces with errors of 35.10-88.30 meV/A. Deep-potential nudged-elastic-band
calculations recover an interstitial Cu migration barrier of approximately 0.19 eV and predict an energy
gain of approximately 2.5 eV when interstitial Cu is captured by a Si vacancy. Relative to MC/BCA+KMC,
the combined DFT-MD+DP framework reduces the mean-normalized NRMSE of the Cu concentration



profiles by 47-61% over the full depth range, by 46-52% in the near-surface region of 0-200 A and by 53-
61% in the 700-900 A diffusion tail. The calculated profiles also retain approximately 90% of the
experimental tail inventory after implantation and annealing. Large-scale simulations of eight Cu atoms
in Si containing 0, 2, 4 or 8 vacancies over 600-1400 K reveal long-time Fickian diffusion governed by
competition between rapid interstitial migration and vacancy trapping. In vacancy-free Si, the calculated
diffusivities differ from the intrinsic experimental reference by a geometric-mean factor of 1.98 and yield
an activation energy of 0.202 eV, compared with the experimental value of 0.15 eV. Increasing vacancy
concentration suppresses Cu diffusivity and produces increasingly confined and intermittent atomic
trajectories. These results connect elementary Cu-defect interactions with implantation-scale
redistribution and provide a first-principles-informed framework for predicting Cu contamination and
transport in Si.

2. Results

2.1. Simulation framework

Figure 1 outlines the multiscale framework linking Cu implantation, annealing-driven redistribution
and vacancy-mediated diffusion in Si. Density functional theory molecular dynamics (DFT-MD) provides
the implanted configurations, while an actively learned deep potential (DP) enables large-scale
simulations of subsequent Cu transport. The DFT-MD simulation setup and computational parameters are
detailed in the Supplementary Information.

The DP construction workflow is shown in Fig. 1a. The initial dataset contains representative interstitial
and substitutional Cu configurations, vacancy-containing structures and intermediate configurations
sampled along relevant migration pathways. Additional configurational diversity is introduced through
cell deformation and random atomic perturbations. These structures are labelled by DFT calculations to
provide reference energies and atomic forces. An ensemble of deep neural network potentials is then
trained and iteratively refined using the DP-GEN concurrent-learning scheme. During configuration
exploration, model disagreement identifies atomic environments that are insufficiently represented in the
existing dataset. These candidate structures are subsequently relabelled by DFT and incorporated into the
training set until the model uncertainty converges. This iterative training-exploration-labelling procedure,

4145 concentrates the computational effort on

adapted from our previously reported strategy
configurations most relevant to Cu migration and Cu-defect interactions.

The implantation stage is illustrated in Fig. 1b. DFT-MD explicitly describes the highly non-
equilibrium interactions between energetic Cu ions and the Si lattice, generating atomistically resolved
implantation structures without assuming a predefined dopant distribution. The resulting configurations
provide the initial states for the post-implantation annealing simulations shown in Fig. 1c. At this stage,
the trained DP model enables DeePMD simulations over substantially larger length and time scales than
those accessible to conventional ab initio molecular dynamics, while retaining the accuracy of the
underlying DFT reference data within the sampled configurational space.

The depth-dependent Cu profile obtained immediately after implantation is shown in Fig. 1d. This

profile characterizes the penetration depth, peak position and spatial broadening produced by the
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implantation process. Fig. 1e shows the corresponding Cu distribution after thermal annealing, revealing
the redistribution of implanted Cu through thermally activated diffusion. The calculated profiles are

evaluated against secondary-ion mass spectrometry measurements and MC/BCA+KMC predictions,

thereby connecting the atomistic simulations with experimentally measurable dopant distributions.
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Fig. 1 | Multiscale DFT-MD and deep-potential framework for Cu implantation and diffusion in Si.

a, Generation of the reference dataset and concurrent-learning workflow used to train the Cu—Si deep-
potential (DP) model. Initial structures include interstitial and substitutional point defects and are

augmented by structural perturbations; configurations sampled during exploration are selected according
to the model deviation and labelled by density functional theory (DFT). b,c, Representative atomic
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configurations used for DFT molecular-dynamics simulations of Cu implantation and DP molecular-
dynamics simulations of post-implantation annealing, respectively. d,e, Calculated Cu depth profiles
before and after annealing. f, Construction of large Si cells containing different numbers of Si vacancies.
g, Temperature-dependent Cu mean-squared displacement (MSD). h, Extraction of Cu diffusion
coefficients from the long-time MSD slopes using the Einstein relation.

