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Abstract

Silicon can be heavily doped with phosphorus in a single atomic layer (a ¢ layer), significantly
altering the electronic structure of the conduction bands within the material. Recent progress has
also made it possible to further dope silicon with acceptor-based ¢ layers using either boron or alu-
minum, making it feasible to create devices with interacting ¢ layers with opposite polarity. Using
density functional theory, we calculate the electronic structure of a phosphorus-based ¢ layer inter-
acting with a boron or aluminum § layer, varying the distances between the § layers. At separations
1 nm and smaller, the dopant potentials overlap and largely cancel each other out, leading to an
electronic structure closely mimicking intrinsic silicon. At separations greater than 1 nm, the two ¢
layers behave independently of one another, with an equivalent electronic structure to a p—n diode
with an intrinsic layer taking the place of the depletion region. One mechanism for charge trans-
fer between 6 layers at larger distances could be tunneling, where we see a tunneling probability
exceeding what would be seen for a standard silicon 1.1 eV triangular barrier, indicating that the
interaction between delta layers may enhance tunneling compared to a traditional junction.

1. Introduction

Atomic precision advanced manufacturing (APAM) [1, 2] makes it possible to place dopant atoms in
silicon with single-atom precision [3, 4] and concentrations beyond the solid-solubility limit [5] with
small width, i.e. § layers. This fabrication technology has been investigated for use in applications ran-
ging from quantum computing and analog simulation to more conventional digital electronics [2, 6—12].
While APAM was originally developed for placing n-type dopants (principally phosphorus, but arsenic
too [13]), recent progress has included a better understanding of surface chemistries involving acceptor-
bearing precursors and even the fabrication of devices with p-type dopants [14—19]. This raises the pos-
sibility of creating bipolar electronic devices entirely in silicon using both donor and acceptor based
APAM processes on the same system.

There are, however, relatively few explorations of the electronic structure of silicon subject to both
n- and p-type APAM doping [20, 21]. For the creation of devices based on bipolar stacks of ¢ layers, it
is important to understand how the electronic structure of these § layers would interact, particularly at
small separation distances. One intriguing possibility is that the induced conduction bands near the cen-
ter of the Brillouin zone from the P §-layer will have their charge compensated by the induced valence
bands from the B d-layer, moving the Fermi level into the band gap and creating a direct gap semicon-
ductor within silicon. Conversely, the relevant defect potentials may interfere with one another, produ-
cing an electronic structure more closely resembling that of intrinsic silicon. This possibility strongly
affects the understanding of tunneling in bipolar devices, where it is important to understand the condi-
tions that enhance or suppress tunneling.

Prior theoretical work on the electronic structure of J-layers used density functional theory (DFT)
and primarily focused on calculating the band structure of individual § layers. DFT has been used to

© 2026 The Author(s). Published by IOP Publishing Ltd
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predict the electronic structure of phosphorus ¢ layers in silicon [22-25], with essential features of these
predictions subsequently confirmed experimentally [26-33]. Together, these investigations showed that
phosphorus § layers introduce a metallic impurity band below the bulk conduction band edge. A similar
convergence between DFT calculation and experimental characterization was also recently observed for
Sb 9§ layers [34]. Recently, Campbell et al have analyzed DFT band structures for ¢ layers comprised of
boron or aluminum [35]. They reported a similar, but inverted change in the band structure, in which
an impurity band is formed above the bulk valence band edge and the Fermi level is located within these
bands. The success of DFT in describing the electronic structure of J-doped layers suggests that extend-
ing this methodology to include the interaction of donor and acceptor J-doped layers will provide a use-
ful first approximation of the electronic structure of multiple 6-doped layered structures.

In this manuscript, we use DFT to predict the electronic structure and local density of states
(LDOSs) of interacting phosphorus and boron/aluminum §-doped layers in silicon, building upon pre-
vious work that has only looked at a single type of d-doped layer. We use the strongly constrained and
appropriately normed (SCAN) exchange-correlation functional [36] as a reasonable compromise between
the computational cost of more accurate treatments of screened exchange (e.g. hybrid functionals) and
the inaccuracy of more simplistic semilocal treatments, again providing novel results. Our calculations
predict that each layer creates a § potential that hosts an impurity band, with the opposite charges com-
pensating and mutually reducing the binding energies relative to the band edges. The extent to which
the binding energies of the impurity bands are reduced is a function of the distance between the ¢ lay-
ers. At smaller separation distances <1 nm, the two d-layers largely compensate each other and the elec-
tronic structure most closely resembles that of intrinsic silicon, making a direct gap unlikely. At distances
>1nm, the two layers become essentially independent. At these larger distances, the ¢ layers essentially
form the electronic structure of a p—n junction with an intrinsic layer of silicon comprising the depletion
region. We use the local potentials calculated within DFT to estimate the interlayer tunneling probabil-
ity as a function of the separation between layers. It is enhanced relative to the tunneling probability for
a triangular barrier with a height of the intrinsic silicon band gap (1.1eV), indicating that interactions
between the ¢ layers do lead to outcomes that would not be achieved with traditional diodes.

2. Methods

All of our calculations are based on 2x1 Si(100) slabs (using the cubic unit cell as our base), as seen in
figure 1(a). Two J-doped layers are placed within the silicon at 1/4 monolayer coverage. Within these
layers, all dopant atoms are placed substitutionally. The rest of the supercell is pure silicon and we do
not consider other features that might be expected in fabricated devices (e.g. other impurities, including
the hydrogen or chlorine atoms that might be present due to the APAM doping process). The super-
cell is 21.8 nm long, and we evaluate pairs of J-doped layers separated by as much as 10 nm. The peri-
odic boundary conditions used in our calculations introduce an infinite array of images of each J-doped
layer, with the closest being 21.8 nm away on either side of the (100) axis. Prior analysis of single layers
has found this distance to suffice for converging the effects of these images [22, 35].

