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Abstract

Strain is extensively used to controllably tailor the electronic properties of materials. In the context
of indirect band-gap semiconductors such as silicon, strain lifts the valley degeneracy of the six
conduction band minima, and by extension the valley states of electrons bound to phosphorus
donors. Here, single phosphorus atoms are embedded in an engineered thin layer of silicon
strained to 0.8% and their wave function imaged using spatially resolved spectroscopy. A
prevalence of the out-of-plane valleys is confirmed from the real-space images, and a combination
of theoretical modelling tools is used to assess how this valley repopulation effect can yield
isotropic exchange and tunnel interactions in the xy-plane relevant for atomically precise donor
qubit devices. Finally, the residual presence of in-plane valleys is evidenced by a Fourier analysis of
both experimental and theoretical images, and atomistic calculations highlight the importance of
higher orbital excited states to obtain a precise relationship between valley population and strain.
Controlling the valley degree of freedom in engineered strained epilayers provides a new
competitive asset for the development of donor-based quantum technologies in silicon.

1. Introduction

Strain is a modification of a crystal’s lattice constant, which alters the electronic band structure and its degen-
eracies by breaking crystal symmetries. This effect, which can be captured by first principles methods [1, 2],
can modify the band energies, lift degeneracies, and reduce inter-band scattering [3]. These properties have
been used over the decades in microelectronics to enhance the mobility of nanoscaled MOSFETSs [3, 4] as well
as the luminescence of solar cells or 2D material systems [5, 6]. By extension, strain also alters the quantum
states of electrons bound to single dopants, defects or quantum dots [7] which can be isolated and controlled in
nanoscale electronic devices, since these states are built upon band states of the host material. Strain is invari-
ably present to some degree in nanoelectronic devices for classical and quantum technologies, notably because
of the material stack, of the presence of interfaces and nearby doping. Therefore, it is essential to develop

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Sample doping and growth engineering. (a) The valley degeneracy of single donor ground states evolves from a six-fold
to a two-fold degeneracy for large tensile strain, where the out-of-plane valleys A, dominate with respect to the xy-valley states
A,,. The schematics indicate a representation of the valley states in Fourier space. (b) Schematics of the sample. Prior to in situ
fabrication and measurements, the sSOI substrate is doped with P atoms by ion implantation (Py). Spatially resolved resonant
tunneling is performed from a saturated (conductive) phosphorus layer which acts as a reservoir at low temperature (P, ), to an
isolated P donor in the low dose layer (P,), to the STM tip. (c) Diagram representing the electronic transport through a single
donor. Transport occurs from the reservoir (first phosphorus doped layer, high dose), to a single donor found in the second
phosphorus-dosed layer and then to the STM tip through the vacuum barrier. (d) Low-temperature fabrication procedure of the
sample. The thermal budget must not exceed 800 °C. Two phosphorus depositions, P; at high dose (10'* cm~? above the
metal-insulator transition to create an electronic reservoir) and P, at low dose (10'> cm™2, to obtain isolated single donors), are
separated by a 10 nm silicon barrier with a growth procedure optimised to minimise dopant segregation. A final 2.5 nm growth
follows P, to bury the isolated donors. (e) Large scale topography after deposition of 10 nm of silicon according to the procedure
detailed in (d).

tools that are able to probe the impact of strain at the nanoscale in order to understand and mitigate, but also
possibly control and leverage strain in new architecture designs [8—10]. In particular, strain lifts the valley
and heavy/light hole degeneracies of silicon [11, 12] (see figure 1(a)), with direct implications for exchange
and hyperfine interactions [11, 13—15] as well as dipole and possible quadrupolar moments [10, 16] of single
dopants, all core properties that enable quantum information processing.

The sensitivity of electron spin resonance spectroscopy has been used to detect shifts in the hyperfine fre-
quencies induced by strain on dopants in silicon [17-20]. However, this technique averages the impact of strain
over microscopic areas and over a large number of dopants, while the local impact of strain in a nanostructure
and on a single quantum state is of interest for quantum applications based on individual dopants. Instead,
microscopy techniques are well suited to study strain effects at the nanoscale. Whilst scanning transmission
electron microscopy [21] and atom probe tomography are able to detect single atoms in nanoscale devices
[22, 23], scanning tunneling microscopy (STM) presents the advantage of giving direct access to wave function
information [24]. This technique was recently used to probe the valley population of single donors in natural
silicon [25, 26]. Here, we extend this work to spatially resolve the wave function of an electron bound to a
single phosphorus atom embedded in a thin layer of highly strained silicon compatible with atomic precision
lithography [27].