To isolate the influence of Si vacancies on Cu transport, four diffusion models containing 0, 2, 4 or 8
Si vacancies are constructed, as shown in Fig. 1f. Each model contains eight Cu atoms in a 4096-site Si
host and is simulated over 600-1400 K. Fig. 1g presents the resulting Cu mean-squared displacement
(MSD) curves. Cu atoms are tracked individually using their unwrapped coordinates, and the self-MSD
is calculated relative to the first frame of the production trajectory. The three-dimensional diffusion
coefficient is extracted from the long-time Fickian regime according to Dcy=1/6-d< r?(t)>/dt.

Finally, Fig. 1h summarizes the diffusion coefficients obtained from the MSD slopes and their
comparison with the experimental Arrhenius relationship. Temperature-dependent diffusion coefficients,
activation energies and pre-exponential factors are subsequently determined for the four vacancy models.
Together with the individual Cu trajectories, these results provide a direct atomistic description of the
competition between rapid interstitial migration and vacancy trapping. Detailed settings for the DFT,
active-learning, implantation and DeePMD calculations are provided in the Methods and Supplementary
Information.

2.2. Accuracy assessment of the DP model

To assess the predictive accuracy of the trained DP model independently of the training procedure, we
constructed separate test datasets for the SicaCu, Sie3Cu and Sis2Cuz systems. Each test set contains 100
configurations generated using the same physically motivated sampling protocol as the initial dataset,
including lattice deformation and random perturbations of the atomic coordinates and cell vectors, but
these configurations were not used to optimize the model parameters. The workflow is summarized in Fig.
la, and the corresponding coordinate files and generation procedures are provided in the Supporting
Information.

The DP model was trained by minimizing a composite loss function containing energy and force
residuals,

1
L(pop) =7 (PEFE P FrFy )
l

where [ denotes the index of the training data. E; and F) represent the reference energy and force,
respectively, while £} and F}’ denote the predicted energy and force, respectively. p_and p, are tunable
prefactors 4.

Fig. 2a compares the DFT and DP energies for the SissCu test configurations. The predictions closely
follow the parity line over the sampled energy range, yielding an energy RMSE of 3.16 meV/atom. Fig
2b shows the corresponding force comparison. The x-, y- and z-components cluster around the parity line
without an evident directional bias, giving a force RMSE of 35.10 meV/A. A representative SigsCu
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configuration used in this assessment is shown in Fig. 2c.

The Sis3Cu system introduces a more heterogeneous local environment associated with the Si vacancy.
The energy comparison in Fig. 2d gives an RMSE of 3.71 meV/atom, while the force components in Fig.
2e yield an RMSE of 59.51 meV/A. The corresponding defect-containing atomic structure is presented in
Fig. 2f. Despite the increased structural complexity, the close agreement between the DP and DFT values
indicates that the model captures the energetic and mechanical responses associated with vacancy-

modified Cu environments.
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atomic forces. Blue and red spheres denote Si and Cu atoms, respectively.

The most chemically and structurally complex test set, Sie2Cuz, is evaluated in Fig. 2g. It’s energy
RMSE is 3.38 meV/atom, remaining comparable to those of the other two systems. Fig. 2h gives a force
RMSE of 88.30 meV/A, and the representative two-Cu configuration is shown in Fig. 2i. The progressive
increase in force error from SiesCu to Sis2Cuy reflects the greater diversity and steeper local energy
gradients introduced by Cu-Cu and Cu-vacancy interactions. Nevertheless, the force RMSE remains
below 0.1 eV/A, while the energy errors remain consistently within 4 meV/atom for all three compositions.