All electronic structure calculations are done using the QUANTUM ESPRESSO package [37]. We use the
SCAN [36] approximation to the exchange-correlation functional as implemented by Yao and Kanai
[38]. As shown in figure 1(b), we predict a band gap of 0.98 eV for a pure silicon supercell. This is
only slightly below the experimental value [39] of ~1.1 eV, suggesting that estimates of other features
of the band structure might achieve a similar degree of accuracy. We use kinetic energy cutoffs of 680 eV
and 2721 eV for the plane-wave basis sets used to describe the Kohn—Sham orbitals and charge dens-
ity, respectively. We use a 2x2x1 Monkhorst—Pack grid [40] to sample the Brillioun zone in our ini-
tial self-consistent calculation and then a 4 x 4 x 1 Monkhorst—Pack grid for non self-consistent calcula-
tions before band structures are calculated. We reference all energies to the conduction band minimum
(CBM) of the intrinsic silicon for any given structure. Unless otherwise noted, the atomic positions are
relaxed according to Born—Oppenheimer forces and considered converged below 0.5eV nm™!. The cell
size is kept fixed, mimicking the embedding of the §-doped layer within the larger silicon structure.
Band structures and LDOSs are then calculated for each structure.

The use of a supercell leads to significant folding of the Brillouin zone of the usual bulk two atom
primitive cell. See the discussion by Drumm et al [24] for detailed interpretation of these band struc-
tures in 0-doped layers. We illustrate the Brillouin zone used for this work in figure 1(c). Because of the
significant Brillouin zone folding, we only plot out to half the direction of the special points, i.e. 0.5 X
= (0.0,0.5,0.0) in crystal reciprocal coordinates. It has previously been shown that the key characterist-
ics of the band diagram can be captured near the I' point when examining DFT supercells for ¢ layer
calculations [41].
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Figure 1. (a) The supercell used throughout this manuscript, indicating the P and B § layers and the distance separating them.
The horizontal axis corresponds to the (100) direction. (b) The band structure of a pure silicon supercell. Because we are using
a supercell, the more familiar Brillouin zone for a two-atom primitive cell is folded in on itself. The red line represents the Fermi
level of the system. (c) The Brillouin zone for the supercell, labeling high-symmetry points with crystal reciprocal coordinates.
The length of the box in the k, direction, associated with the (001) direction of the supercell is exaggerated for clarity. Given the
significant length of the axis in real space, this dimension is essentially negligible in reciprocal space.

In appendix A, we show the band structures predicted for a single boron, aluminum, or phosphorus
0-doped layer using the same supercell and exchange correlation functionals employed throughout this
work. These results can be used to clearly isolate the impact of a single J-doped layer from the interac-
tion of the multiple layers reported throughout this work. In appendix B, we show the doping potentials
for boron and aluminum d-doped layers interacting with a phosphorus d-doped layer for each of the
structures.

3. Results

3.1. Band structure and LDOS of boron—phosphorus -doped layers

The band structure of a pair of phosphorus and boron § layers separated by a single atomic layer

(0.124 nm) is shown in figure 2(a). At this range the layers compensate each other, leaving the mater-

ial behaving largely as intrinsic silicon. The calculated distance from the top of the valence band to

next band higher in energy is reduced slightly from 0.98 eV to 0.86 V. It should be noted that the

band diagram of two spatially separated ¢ layers can be somewhat misleading, as the z direction of the
Brillouin zone is highly compressed. While the band structure appears to show a direct gap, we can see
in the LDOS that the donor and acceptor § potentials are spatially separated within the larger structure.
Nonetheless, simulations of the electronic transport in similarly spatially separated bipolar devices have
shown that band gap narrowing likely plays a significant role in the resulting device behavior, [21] so
we still report on the energetic separation between the donor and acceptor ¢ bands in figures within this
work. We avoid directly referring to this as a band gap since an electron would typically still need ~1 eV
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Figure 2. The band structure and local density of states (LDOS) (i.e. the localized band structure) for boron and phosphorus 8-
doped layers separated by (a) 0.1 nm, and (b) 0.4 nm. As the separation distance increases, the §-layer potentials become more
visible within the LDOS, decreasing the band gap of the overall structure. The red line represents the Fermi level of the system.

energy to move directly from the valence band to the conduction band, according to the LDOS shown
in figure 2(a). Given the strong charge screening at this short separation, the § potentials more closely
resemble two adjacent triangular potentials in the corresponding LDOS diagrams. This separation dis-
tance is likely too small to be precisely achieved experimentally, but might be approximated through a
sequence of dosing a silicon surface with one dopant precursor, annealing to incorporate it, and repeat-
ing the sequence with a different precursor without depositing silicon between dosing sequences.

At a separation of 0.4 nm, the § potentials become much less suppressed, as seen in the band struc-
ture and LDOS in figure 2(b). This increase in the prominence of the §-doped layers can be attributed
to the intervening silicon layers between the donors and acceptors screening the charge from each other.
The energetic distance from the boron ¢ layer peak to the phosphorus § layer peak further narrows to
0.52 eV. Furthermore, the § potentials are now clearly visible in the LDOS in figure 2(b), showing a dis-
tinct protrusion for the phosphorus § layer in the conduction band, and a lower magnitude, but still
distinct protrusion in the valence band from the boron § layer.