In this work, we report that the complex oscillating pattern which was observed in these images in the
unstrained case due to the presence of all six valleys [25, 26] vanishes because of the valley repopulation effect.
Using a combination of theoretical models for the exchange interaction, we show how this dominant z-valley
donor wave function can be used in the context of atomically precise qubit devices to obtain robust exchange
and tunnel couplings for any in-plane orientation and down to 5 nm separation. A Fourier transform analysis
highlights the remaining presence of an xy-valley population, which is unexpected according to effective mass
theories for such large strain [11]. The presence of this remaining in-plane valley population observed experi-
mentally is in agreement with atomistic tight-binding (TB) simulations [28], which notably take into account
high orbital excited states [29, 30] and have been benchmarked against ab initio density functional theory [14].
Our work provides a quantitative understanding of the effect of strain on valley population, relevant for the
development of robust two-donor coupling in silicon.
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2. Sample fabrication and structural analysis

The sample fabrication procedure achieves three main objectives. The native oxide needs to be removed with-
out dewetting the epilayer nor relaxing the strain, a flat surface must be obtained to enable STM spectroscopy,
and dopants must be embedded in the originally undoped strained epilayer to induce a single electron tunnel-
ing framework on isolated ones. The fabrication of our sample starts from a commercial 300 mm wafer from
Soitec with a 10 nm-thick layer of highly strained silicon [31, 32]. This silicon layer was grown on a Sij sGey >
substrate to induce the desired amount of strain, and subsequently transferred on a silicon oxide substrate
according to the Smart Cut process™. Importantly, the strain should be preserved throughout the fabrication
procedure which is achieved by implementing a low-temperature fabrication budget.

The substrate was first implanted at 3.5 ym-depth with phosphorus atoms at an energy of 6 MeV and
a dose of 101 cm™2 in order to facilitate the annealing steps required during the in situ fabrication proce-
dure. Normally for such devices, this in situ preparation starts with a 10 h-anneal at 600 °C followed by a
high-temperature flash annealing (typically above 1050 °C) to remove the native oxide [25]. However, this
high temperature anneal cannot be performed here with a thin strained layer because it results in cross-
hatching due to the strain variation across the wafer, which is notably unsuitable for STM lithography [33 ]. This
high-temperature flash also incurs a high risk of dewetting the thin strained layer. Instead, we adopted a low-
temperature recipe [8] where the sample is kept at 700 °C facing a silicon deposition source calibrated to a rate
of 0.5 ML min ! for 1 h. This was followed with a 2 min-anneal at 800 °C to ensure a high-quality 2 x 1 surface
reconstruction [see supporting information section S1 (https://stacks.iop.org/MQT/2/025002/mmedia)].

A schematic of the final device is shown in figure 1(b), with the corresponding electronic transport diagram
shown in figure 1(c). Similar to previous work [25, 26, 34, 35], a tunnel current occurs from the highly doped
reservoir labelled P; to an isolated donor found in the lightly doped layer (labelled P,) and then to the STM tip.
The temperature of the fabrication process, starting from the initial step where the native oxide is removed,
is described in figure 1(d). A saturation dose of phosphorus dopants P;, which will be conductive and act
as a reservoir at low temperature, is deposited and incorporated at the surface. This reservoir is electrically
contacted and voltage biased (V;) through the silicided part of the sample under the clamp of the STM sample
holder. A silicon growth of 7.5 nm follows, divided in three equivalent sub-growths of 2.5 nm. For each sub-
growth, the first nanometer is grown at room temperature and the remaining 1.5 nm grown between 250 °C
and 400 °C, which is designed to minimise dopant segregation whilst preserving a flat surface for STM studies
[36, 37]. A second phosphorus deposition P, follows, with a lower dose of 10'2 cm™2, designed to be able to
randomly find isolated donors. A second silicon growth of 2.5 nm buries the isolated donors, followed by a 10
s-anneal at 600 °C to further flatten the surface, which is finally hydrogen passivated. A large scale topography
image is shown in figure 1(e), which shows an excellent surface quality, with low defects and large terraces
(larger than 20 nm) suitable for STM spectroscopy and amenable to STM lithography to fabricate atomically
precise qubit devices [27, 38].

To confirm that we successfully inhibited strain relaxation by limiting the thermal and growth budget, we
performed x-ray diffraction measurements through the overgrown layer. A 26 — w x-ray 2D map was taken
along the [224] crystallographic axis for the bare sSOI wafer first, which is reconstructed in real space in
figure 2(a). The lattice coordinates were corrected in order for the map maximum (yellow cross) to match
the lattice constant of the sSOI strain-relaxed handling wafer in all three dimensions. The amount of germa-
nium in the virtual substrate Si;_,Ge, determines the resulting amount of strain in the silicon epilayer, which
can be predicted from linear elasticity theory using the lattice constant mismatch between the two materials
(age = 0.5658 nmand as; = 0.5431 nm). The resulting in-plane a and out-of-plane a, silicon lattice constants
with respect to the unstrained case are:

) = (1 —x)asi + xac, 0

a; —as = 2(ciz/en)(asi — a)) ~ 0.75(as; — aj)

where ¢;; and ¢y, are the elastic constants of relaxed silicon [39]. Since ag, > as;, growing a silicon epilayer on
Si;—.Ge, results in a tensile in-plane strain, i.e. a| > as;and a; < as;. We define €| the in-plane strain (i.e., the
relative change in the in-plane lattice constant), with ¢ = 0.8% for x = 0.2. The black dashed line represents
the linear relationship between the in-plane a and out-of-plane a, lattice constants following equation (1).
The thin strained silicon epilayer is evidenced as an ellipsoidal signal, which is centred very close to the expected
location for a silicon layer grown on a 20%-rich germanium substrate with 4 = 0.5476 nm and a; = 0.5397
nm (red cross). A 2D Gaussian fit of this signal (black ellipse, see supporting information section S2) yields
a strain value eﬁare = 0.76 £ 0.18% (black cross). A similar measurement and analysis was performed on the
overgrown and dosed sample, as shown in figure 2(b). A similar signal can be observed for this sample close
to the expected strain value, and the same fitting analysis yields 6iXP = 0.71 £ 0.15%. The reservoir doping
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Figure 2. X-ray diffraction of thin strained silicon epilayers. (a) 2D 26 — w map taken along [224], reconstructed in real space, of
the bare wafer. The black dashed line corresponds to the expected relationship between a| and a, from elasticity theory, see
equation (1). The yellow cross indicates the position of the maximum, which corresponds to the unstrained substrate and is used
as a reference of the relaxed lattice constants. The strained layer appears as a 2D ellipse centred (black cross) very close to the
expectation value for a layer grown on a Sij 3 Ge,, wafer (red cross). The black ellipse denotes the variance of a Gaussian fit of the
strain ellipse. The other diagonal features are spurious interference from the measurement setup. (b) Similar x-ray diffraction
measurements and analysis were performed on the sample that was spectroscopically measured at low temperature after growth
and doping. The strain has remained after overgrowth and phosphorus incorporation with very limited relaxation.

concentration is on the order of 10°°~10%' cm—3, which induces a strain of the order of 0.05% [40]. The strain
obtained here is therefore much larger and can be confidently attributed to the strain originally present in the
epilayer. The errors bars between the two samples are also quantitatively similar, which demonstrates that the
strain is maintained during our anneal, growth and dosing procedure. We note that the SiGe growth method
used to fabricate the original strained epilayer is known to result in a strain field which can vary by around 10%
with a characteristic length of 1 to 2 um due to the cross-hatch effect reflecting the misfit dislocations present
in the original SiGe buffer [41]. The implications for single donors will be addressed later in the manuscript.

3. Spectroscopy and wave function imaging of a strained donor

The objectives of this section are to spectroscopically evidence the presence of single donors addressable in
the single electron tunneling regime, before spatially resolving their charge distribution and analysing these
images in the context of the strain applied to the crystal. The sample is voltage biased (V},) and the STM tip
is connected to the input of a trans-impedance amplifier placed at room temperature. In this configuration,
donor states can be evidenced spectroscopically at 4.2 K as they yield resonances below the direct transport
onset from silicon valence band states to the STM tip [25, 26, 42]. This onset can be measured away from
a single donor as shown in figure 3(a). Here, it occurs at Vj, ~ 0.2 V, which is offset compared to previous
results [25, 26, 42] in unstrained silicon where it is found around V;, ~ —0.8 V. This offset is attributed to
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Figure 3. Single donor spectroscopy and wave function imaging. (a) Spectroscopy performed at 4 K, away (grey) and over a
single donor (red) embedded in the strained epilayer. Over the donor, two resonances appear below the onset of direct transport
from the valence band states of silicon to the tip, which correspond to the addition of two electrons on the donor. The blue line is
a fit to the current assuming a thermally broadened regime, from which the charging energy can be extracted. (b) STM image of
the current recorded at V, = 0.4 V, corresponding to imaging the first electron transition (D state). The red and grey crosses
indicate where the grey and red spectra shown in (a) were taken. The scale and color bars are common to all the plots, with I,,,
corresponding to the current maximum found in the image. (c) STM image of the current recorded at V}, = 0.2V, corresponding
to imaging the second electron transition (D~ state). Both the D° and D~ images only show maxima along the dimer rows of the
2 x 1 reconstructed surface (indicated by the black arrows), which indicate the prevalence of the z-valleys in the donor ground
state. (d)—(f) Theoretical STM images using the states of a 4.54o-deep donor obtained from atomistic simulations in strained
silicon originating from 1%, 5% and 20%-Ge content in the buffer substrate, respectively. The pattern observed in the 1%
theoretical image, where maxima are distributed along and across the dimers, relates to the presence of the xy-valleys. As the
strain increases, this pattern evolves to only leave maxima aligned along the dimer rows.