Table 1 | Test-set root-mean-square errors of the energies and atomic forces predicted by the trained DP

model.
DP system Energy RMSE (meV/atom) Force RMSE (meV/A)
Sie4Cu 3.16 35.10
SiesCu 3.71 59.51
Si2Cuz 3.38 88.30

Together, the test-set results in Table 1 demonstrate that the DP model reproduces the DFT potential-
energy surface across the principal atomic environments involved in interstitial Cu migration, vacancy
trapping and Cu-defect rearrangement. This agreement provides the accuracy required for the subsequent
migration-barrier and large-scale diffusion calculations. We further assessed whether the DP model
preserves the underlying Si structure by comparing radial distribution functions at 300 K (Figs. S6 and
S7). For crystalline Si, the DeePMD curve reproduces the sharp nearest-neighbour peak and the
subsequent coordination shells obtained from AIMD (Fig. S6). For amorphous Si, it also captures the
broadened peaks and reduced long-range order characteristic of the disordered network (Fig. S7). The
agreement provides a structural check across ordered and disordered Si environments, complementing the
energy and force tests. The accuracy of Cu migration and vacancy-capture energetics is assessed separately
by the DFT-DP NEB comparisons in Fig. 3.

2.3. DP prediction of Cu migration and vacancy capture

Interstitial Cu in crystalline Si can occupy tetrahedral (CuiT ) and hexagonal (CuiH ) sites [47]. The
tetrahedral site is coordinated by four equidistant Si atoms, whereas the hexagonal site is coordinated by
six Si atoms and lies midway between neighbouring tetrahedral sites along the (1 1 1) direction. Previous
calculations identify Cu/ as the more stable interstitial configuration *°. For visual clarity, tetrahedral
interstitial Cu is labelled Cu; in the main-text Fig. 3, while the same configuration is labelled explicitly as
Cu! in Figs. S1-S4. Throughout this section, Cu; refers specifically to Cu/.

We examined four paths that connect interstitial migration with vacancy capture and Cu-complex
formation. The first describes migration between adjacent tetrahedral sites, Cui—Cu;, whose initial and
final configurations are shown in Fig. S1. The second describes occupation of a Si vacancy by interstitial
Cu, CuitVsi—Cus. Fig. S2a shows the initial configuration containing Cu; and a pre-existing Vs;, and Fig.
S2b shows the substitutional Cu product. Previous calculations indicate that vacancy capture is

energetically favourable >3,



The low migration barrier of Cu; allows it to move rapidly through the Si lattice and encounter other
defects. Depending on the Fermi level, substitutional and interstitial Cu can occur in the oppositely
charged states Cug' and Cu;, respectively. When these states coexist in n-type Si, electrostatic attraction
favours formation of a bound (Cug', Cui+) pair 2°. Association temporarily removes Cu; from the
population available for long-range interstitial migration. Its effect on the measured diffusivity depends
on how long the pair persists relative to the time required for migration between sites. Cu transport must
therefore be considered in terms of both isolated- Cu; migration and defect-mediated capture.

To represent the subsequent interaction of a (Cu,, Cu;) pair with a vacancy, we considered two further
paths. In the first, Vsi occupies a first-nearest-neighbour site of Cus (Fig. S3a), and capture of Cu; produces
adjacent substitutional Cu atoms, (Cug, Cu;) (Fig. S3b). This reaction is written as (Cug, Cu;)+Vg—(Cus,
Cuy). In the second path, Vs; is initially a second-nearest neighbour of Cus (Fig. S4a), and the product is
(Cu,,Si,Cug), in which one Si atom separates the two substitutional Cu atoms (Fig. S4b). The
corresponding reaction is {Cu,, Cu;)+Vg;—(Cu,, Si, Cu,). Earlier calculations reported energy releases of
2.26 and 2.04 eV for these respective reactions 2. Together, the two configurations describe distinct ways
in which vacancies can incorporate mobile Cu; into Cu-containing complexes.

We determined the minimum-energy paths using the nudged elastic band (NEB) method *7*%. This
method is widely recognized among researchers who are investigating diffusion mechanisms across
various media >3, DFT-based NEB provides reference energies and atomic configurations along each
path, but its computational cost limits extensive calculations. NEB calculations with empirical interatomic
potentials are less expensive, although their fixed functional forms can limit their description of changing
Cu-Si coordination >*>, We therefore compared DFT-based NEB with calculations using the trained DP
model implemented in LAMMPS . This comparison evaluates the DP model at the higher-energy
configurations encountered during migration, in addition to the relaxed initial and final structures.