At separations of 1 and 2 nm, shown in figures 3(a) and (b), respectively, the different § layers
become clearly distinct in the resulting LDOS diagrams. At 1 nm, the induced VBM from the boron -
doped layer becomes clearly visible, shifting the Fermi level of the material within the valence bands.
This is reflected in the energy difference from the boron ¢ layer peak to the phosphorus § layer peak
shifting to 0.45eV at 1 nm, and clearly visible § potentials in the LDOS in both the conduction and
valence band. This trend is continued at 2 nm, with an energy difference between the boron § layer
peak to the phosphorus ¢ layer peak of 0.36 eV and slightly less sharp J potentials in the LDOS. The
two d-doped layers are still interacting and suppressing the expression of each other, but this suppression
reduces with separation, thus explaining the gradually decreasing energy between the boron and phos-
phorus ¢ layer peaks.
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Figure 3. The band structure and local density of states (LDOS) for boron and phosphorus §-doped layers separated by (a) 1 nm,
(b) 2nm, and (c) 10 nm. At these larger separation distances, the d-layer potentials become clearly distinct and, in the case of a
10 nm separation, overlapping in energy. The red line represents the Fermi level of the system.

At a distance of 10 nm, however, the two d-doped layers are fully independent. This leads to the
induced valence and conduction bands from the d-doped layers overlapping in the middle of the band
gap, as shown in figure 3. This is in line with what we would expect from an independent phosphorus
0-doped layer with a magnitude ~0.6 eV [22] superimposed on an independent boron J-doped layer
with a magnitude of ~0.4eV [35] away from the CBM and VBM, respectively. It should be cautioned,
however, that while the overall band structure for this separation looks like a metal, examining the
LDOS shows that the valence and conduction band peaks are spatially confined to the d-layer position-
ing and thus unlikely to directly overlap. Thus, this structure at 10 nm layer spacing is more akin to an
ultra-short p—n junction, with a level of precision in dopant placement not attainable through traditional
methods such as ion implantation.
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Figure 4. The band structure and local density of states (LDOS) for aluminum and phosphorus ¢-doped layers separated by (a)
0.1 nm, and (b) 0.4 nm. The aluminum atoms have less suppression of the § doped layer induced bands, resulting in overlap even
at these lower separation distances.

3.2. Band structure and LDOS of aluminum—phosphorus J-doped layers

In addition to the use of boron as an acceptor for §-doping a layer of silicon, aluminum has also been
demonstrated as a potential dopant [15]. We examine how these aluminum—phosphorus structures may
compare with boron—phosphorus structures in figures 4 and 5, looking at the band structure and the
LDOS of the material. We see that in these systems the §-doped layer induced bands in the band struc-
ture are less suppressed by each other than the structures doped with phosphorus and boron, leading
to more strongly overlapping band structures. In appendix B, we explore the doping potentials that

are generated by these boron—phosphorus and aluminum—phosphorus structures. We demonstrate that
boron induces more stress in the surrounding silicon than aluminum does. This observation can be used
to help explain the significantly lowered amount of suppression of the §-layer induced bands with alu-
minum compared to boron, and generally cleaner valence and conduction peaks in the resulting LDOS.
Stronger displacement from the boron §-doped layers can lead to small atomic variation in the position
of nearby silicon atoms, which can help screen the potential from the §-doped layers from extending as
far. Overall, however, these structures largely resemble the same behavior seen in the boron and phos-
phorus §-doped layer structures, with the energy between the acceptor and donor peaks lowering as the
separation increases. The LDOS for these systems also remain similar, with distinct acceptor and donor
peaks forming at ¢ layer separation distances >1nm. We hypothesize that an arsenic-boron system or
arsenic—aluminum system (or additional combinations moving further down the periodic table) would
continue the trend of lowered suppression of the §-layer induced bands.

3.3. Carrier transport through tunneling between §-doped layers

Given the spatially separated nature of the §-layer peaks, if there is any charge carrier movement
between the layers (absent the application of any bias on the system), one avenue is tunneling. The cost
of an electron tunneling to the opposite polarity J-doped layer is dominated by overcoming the potential
barrier induced by the interacting structure. We can approximate the tunneling probability of a single

6
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Figure 5. The band structure and local density of states (LDOS) for aluminum and phosphorus ¢-doped layers separated by
(a) 1 nm, (b) 2nm and (c) 10 nm. The aluminum atoms have less suppression of the § doped layer induced bands, resulting in
overlap even at these lower separation distances.

electron sitting with energy E at the phosphorus d-doped layers moving to the boron d-doped layer
using [42]

T(E) ~ exp [—2/: Ik (2) |dz] , (1)

where z; and z, are the starting and ending point of the tunneling respectively (placed at the location of
each of the J-doped layers), and

k(z) =1/ =77~ (V(2) - E). (2)
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Figure 6. Calculated tunneling probability for an electron in one of the §-layers tunneling into the other §-layer as a function of
the separation between the § layers. The tunneling probability calculated based on the actual potential measured from the DFT
calculations is higher than a pure 1.1 eV triangular barrier of the same length due to the interaction between the ¢ layers.

Here, m* is the effective mass of the electron, and V(z) is the potential of the system as a function of

the z, position. We assume an effective mass of m* = 0.19m,, where m, is the standard mass of an elec-
tron, matching the standard transverse mass of an electron in silicon, and the tunneling is solved for

a single electron wavefunction potential landscape V(z). We can conveniently abstract a V(z) function
from our DFT LDOS calculations (which are shown in appendix C), and numerically integrate to cal-
culate the tunneling probability in our systems. We then compare this to the tunneling that would be
expected for a pure triangular 1.1 eV barrier in figure 6.