Table 2 | Comparison between the calculation results of migration energy barrier as obtained from DPMD
and DFT.

o Our work (eV)
Diffusion path Other work (eV)
DPMD DFT
Cui — Cu; 0.192 0.185 0.19 (DFT) %°, 0.18+0.02 (EXP) *’
Cuit+Vsi— Cus -2.484 -2.437 -2.80 (AIMD) 32, -2.20 (EXP) ¥’
Cus-Cu; +Vsi — 32
Cue-Cu, -2.144 -2.090 -2.26 (AIMD)
Cus-Cu; +Vsi — 32
Cue-Si-Cus -1.767 -1.811 -2.04 (AIMD)

For migration between tetrahedral sites, the DFT and DP energy profiles nearly coincide (Fig. 3a). Fig.
3b shows the initial Cu; configuration, and Fig. 3¢ shows the final, equivalent tetrahedral configuration.
DFT gives a migration barrier of 0.185 eV, compared with 0.192 eV from DP, a difference of
approximately 3.8%. Both values agree with previously reported barriers of 0.190 eV ?* and 0.180 eV °.
At the saddle point, the mean and maximum positional differences between the DP- and DFT-relaxed
atomic structures are 0.020 and 0.032 A, respectively. The small barrier provides an energetic basis for
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rapid migration of isolated Cu; through crystalline Si. The atomic geometry of this hop is further illustrated

in Fig. SS.
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Fig. 3 | Elementary pathways for interstitial Cu migration and vacancy capture in Si. a—¢, DFT and
DP energy profiles and representative structures for the migration of an interstitial Cu atom between
neighbouring sites, yielding a migration barrier of approximately 0.19 eV. d—f, Capture of an interstitial
Cu atom by a Si vacancy to form substitutional Cu, accompanied by an energy reduction of approximately
2.5 eV. g-i, Vacancy-assisted rearrangement of a substitutional—interstitial Cu pair into a configuration
containing two substitutional Cu atoms. j—1, Alternative vacancy-mediated rearrangement producing a
Cusi—Si—Cus;i configuration. The left-hand panels show the DFT and DP energy profiles, and the middle
and right-hand panels show the corresponding initial and final structures. Blue and red spheres denote Si
and Cu atoms; dashed circles and yellow symbols identify the Si-vacancy region and the principal
migrating site.

The green arrow traces the displacement of Cu; between symmetry-equivalent tetrahedral interstitial
sites within the Si lattice, complementing the endpoint configurations in Fig. 3b, ¢ and the energy profile
in Fig. 3a. Fig. S5 thus identifies the spatial path associated with the low migration barrier, whereas the
barrier itself is determined from the NEB calculations.

Vacancy capture has a different energy profile. In Fig. 3d, the energy decreases as Cu; moves from the
initial Cu;+Vyg; configuration (Fig. 3e) towards the Cus product (Fig. 3f). On the plotted energy scale, the
product lies approximately 2.5 eV below the initial state. The DP curve follows the DFT result through
the gradual initial decrease and the sharper decrease near the product. This agreement indicates that the
model describes the substantial change in local coordination as Cu moves from an interstitial site into a
vacant Si site. The downbhill profile also identifies Vs; as a strong energetic sink for mobile Cu;.

The two pair-forming reactions provide further tests of Cu—defect interactions. For
(Cu,, Cu;)+Vg—(Cuq, Cuy), the energy initially falls, passes through a relatively shallow region and then
decreases towards the adjacent substitutional pair (Fig. 3g). The corresponding initial and final
configurations are shown in Fig. 3h and Fig. 3i. The alternative path to (Cus, Si, Cug) shows a similar
change in slope but reaches a different final energy on its separately referenced profile (Fig. 3j); its
structures are shown in Fig. 3k and Fig. 31. The shoulders in these profiles are consistent with local atomic
rearrangement during capture, although the static NEB results alone do not establish long-lived
intermediate states. For both reactions, DP reproduces the principal features of the DFT profiles and the
energetic stabilization associated with complex formation.