Notably, due to the interaction between the two d-doped layers, the tunneling probability remains
higher than would be expected for a pure triangular barrier. This trend is particularly pronounced for
longer separation distances. We predict the tunneling probability of a boron and phosphorus §-doped
layer separated by 1 and 2 nm is 0.141 and 0.0305, respectively. While these are not large probabilit-
ies, they are significant enough that a reasonable number of electrons may tunnel through. The tun-
neling rate in aluminum and phosphorus J-doped structures are lower than for boron and phosphorus
structures due to the stronger peaks induced by less relaxation of nearby silicon. This trend continues
throughout the system, however, the slope of the AI-P § layer tunneling remains above that of a 1.1 eV
triangular barrier. We note that these results are before any potential bias is applied to the system, which
could be used to further manipulate tunneling rates. This tunneling probability calculation is based on
an electron sitting at the bottom of the phosphorus §-layer potential well and assuming that it can tun-
nel to the top of the acceptor § well. This assumption of overlapping energy levels in the donor and
acceptor is clearly true at high separation distances, but seems inaccurate for separations below 1 nm.
This is particularly true for boron ¢ layers, where the Fermi level does not sit between the valence and
conduction bands, but seems to be caught within the B § layer. We therefore show these tunneling res-
ults merely to illustrate the possibility of an electron moving between layers, and compare how easy
it would be in this system compared to a generic triangular potential well. The easiest electron move-
ment within the given system would likely still be within a ¢ layer, making the behavior of the material
essentially metallic around the delta layer. We next examine how easy it is to move electrons around the
Fermi level of the system.

The density of states (DOSs) at the Fermi level of the system gradually increases as the separation
between the boron and phosphorus §-layers increases, as shown in figure 7. At lower separations, the
DOS is quite low, as the d-layer induced bands are suppressed and the Fermi level is located within
the band gap of the larger structure. As the separation between the delta layers increases, however, the
d-layer induced valence and conduction bands increase in size and the Fermi level moves from the
band gap into the valence bands. This causes the DOS at the Fermi level to increase with the separa-
tion between the materials until they appear to saturate at 1 nm separation. These higher separations are
thus more likely to induce weak metallic-like behavior as electrons can easily move between bands in the
valence band structure. While the aluminum—phosphorus structures have systematically lower DOSs, the
trends remain the same.

3.4. Considerations when comparing DFT results to experimental systems
It should be noted that the DFT simulations provided in this work are necessarily an approximation
of realistic systems with both acceptor and donor J-doped layers. Many of the errors are unfortunately

8
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Figure 7. The density of states (DOS) at the Fermi level of the system as a function of separation between the § layers.

inherent to any DFT-based approach for materials simulation of electronic properties. The band gap

of the systems will be somewhat underestimated, an effect that has been well documented in various
DFT calculations. We apply SCAN pseudopotentials [36, 38] to combat this problem, but it has not been
entirely solved, as evidenced by our prediction of a pure silicon supercell of 0.98 eV. This may be partic-
ularly relevant at separation distances leading to us predicting a band structure that is continuous across
the typical silicon band gap, such as the B-P 10 nm case (figure 3(c)). There may, in fact, be slight band
gaps in these materials that we cannot see without significantly more computationally expensive meth-
ods. Furthermore, there is some uncertainty in the exact placement of the Fermi level, which would be
dependent on the specific doping of any given sample as well as the measurement temperature. When
the Fermi level is placed firmly within the typical silicon band gap (as in the 0.1 and 0.4 nm separa-
tion cases for both B-P and Al-P layers), it is particularly ill-defined within DFT and should be taken
more clearly as an indication that the valence band is fully occupied and the conduction band is fully
unoccupied.

There are three additional aspects of the results where the approximations necessary for DFT calcula-
tions become especially notable. The first is in the concentration effects of using a limited DFT supercell
with periodic boundary conditions, which necessarily forces the concentration of dopants being modeled
to be relatively high. While this high concentration is laterally correct, i.e. roughly 1/4 monolayer cov-
erage, it is unlikely to be correct perpendicular to the § layer. We are in fact modeling a silicon system
with periodic § layers every 21.8 nm rather than a single isolated pair of ¢ layers. As recently explored
by Campbell et al [35] it can be difficult to fully disentangle the impact of §-doped layers from the high
concentration of dopants being simulated. Nonetheless, given the agreement between experimental char-
acterization and DFT calculations of phosphorus §-doped layers [26-31], it is reasonable to take these
DFT results as good first-order approximations of the electronic structure.

The second aspect of concern is unique to the current simulation of two interacting d-doped layers:
the silicon region between the two d-doped layers. Within our DFT simulations, we assume a pure, per-
fect crystalline silicon region between the two d-doped layers. Due to the necessary low thermal budget
processing to create such a structure, however, it is highly likely that this intermediate silicon region
would not be perfectly crystalline, and may include a significant amount of defects. For example, silicon
grown with APAM methods is known to contain oxygen and aluminum impurities [43]. This imperfect
silicon structure and higher concentration of defects would likely reduce the interaction between the §-
doped layers. Further, our DFT calculations do not account for any dopant segregation that might occur
during silicon epitaxy on top of the §-doped layers.

The final aspect of concern is that while several of the systems show direct band gaps in the repor-
ted band diagrams, this represents an integration of the entire [100] direction within the system and the
valence and conduction peaks are in fact spatially separated. Since the simulated slab is so large in the
[100] dimension, the corresponding Brillouin zone vector is small and sampling with more than one
point would not lead to clear differences in the band diagram. This band diagram should be taken to
represent the electronic structure of the entire system, and not correlated with one specific region of the
model in real space. To understand how the electronic structure changes in real space, we present a light
absorption thought experiment using the LDOS. Based on the LDOS of these systems, a photon shined
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onto the system would still have to overcome the intrinsic silicon band gap of ~1eV to be absorbed and
generate a free electron and hole at any one location. Once generated, however, these charge carriers
would be subject to the huge potential gradient between the § layers and be swept to the nearest § layer
of the correct polarity. Similar analysis in InAs/GaSb superlattices, however, has shown that band gaps
predicted with DFT of large supercells can match experimentally measured values, provided hybrid func-
tionals or similar steps are taken to correct the band gap of the individual materials [44, 45]. This gives
us reason to believe our methodology provides useful reference points for future experimental charac-
terization where these d layers could be stacked to form a superlattice analogous to the well-established
[II-V superlattices, manipulating defects rather than band offsets.

4, Conclusion

Motivated by recent progress in using APAM to create 0-doped layers, we used DFT to predict the elec-
tronic structure of both interacting phosphorus and boron §-doped layers and interacting phosphorus
and aluminum J-doped layers in silicon. At separations of less than ~1 nm, we demonstrate that these
0-doped layers will strongly suppress each other, leading to an effective band gap and electronic struc-
ture close to that of intrinsic silicon. As the separation between the layers increases to around 1 nm, the
suppression decreases, and distinct § potentials can be seen at the site of each layer, essentially creating
a p—n diode with an intrinsic layer of silicon in the place of the depletion region. This decrease in sup-
pression manifests as a change in the effective band gap that can be tailored by controlling the amount
of silicon between the J-doped layers, ranging from 0.36 ¢V for 2 nm spacing to 0.86 ¢V for 0.1 nm spa-
cing. However, the CBM and VBM are spatially separated, so carrier transport between d-doped layers
likely requires tunneling or application of bias. Calculations of the §-doped layer potentials enable us
to predict the tunneling rate between the two layers, finding that the tunneling at higher separations is
greater than what would be expected for a pure 1.1V triangular barrier. These calculations thus provide
a foundation for design of silicon electronics based on interacting ¢ layers.

Future work in this area would need to focus on experimentally creating both acceptor and donor
0-doped layers stacked on top of each other in the same silicon device, which has not yet been demon-
strated. The growth of clean, relatively defect free, intrinsic silicon between the two §-doped layers would
be a particular challenge. Further work is also needed investigating the electronic structure of §-doped
layers in other group-IV materials such as SiGe, Ge, GeSn, etc to gain a more complete understanding of
the influence of varying strain and host material band structure. Validation of the band structure could
be undertaken with angle resolved photoemission spectroscopy as seen in previous experimental work
looking at single d-doped layer silicon structures [26, 29, 34].
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Appendix A. Band structures of isolated single §-doped layers

In this appendix, we predict the band structure of a single J-doped layer, with either boron or phos-
phorus dopants, using SCAN pseudopotentials for higher accuracy band gaps. We use the same supercell
and calculation parameters as described in section 2 of the main text. This allows for easy comparison
with our results in section 3 to determine what is an impact of interaction between the two J-doped lay-
ers. Our results are in many ways similar to previous DFT of phophorus §-doped layers [22-25] and
boron §-doped layers [35], but these results are the first to use SCAN pseudopotentials [36], which
provide more accurate band gaps for semiconductors.

The band structure and LDOS of a phosphorus §-doped layer is shown in figure 8, a boron §-doped
layer band structure is shown in figure 9, and an aluminum J-doped layer band structure is shown in
figure 10. For each structure, the effects are limited entirely to the conduction band (in the case of phos-
phorus) or the valence band (in the case of boron). Naively, we might expect that the effects of includ-
ing both a phosphorus and boron d-doped layer would be a superposition of the phosphorus conduc-
tion band and the boron conduction bands. This description only resembles the band structures when
the §-doped layers are separated by >2.0 nm, indicating that interaction between the layers is indeed
causing significant suppression of the bands at lower separations. It is notable that SCAN pseudopoten-
tials predict that the J potential induced by the phosphorus d-doped layer is much more significant in
magnitude than previous predictions. While the exact magnitude is likely an overestimate, it does indic-
ate that phosphorus d-doped layers should have an extremely large profile within our calculations. This
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Figure 8. The (a) band structure and (b) local density of states for a single phoshporus §-doped layer, using the same supercell
and pseudopotentials as the main text.
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Figure 9. The (a) band structure and (b) local density of states for a single boron §-doped layer, using the same supercell and
pseudopotentials as the main text.
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Figure 10. The (a) band structure and (b) local density of states for a single aluminum d-doped layer, using the same supercell
and pseudopotentials as the main text.
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indicates that the suppression of the phosphorus §-potential at low separation distances is even more
significant than it may appear at first glance.

Appendix B. Doping potentials for the boron and aluminum §-doped layers interacting
with a phosphorus d-doped layers

To further elucidate the nature of the d-doped layers interaction, we plot the doping potentials for each
separation distance in figures 11 and 12. These potentials are calculated by subtracting the planar aver-
aged electrostatic potential of a pure silicon supercell from the planar averaged electrostatic potential

of the system with boron and phosphorus §-doped layers. The doping potentials calculated in the left
column of each figure represent the potential before the system is allowed to relax in response to the
stress that the doping atoms induce in the system. These graphs more or less follow the pattern that
would be expected from the LDOS calculated in figures 2 and 3. In the right column, however, we dis-
play the potential after the system is allowed to relax in response to stress induced by the doping atoms.
These potentials have a much more oscillatory character around the §-doped layers, which is a direct
result of atomic movement in response to the strain slightly altering the periodicity of the nearby sil-
icon atoms. Similar to what is seen in [35], boron §-doped layers feature particularly strong oscillation
with the resulting § potential being less well defined within the material compared to the phosphorus -
doped layers. This is especially clear in the well separated structures at 2.0 and 10.0 nm separation shown
in figure 12.

We finally examine the doping potentials of an aluminum ¢-doped layer interacting with a phos-
phorus §-doped layer, as shown in figures 13 and 14. The oscillatory nature of the doping potentials of
the relaxed structures is much reduced, indicating much less stress is induced in response to the alu-
minum J-doped layer.