The four paths reveal competing contributions to Cu transport. Isolated Cu; can migrate readily because
of its low barrier, whereas Si vacancies favour its conversion into substitutional Cu or Cu-containing
complexes. The agreement between DP and DFT across these distinct local environments, summarized in
Table 2, supports the use of the trained model in subsequent large-scale DeePMD simulations. Finite-
temperature trajectories are then needed to determine how frequently capture and release occur and how
strongly they affect the effective Cu diffusivity.

2.4. Vacancy-dependent Cu diffusion and heterogeneous trapping in crystalline Si
We investigated Cu transport in a 4,096-site crystalline Si cell containing eight Cu atoms and 0, 2, 4 or

8 Si vacancies. Fig. 4a, b shows projected and three-dimensional views, respectively, of the vacancy-free
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VO simulation cell containing 4,096 Si atoms and eight Cu atoms. To examine the effect of Si vacancies,
we constructed the corresponding V2, V4 and V8 models by removing 2, 4 and 8 Si atoms from the same
lattice and analysed each model at nine temperatures between 600 and 1400 K.
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Fig. 4 | Vacancy-dependent diffusion of Cu in crystalline Si. a,b, Projected and three-dimensional views
of the vacancy-free simulation cell containing 4096 Si atoms and eight Cu atoms. ¢—f, Ensemble-averaged
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Cu MSDs between 600 and 1400 K for systems containing 0, 2, 4 and 8 Si vacancies, respectively. g—j,
Arrhenius plots comparing the diffusion coefficients obtained for VO, V2, V4 and V8 with the intrinsic
experimental reference. Grey regions indicate a factor-of-ten interval around the experimental relation. K,
Combined Arrhenius representation for the four vacancy models. 1, Temperature dependence of the
calculated Cu diffusion coefficients. m, Cu diffusivity as a function of vacancy number at selected
temperatures.

The Cu self-mean-squared displacement (MSD) was calculated from unwrapped trajectories while
preserving individual atom identities. Averaging over the eight Cu atoms and available time origins gives
the population-level MSDs in Fig. 4c—f. The same curves are shown at larger scale in Supplementary Fig.
S8a—d, allowing their temperature dependence to be inspected for each vacancy model. Their long-lag-
time slopes define the effective three-dimensional diffusion coefficients, Dy=1/6-d{Ar?)/dt.

In vacancy-free Si, the increasing extent of Cu motion from 600 to 1400 K is evident in both the MSDs
(Fig. 4¢) and individual trajectories (Fig. Sa—c). The VO Arrhenius fit yields an activation energy of 0.202
eV with R?=0.93 (Fig. 4g, k). This value differs by 0.022 eV from the experimentally measured intrinsic
interstitial-Cu diffusion barrier of 0.18+0.02 eV °’. and is also comparable in scale to the 0.15 eV activation
energy used for the experimental reference curve in Fig. 4g ?°. These values arise from different
experimental analyses and temperature regimes and should not be treated as identical measurements.
Nevertheless, their agreement in energy scale supports the ability of DeePMD to reproduce the
temperature dependence of rapid interstitial-Cu transport. It complements the more direct migration-path
benchmark in Fig. 3a, for which the DP and DFT barriers are 0.192 and 0.185 eV, respectively.

The trajectories reveal how vacancies modify that transport. In V2, spatially extended paths coexist
with Cu atoms that spend prolonged periods within compact regions (Fig. Sd—f). This contrast becomes
more pronounced in V4 (Fig. 5g—i) and V8 (Fig. 5j—1). The additional temperatures in Supplementary
Figs. S11-S34 show that the distinction between localized and extended paths occurs across the 36 model—
temperature combinations, although neither every Cu atom nor every temperature follows a strictly
monotonic trend. Such behaviour is consistent with competition between fast interstitial motion and
vacancy-associated states. The vacancy-capture and Cu-complex pathways identified by the migration
calculations in Fig. 3 provide possible atomistic routes for this competition; the appearance of a compact
trajectory alone, however, does not identify a particular defect complex.