To provide a quantitative comparison between the two systems, we define a decay width o 4qping,

Odoping = Zthr — <B/Al, (B1)

where zp,5) is the z position where the B or Al § layer is centered, and zy,, is the threshold z position,
at which the potential oscillation is < than a specified value. We choose the threshold to be a z value
with potential oscillations <0.02V. We find that for B ¢ layers the average 0doping = 2.2 nm, whereas for
Al ¢ layers, the average ogoping = 1.6 nm. This indicates that B ¢ layers induce atomic displacement in
the surrounding silicon an average of 0.6 nm further away than Al layers do, which may serve as a par-
tial explanation for why the Al-P structures tend to have more defined peaks in the LDOS than B-P
structures do.
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Figure 11. The doping potential of structures with (a) 0.1 nm, (b) 0.4 nm, (c) 1.0 nm separation between the boron and phos-
phorus d-doped layers. The left column displays the potential before the atomic structures are allowed to relax to respond to
stress, and the right column is the potential after the structures are allowed to relax.
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Appendix C. Tunneling potentials for the boron and aluminum §-doped layers
interacting with a phosphorus §-doped layers

From the LDOS diagrams in figures 2—5, we can extract the outline of the conduction band minima
(and corresponding valence band maxima with a potential shift) looks like. We then use this as an input
potential for the tunneling calculations described in section 3.3. We show the extracted V(z) plots for
each system used in our tunneling calculations in figure 15.

16



10P Publishing J. Phys.: Condens. Matter 38 (2026) 075502

Q T Campbell et al
B/P delta layers Al/P delta layers
(a) 0.1 nm Separation
-0.005
S —
< >
© -0.010 =0.030
= ]
© -0.015 °©
& o 0.025
0 10 20 0 10 20
Z position (nm) Z position (nm)
(b) 0.4 nm Separation
< =0.03
2 -0.01 =
2 £0.02
© —0.02 B
o o 0.01
o
-0.03 0 10 20
0 10 20 Z position (nm)
Z position (nm)
(c) 1 nm Separation
_.0.04 0.04
> S
g [
T 0.03 < 0.02
2 2
o
€ 0.02 &
0.00
0 10 20 0 10 20
Z position (nm) Z position (nm)
(d)
2 nm Separation
~0.04 ~0.01
S 2
— ®
8 € 0.04
c [}
2 o
o o
a 0.02 0.00
0 10 20
0 10 20 .
o Z position (nm)
Z position (nm)
Figure 15. The conduction band potential of B-P and Al-P structures with (a) 0.1 nm, (b) 0.4 nm, (c) 1.0 nm, (d) 2.0 nm separa-
tion between the boron and phosphorus §-doped layers. These calculations are all for relaxed structures.

ORCID iDs

Quinn T Campbell 0000-0003-1377-3769
Andrew D Baczewski 0000-0001-8553-9934
Evan M Anderson 0000-0002-3771-3085



https://orcid.org/0000-0003-1377-3769
https://orcid.org/0000-0003-1377-3769
https://orcid.org/0000-0001-8553-9934
https://orcid.org/0000-0001-8553-9934
https://orcid.org/0000-0002-3771-3085
https://orcid.org/0000-0002-3771-3085