We therefore evaluated vacancy association independently from the evolving atomic configurations. A
Cu atom was classified as occupying a substitutional-like environment when it lay within 1.47 A of a
reconstructed Si site, or as vacancy-neighbouring when it lay within 2.82 A of a reconstructed vacancy
site. A three-frame median filter removed isolated changes in assignment. The fraction of Cu observations
in either environment, averaged over the eight Cu atoms, sampled frames and nine temperatures, is
approximately 0.1% for V0, 13.3% for V2, 31.7% for V4 and 56.7% for V8 (Fig. S10a, b). For VO, which
contains no vacancy, the small assigned fraction refers only to substitutional-like environments.
Representative atom-resolved state histories at 1000 K show that associated and unassociated periods can
coexist within one simulation (Fig. S10¢). These fractions quantify residence in environments defined by
local structure; they do not imply that every associated Cu atom is permanently trapped. Several conditions
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contain too few complete association—release events to determine reliable capture rates or residence-time
distributions.
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Fig. 5 | Temperature- and vacancy-dependent Cu migration trajectories in crystalline Si. a—c, VO,
d—f, V2; g—-i, V4; and j-1, V8 at 600, 1000 and 1400 K, respectively. The eight colors denote the unwrapped
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trajectories of individual Cu atoms (Cul—Cu8), while Si atoms are shown as grey points. All panels use
the same projection and spatial scale.

Increasing vacancy-associated residence provides a physical explanation for the reduction of the
ensemble-averaged MSD in vacancy-rich models (Fig. 4d—f). At a given temperature, Cu atoms making
extended excursions continue to contribute strongly to the average, whereas atoms remaining near
vacancy-associated sites contribute much less. The extracted Desr therefore measures net spreading of the
eight-atom population over the simulated interval, rather than the intrinsic mobility of its interstitial subset.
The temperature and vacancy dependencies in Fig. 41, m broadly reflect this suppression, while their
deviations from strict monotonicity are consistent with the heterogeneous trajectories and limited number
of Cu atoms sampled in each cell.

The Arrhenius plots reveal a progressive change in the ensemble transport response as the number of Si
vacancies increases (Fig. 4g—K). Fits to the nine temperatures give apparent activation energies of 0.202,
0.168, 0.087 and 0.083 eV for VO, V2, V4 and V8, respectively, while the corresponding R values
decrease from 0.93 and 0.85 to 0.56 and 0.27. The temperature-dependent coefficients (Fig. 41) and their
values at selected vacancy concentrations (Fig. 4m) show an overall suppression of Cu spreading,
although the trend is not monotonic at every temperature. The individual trajectories provide the
microscopic context: extended Cu paths coexist with spatially confined motion, and this contrast becomes
more pronounced in the vacancy-rich systems (Fig. 5 and Supplementary Figs. S11-S34). Consistently,
the structurally defined vacancy-associated Cu fraction increases across VO—V8 (Fig. S10). Thus, the
measured MSD slope increasingly averages over Cu atoms with different residence histories and
mobilities. The declining R* indicates that a single Arrhenius law becomes a poor description of this
heterogeneous population, particularly for V4 and V8. Their fitted energies are therefore apparent,
observation-window-dependent parameters, not evidence that vacancy capture lowers the barrier for an
individual interstitial Cu hop.

2.5. Implantation and annealing reshape Cu depth profiles

Figure 4 and 5 establish how temperature and Si vacancies influence Cu motion in crystalline Si. An
implanted sample presents an additional challenge: Cu begins annealing from a strongly non-uniform
depth distribution within a lattice altered by implantation. A diffusion coefficient alone cannot specify the
ensuing concentration profile without this initial Cu distribution and defect landscape. We therefore test
whether the atomistic description also reproduces an experimentally measurable outcome by comparing
simulated profiles with secondary-ion mass spectrometry (SIMS) before and after annealing (Fig. 6).
DFT-MD supplies the as-implanted configuration, which serves as the starting point for the subsequent
DP-based annealing simulations.

For 70 keV Cu implantation, SIMS shows a broad concentration maximum several hundred angstroms
below the surface and a measurable tail extending towards 900 A (Fig. 6a). The DFT-MD implantation
profile follows both regions more closely than the MC/BCA result. Its NRMSE is 0.114 over the full depth
range, compared with 0.283 for MC/BCA (Table 3). The corresponding values are 0.118 versus 0.243 in
the near-surface region (0-200 A) and 0.115 versus 0.260 in the tail (700-900 A). These differences arise
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before the annealing calculations. They indicate that the quality of the implantation-derived initial
condition contributes to the accuracy of the final profile; disagreement after annealing cannot be attributed
solely to the diffusion model.

Annealing progressively changes the shape of the implanted distribution. At 773 K, the initial
concentration maximum gives way to an extended high-concentration region, followed by a decrease at
greater depth (Fig. 6b). At 1023 and 1073 K, the profile becomes flatter and its maximum decreases (Fig.
6¢, e). Fig. 6d, f shows the same 1023 and 1073 K data, respectively, over reduced concentration ranges
to make differences among SIMS and the two calculations easier to resolve. Across 0-900 A, the DFT—
MD+DP NRMSE values are 0.111, 0.113 and 0.118 at 773, 1023 and 1073 K, compared with 0.283, 0.257
and 0.223 for MC/BCA+KMC (Table 3). Thus, the coupled atomistic approach yields approximately 61%,
56% and 47% lower full-profile errors at these temperatures.

Table 3
The NRMSE for 70 keV Cu implanted into Si calculated using DFT-MD+DP method and MC/BCA+KMC
method.

NRMSE
Process Method
Depth (0-900 A) Depth (0-200 A)  Depth (700-900 A)
DFT-MD+DP 0.114 0.118 0.115
Implantation

MC/BCA+KMC 0.283 0.243 0.260
Annealing DFT-MD+DP 0.111 0.117 0.107
(773 K) MC/BCA+KMC 0.283 0.241 0.273
(1023 K) MC/BCA+KMC 0.257 0.257 0.243
Annealing DFT-MD+DP 0.118 0.147 0.103
(1073 K) MC/BCA+KMC 0.223 0.302 0.218

Regional analysis shows that this improvement is not limited to the high-concentration part of the
profile. Across the as-implanted and three annealed states, the DFT-MD+DP NRMSE ranges from 0.118
to 0.147 in the top region, compared with 0.241-0.302 for MC/BCA+KMC. In the tail, the corresponding
ranges are 0.103—0.115 and 0.218-0.273 (Table 3). Because linear-space errors are more sensitive to large
absolute concentration differences, we also examined the tail in log space: its residual is 0.046—0.056 dex
for DFT-MD+DP and 0.117-0.138 dex for MC/BCA+KMC. The agreement in both measures supports a
more faithful description of the lower-concentration tail, rather than an improvement confined to the
profile maximum. Neither calculation is exact: the DFT-MD+DP profiles retain approximately 90% of
the SIMS-integrated Cu amount in the 700-900 A region, whereas the MC/BCA+KMC profiles retain
approximately 73—79%.
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temperature-dependent redistribution and broadening of the implanted Cu profile, including the near-
surface and low-concentration tail regions.

The two depth regions probe different combinations of processes. The near-surface concentration
depends on the initial implantation distribution and may also respond to defect evolution and boundary
sinks during annealing; it should not be read as a measure of bulk diffusivity alone. The tail is particularly
sensitive to Cu capable of migrating away from the implanted region, together with the defects that
interrupt or retain that motion. The fast interstitial migration and vacancy-associated residence identified
in Fig. 2, 4 and 5 provide an atomistic basis for interpreting this competition, but agreement with a depth
profile does not, by itself, identify a unique trapping rate or surface-loss pathway. The result is instead a
consistent link between implantation, the evolving Cu—defect environment and the measured
redistribution. This cross-stage perspective builds on the earlier oxygen-in-Si * and B-in-Si ** DFT—
MD+DP studies, while retaining the distinct Cu mechanism: rapid interstitial migration modified by
vacancy association, rather than the interstitial-assisted kick-out process governing B.

3. Conclusion

We have developed an active-learning deep potential (DP) framework that links the elementary
migration of Cu in Si to vacancy-dependent transport and the evolution of implanted Cu profiles. The
model reproduces DFT energies and forces for representative Cu—Si environments and closely follows
DFT minimum-energy paths for four interstitial-migration and vacancy-associated processes. For
migration between neighbouring tetrahedral interstitial sites, the DP and DFT barriers are 0.192 and 0.185
eV, respectively. This agreement enables DeePMD simulations of systems containing approximately 4,000
Si atoms and eight Cu atoms—Iarge enough to examine how multiple Cu atoms encounter different local
defect environments within the same trajectory.