10P Publishing

J. Phys.: Condens. Matter 38 (2026) 075502 Q T Campbell et al

References

[1] Ward D R et al 2020 Atomic precision advanced manufacturing for digital electronics EDFA Tech. Artic. 22 4-10
[2] Schofield S R et al 2025 Roadmap on atomic-scale semiconductor devices Nano Futures 9 012001
[3] Fuechsle M, Mahapatra S, Zwanenburg F A, Friesen M, Eriksson M and Simmons M Y 2010 Spectroscopy of few-electron single-
crystal silicon quantum dots Nat. Nanotechnol. 5 502—5
[4] Fuechsle M, Miwa J A, Mahapatra S, Ryu H, Lee S, Warschkow O, Hollenberg L C, Klimeck G and Simmons M Y 2012 A single-
atom transistor Nat. Nanotechnol. 7 242—6
[5] RueB F J, Pok W, Reusch T C, Butcher M ], Goh K E J, Oberbeck L, Scappucci G, Hamilton A R and Simmons M 'Y 2007
Realization of atomically controlled dopant devices in silicon Small 3 5637
[6] Gao X, Tracy L A, Anderson E M, Campbell D M, Ivie ] A, Lu T-M, Mamaluy D, Schmucker S W and Misra S 2020 Modeling
assisted room temperature operation of atomic precision advanced manufacturing devices 2020 Int. Conf. on Simulation of
Semiconductor Processes and Devices (SISPAD) pp 277-80 (available at: https://doi.org/10.23919/SISPAD49475.2020.9241642)
[7] Halsey C, Depoy J, Campbell D M, Ward D R, Anderson E M, Schmucker S W, Ivie ] A, Gao X, Scrymgeour D A and Misra S 2022
Accelerated lifetime testing and analysis of delta-doped silicon test structures IEEE Trans. Device Mater. Reliab. 22 169-74
[8] Wang X, Khatami E, Fei F, Wyrick J, Namboodiri P, Kashid R, Rigosi A F, Bryant G and Silver R 2022 Experimental realization
of an extended Fermi-Hubbard model using a 2D lattice of dopant-based quantum dots Nat. Commun. 13 eid 6824 (arXiv:2110.
08982 [quant-ph])
[9] Jones M T et al 2023 Atomic engineering of molecular qubits for high-speed, high-fidelity single qubit gates ACS Nano
17 22601-10
[10] Anderson E M et al 2025 Direct integration of atomic precision advanced manufacturing into middle-of-line silicon fabrication
Appl. Phys. Rev. 12 041402
(11] Lu T-M et al 2021 Path towards a vertical tfet enabled by atomic precision advanced manufacturing 2021 Silicon Nanoelectronics
Workshop (SNW) (IEEE) pp 1-2
[12] Gao X et al 2021 Modeling and assessment of atomic precision advanced manufacturing (APAM) enabled vertical tunneling field
effect transistor 2021 Int. Conf. on Simulation of Semiconductor Processes and Devices (SISPAD) (IEEE) pp 102-6
[13] Stock T et al 2020 Atomic-scale patterning of arsenic in silicon by scanning tunneling microscopy ACS Nano 14 3316-27
[14] Skeren T, Pascher N, Garnier A, Reynaud P, Rolland E, Thuaire A, Widmer D, Jehl X and Fuhrer A 2018 CMOS platform for
atomic-scale device fabrication Nanotechnology 29 435302
[15] Radue M S et al 2021 Alclz-dosed Si(100)-2 % 1: adsorbates, chlorinated Al chains and incorporated Al J. Phys. Chem. C
125 1133647
[16] Campbell Q, Ivie J A, Bussmann E, Schmucker S W, Baczewski A D and Misra S 2021 A model for atomic precision p-type doping
with diborane on Si(100)-2 % 1 J. Phys. Chem. C 125 481-8
[17] Campbell Q, Baczewski A D, Butera R and Misra S 2022 Hole in one: pathways to deterministic single-acceptor incorporation in
Si(100)-2x 1 AVS Quantum Sci. 4 016801
[18] Dwyer K J, Baek S, Farzaneh A, Dreyer M, Williams J R and Butera R E 2021 B-doped §-layers and nanowires from area-selective
deposition of BCl3 on Si(100) ACS Appl. Mater. Interfaces 13 41275-86
[19] Campbell Q, Dwyer K J, Baek S, Baczewski A D, Butera R E and Misra S 2022 Reaction pathways of BCl; for acceptor delta-doping
of silicon (arXiv:2201.11682)
[20] Skeren T, Koster S A, Douhard B, Fleischmann C and Fuhrer A 2020 Bipolar device fabrication using a scanning tunnelling micro-
scope Nat. Electron. 3 1-7
[21] Mendez J P, Gao X, Ivie ] A, Owen ] H, Kirk W P, Randall ] N and Misra S 2025 Exploring transport mechanisms in atomic preci-
sion advanced manufacturing enabled pn junctions J. Appl. Phys. 137 134502
[22] Carter D J, Warschkow O, Marks N' A and McKenzie D R 2009 Electronic structure models of phosphorus ¢-doped silicon Phys.
Rev. B79 033204
[23] Carter D J, Marks N A, Warschkow O and McKenzie D R 2011 Phosphorus §-doped silicon: mixed-atom pseudopotentials and
dopant disorder effects Nanotechnology 22 065701
[24] Drumm D W, Budi A, Per M C, Russo S P and Hollenberg L C 2013 Ab initio calculation of valley splitting in monolayer J-doped
phosphorus in silicon Nanoscale Res. Lett. 8 1-11
[25] Drumm D, Smith J, Per M, Budi A, Hollenberg L and Russo S 2013 Ab initio electronic properties of monolayer phosphorus
nanowires in silicon Phys. Rev. Lett. 110 126802
[26] Miwa ] A, Hofmann P, Simmons M Y and Wells ] W 2013 Direct measurement of the band structure of a buried two-dimensional
electron gas Phys. Rev. Lett. 110 136801
[27] Mazzola F, Edmonds M T, Heydalsvik K, Carter D J, Marks N A, Cowie B C, Thomsen L, Miwa J, Simmons M Y and Wells ] W
2014 Determining the electronic confinement of a subsurface metallic state ACS Nano 8 102238
(28] Mazzola E, Polley C M, Miwa J A, Simmons M Y and Wells ] W 2014 Disentangling phonon and impurity interactions in 6-doped
Si(001) Appl. Phys. Lett. 104 173108
[29] Miwa ] A, Warschkow O, Carter D J, Marks N A, Mazzola F, Simmons M Y and Wells ] W 2014 Valley splitting in a silicon
quantum device platform Nano Lett. 14 1515-9
[30] Mazzola F, Wells J, Pakpour-Tabrizi A, Jackman R, Thiagarajan B, Hofmann P and Miwa ] 2018 Simultaneous conduction and
valence band quantization in ultrashallow high-density doping profiles in semiconductors Phys. Rev. Lett. 120 046403
[31] Holt A et al 2020 Observation and origin of the 6 manifold in Si: P ¢ layers Phys. Rev. B 101 121402
[32] Katzenmeyer A M et al 2020 Assessing atomically thin delta-doping of silicon using mid-infrared ellipsometry J. Mater. Res.
35 2098-105
[33] Young S M, Katzenmeyer A M, Anderson EM, Luk T S, Ivie ] A, Schmucker S W, Gao X and Misra S 2023 Suppression of midin-
frared plasma resonance due to quantum confinement in §-doped silicon Phys. Rev. Appl. 20 024043
[34] Strand F S et al 2025 Direct observation of 2DEG states in shallow Si: Sb é-layers J. Phys. Chem. C 129 1339-47
[35] Campbell Q T, Misra S and Baczewski A D 2023 Electronic structure of boron and aluminum d-doped layers in silicon J. Appl.
Phys. 134 044401
[36] SunJ, Ruzsinszky A and Perdew ] P 2015 Strongly constrained and appropriately normed semilocal density functional Phys. Rev.
Lett. 115 036402
[37] Giannozzi P et al 2009 Quantum espresso: a modular and open-source software project for quantum simulations of materials J.
Phys.: Condens. Matter 21 395502

18


https://doi.org/10.31399/asm.edfa.2020-1.p004
https://doi.org/10.31399/asm.edfa.2020-1.p004
https://doi.org/10.1088/2399-1984/ada901
https://doi.org/10.1088/2399-1984/ada901
https://doi.org/10.1038/nnano.2010.95
https://doi.org/10.1038/nnano.2010.95
https://doi.org/10.1038/nnano.2012.21
https://doi.org/10.1038/nnano.2012.21
https://doi.org/10.1002/smll.200600680
https://doi.org/10.1002/smll.200600680
https://doi.org/10.23919/SISPAD49475.2020.9241642
https://doi.org/10.1109/TDMR.2022.3152376
https://doi.org/10.1109/TDMR.2022.3152376
https://arxiv.org/abs/2110.08982
https://arxiv.org/abs/2110.08982
https://doi.org/10.1021/acsnano.3c06668
https://doi.org/10.1021/acsnano.3c06668
https://doi.org/10.1063/5.0278639
https://doi.org/10.1063/5.0278639
https://doi.org/10.1021/acsnano.9b08943
https://doi.org/10.1021/acsnano.9b08943
https://doi.org/10.1088/1361-6528/aad7ab
https://doi.org/10.1088/1361-6528/aad7ab
https://doi.org/10.1021/acs.jpcc.1c00691
https://doi.org/10.1021/acs.jpcc.1c00691
https://doi.org/10.1021/acs.jpcc.0c08919
https://doi.org/10.1021/acs.jpcc.0c08919
https://doi.org/10.1116/5.0075467
https://doi.org/10.1116/5.0075467
https://doi.org/10.1021/acsami.1c10616
https://doi.org/10.1021/acsami.1c10616
https://arxiv.org/abs/2201.11682
https://doi.org/10.1038/s41928-020-0445-5
https://doi.org/10.1038/s41928-020-0445-5
https://doi.org/10.1063/5.0245242
https://doi.org/10.1063/5.0245242
https://doi.org/10.1103/PhysRevB.79.033204
https://doi.org/10.1103/PhysRevB.79.033204
https://doi.org/10.1088/0957-4484/22/6/065701
https://doi.org/10.1088/0957-4484/22/6/065701
https://doi.org/10.1186/1556-276X-8-111
https://doi.org/10.1186/1556-276X-8-111
https://doi.org/10.1103/PhysRevLett.110.126802
https://doi.org/10.1103/PhysRevLett.110.126802
https://doi.org/10.1103/PhysRevLett.110.136801
https://doi.org/10.1103/PhysRevLett.110.136801
https://doi.org/10.1021/nn5045239
https://doi.org/10.1021/nn5045239
https://doi.org/10.1063/1.4874651
https://doi.org/10.1063/1.4874651
https://doi.org/10.1021/nl404738j
https://doi.org/10.1021/nl404738j
https://doi.org/10.1103/PhysRevLett.120.046403
https://doi.org/10.1103/PhysRevLett.120.046403
https://doi.org/10.1103/PhysRevB.101.121402
https://doi.org/10.1103/PhysRevB.101.121402
https://doi.org/10.1557/jmr.2020.155
https://doi.org/10.1557/jmr.2020.155
https://doi.org/10.1103/PhysRevApplied.20.024043
https://doi.org/10.1103/PhysRevApplied.20.024043
https://doi.org/10.1021/acs.jpcc.4c07331
https://doi.org/10.1021/acs.jpcc.4c07331
https://doi.org/10.1063/5.0156832
https://doi.org/10.1063/5.0156832
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/0953-8984/21/39/395502

10P Publishing J. Phys.: Condens. Matter 38 (2026) 075502 Q T Campbell et al

[38] Yao Y and Kanai Y 2017 Plane-wave pseudopotential implementation and performance of SCAN meta-GGA exchange-correlation
functional for extended systems J. Chem. Phys. 146 224105

[39] Bludau W, Onton A and Heinke W 1974 Temperature dependence of the band gap of silicon J. Appl. Phys. 45 1846—8

[40] Monkhorst H J and Pack J D 1976 Special points for brillouin-zone integrations Phys. Rev. B 13 5188

[41] Carter D, Warschkow O, Marks N and McKenzie D 2013 Electronic structure of two interacting phosphorus d-doped layers in sil-
icon Phys. Rev. B 87 045204

[42] Landau L D and Lifshitz E M 2013 Quantum Mechanics: non-Relativistic Theory vol 3 (Elsevier)

[43] Anderson E M et al 2020 Low thermal budget high-k/metal surface gate for buried donor-based devices J. Phys. Mater. 3 035002

[44] Garwood T, Modine N A and Krishna S 2017 Electronic structure modeling of InAs/GaSb superlattices with hybrid density func-
tional theory Infrared Phys. Technol. 81 27-31

[45] Taghipour Z, Shojaee E and Krishna S 2018 Many-body perturbation theory study of type-II InAs/GaSb superlattices within the
GW approximation J. Phys.: Condens. Matter 30 325701

[46] Campbell Q et al 2025 First principles band structure of interacting phosphorus and boron/aluminum &-doped layers in silicon
Zenodo (available at: https://zenodo.org/records/17186952)

19


https://doi.org/10.1063/1.4984939
https://doi.org/10.1063/1.4984939
https://doi.org/10.1063/1.1663501
https://doi.org/10.1063/1.1663501
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.87.045204
https://doi.org/10.1103/PhysRevB.87.045204
https://doi.org/10.1088/2515-7639/ab953b
https://doi.org/10.1088/2515-7639/ab953b
https://doi.org/10.1016/j.infrared.2016.12.007
https://doi.org/10.1016/j.infrared.2016.12.007
https://doi.org/10.1088/1361-648X/aacdce
https://doi.org/10.1088/1361-648X/aacdce
https://zenodo.org/records/17186952

	First principles band structure of interacting phosphorus and boron/aluminum δ-doped layers in silicon
	1. Introduction
	2. Methods
	3. Results
	3.1. Band structure and LDOS of boron–phosphorus δ-doped layers
	3.2. Band structure and LDOS of aluminum–phosphorus δ-doped layers
	3.3. Carrier transport through tunneling between δ-doped layers
	3.4. Considerations when comparing DFT results to experimental systems

	4. Conclusion
	Appendix A. Band structures of isolated single δ-doped layers
	Appendix B. Doping potentials for the boron and aluminum δ-doped layers interacting with a phosphorus δ-doped layers
	Appendix C. Tunneling potentials for the boron and aluminum δ-doped layers interacting with a phosphorus δ-doped layers
	References