These simulations show why a single migration barrier cannot, by itself, describe Cu transport in
vacancy-containing Si. Interstitial Cu can remain mobile, whereas Cu associated with a vacancy may
spend substantial time in a locally confined or substitutional-like environment. Structural analysis finds
that the fraction of Cu observations assigned to vacancy-associated or substitutional-like states rises from
approximately 0.1% in VO to 13%, 32% and 57% in V2, V4 and V8, respectively. Consistent with this
growing heterogeneity, the apparent Arrhenius activation energies decrease from 0.202 to 0.168, 0.087
and 0.083 eV, while the corresponding fit quality deteriorates. The lower apparent energies in the vacancy-
rich systems therefore should not be taken as evidence that vacancies lower the barrier of an individual
Cu hop. Rather, the ensemble-averaged diffusivity reflects a temperature-dependent mixture of mobile
and locally confined Cu, whose relative populations and residence times change during observation.
Longer simulations that resolve repeated capture and release events are needed to quantify those kinetics.

The same atomistic framework improves the prediction of process-relevant Cu distributions. Coupling
the implantation calculation to DP-based annealing gives full-depth-profile NRMSE values of 0.111—
0.118 against SIMS, compared with 0.223-0.283 for the MC/BCA+KMC workflow assessed here; the
advantage persists in the near-surface and low-concentration tail regions. Conventional MC/BCA+KMC
remains valuable for rapid, long-timescale process simulation, but its prescribed collision physics and
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kinetic-event catalogue can make evolving defect configurations and correlated Cu—vacancy interactions
difficult to represent. The present comparison benchmarks these particular workflows, rather than
establishing a limitation of every possible KMC model. DeePMD contributes a complementary capability:
it follows many interacting atoms while retaining the DFT-validated local energetics needed to connect
defect structure, Cu motion and the resulting concentration profile.

For Si processing, the results identify vacancy populations and their evolution during annealing as
important controls on Cu redistribution, alongside temperature and the initial implanted profile. Vacancy
association can suppress the mobile Cu population, but retaining Cu in defects is not necessarily benign:
subsequent thermal treatment may release it and alter the near-surface concentration or deep tail. The
framework can thus help screen implantation and annealing conditions against both forms of
contamination, with SIMS providing the necessary profile-level validation. More broadly, whereas related
atomistic frameworks have addressed oxygen redistribution and self-interstitial-mediated boron transport,
the Cu—Si system illustrates how vacancy association produces distinct, spatially heterogeneous impurity
dynamics. Resolving these dynamics at scales beyond routine AIMD is the principal physical advantage
of large-scale DeePMD, and a basis for more reliable, defect-aware models of semiconductor processing.

4. Methods

4.1. Density Functional Theory Calculations

In this study, all Density Functional Theory (DFT) calculations were conducted using CP2K (version
8.1) software °%. Double-zeta plus polarization (DZVP) basis sets were employed, combined with
Goedecker-type pseudopotentials and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional *. The energy cutoff was defined as 300 Ry, with the energy convergence threshold defined as
1.0x10° Hartree. Monkhorst-Pack k-point gird with a 2x2x2 grid was used for the Brillouin zone. Lattice
relaxation was performed with a force convergence criterion of 2.0x10* Hartree/Bohr (about 10 meV/A).
For NEB calculations, we employed a force convergence criterion of 2.0 x 10 Hartree/Bohr (about 10
meV/A) to relax the intermediate images.

4.2. Deep Potential Molecular Dynamics Simulations

The initial system was consisted of 4104 atoms (4096 Si atoms and 8 Cu atoms), with dimensions of
43.5x43.5x43.5 A3, as shown in Fig. 4a, b. For the diffusion calculations, DeePMD simulations were
performed using the deepmd-kit *° within the LAMMPS package ¢!. We enforced periodic boundary
conditions along the x, y and z directions. Throughout the simulations, the canonical (NVT) ensemble was
utilized with a Nose-Hoover thermostat 563, The time step is set to 1 fs and 500 ps of DeePMD simulations
were conducted at high temperatures (>600 K).

Data Availability

Data supporting the key findings of this study are provided within the article and Supplementary
Information files. Raw data generated during this study are available from the corresponding authors upon
request.
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