an electrical short between the silicon epilayer and the handling wafer on the sample holder. Two extra reso-
nances, at Vi, ~ 0.6 Vand V}, ~ 0.2 V respectively, can be observed when tunneling over a single dopant occurs
(red line), which correspond to adding respectively the first (called D° state) and the second electron
(called D™ state) on the donor, the latter being close to the onset of direct transport from the valence band
states [25, 34]. This double resonance can be fitted to a thermal broadening model from which lever arms of
0.065 4 0.009 and 0.072 =+ 0.003 are obtained for the D’ and D™ resonances, respectively, as well as a charging
energy of 14 + 2 meV (see supporting information section S3) between the two charge states. This value is
low compared to the charging energy of a single phosphorus donor in bulk silicon (about 47 meV [27]). This
difference can be explained by the presence of a metallic reservoir 10 nm away [35] and the strain environment
which leads to a slight increase in the wave function envelope extent. We have performed full configuration
interaction (FCI) calculations of the D™ state following an atomistic tight-binding simulation of D°. These
calculations take into account both the presence of the strain in the lattice and of a screening metallic reservoir
[30], and find that the charging energy of a 4.5ay-deep donor is decreased to 23 meV for 20%-Ge content
strain at zero externally applied electric field, in reasonable agreement with the experimental value mentioned
above.

A double-pass technique [25] is used to image the charge distribution of the single donor evidenced in spec-
troscopy. The tip is first stabilised in topography, before setting the bias in the gap in a second pass where only
the donor density of states contribute to the tunnel current. Following a drift correction protocol performed
on the lattice topography image of the first pass, the charge distribution images are shown in figures 3(b) and
(c), respectively for the D° state taken at V;, = 0.4 V and for the D~ state taken at V}, = 0.2 V. In the unstrained
case, the donor image reflects interference between waves at the valley and lattice frequencies, and the pattern
strongly depends on the lattice plane at which the donor sits [25, 26, 43, 44]. In contrast, the strained case
studied here shows that the maxima of the charge distribution are aligned along the dimer rows. Following
our previous work [26], we have computed theoretical STM images based on a multi-million atom TB simu-
lation of the donor D° state at a depth of 4.5a, for several amounts of strain. At 1% (in Ge content), as shown
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in figure 3(d), the image reveals a complex symmetry with a set of oscillating patterns whose maxima are dis-
tributed both along and across the dimer rows. This is characteristic of the presence of all six valleys and of
lattice frequencies. Going to 5% and 20%, as shown respectively in figures 3(e) and (f), this oscillating pattern
progressively vanishes leaving a signal aligned with the surface dimer rows in agreement with the experimental
images. This behaviour is consistent for any dopant depth (see supporting information section S4). Two other
donors measured in different sample locations show very similar features with charge distribution maxima
aligned along the dimer rows (see supporting information section S5). Together with the support from theo-
retical modelling, this analysis suggests that the strain remains large enough anywhere on the sample to induce
a significant change in the valley population of the donors.

4. Valley population impact on tunnel and exchange coupling

The change in the pattern observed in the STM images links to a change in the valley population. This effect
has important consequences for dopant electronic properties, which we investigate theoretically in this section.
We focus here on interactions based on the direct overlap between donor wave functions, such as tunnel and
exchange couplings. These quantities can be very sensitive to the exact position of the dopants in the lattice
because of the presence of interference at the valley frequency, an effect modulated by the anisotropy of the
donor envelope that originates from the mass anisotropy in the conduction band of silicon [42, 45]. Below, we
investigate the effect of the valley population on these interactions in the context of atomically precise donor
qubit devices, where donors are placed within the same crystallographic plane [13, 27]. We start from the
Heitler—London expression of the exchange coupling using an effective mass description of the single electron
wave functions, and of the relationship between tunnel and exchange couplings [42, 45]:

J® = Y a2aju(®) cos(Ady, (R)
V=

+{xy,2}

t=+JU/2 (2)

where v, is the amplitude of the valley population, j,,, the envelope weight or overlap between the orbital part
of valleys y and v, A¢,,, a geometric phase difference term between the two valleys which depends on the
distance between the two atoms and the valley momentum, and U the on-site Coulomb repulsion energy of
the 2e-state which we consider to be constant. This exchange expression is in good agreement with full con-
figuration exchange calculations down to inter-donor distances of 5 nm [30, 42] (see supporting information
section S6). In equation (2), the valley population gives an extra weight to each interfering envelope term j,,,,.
Their impact is shown in figure 4(a), where all the tunnel coupling values corresponding to in-plane donor
positions between 6 and 8 nm are plotted for two different valley populations. In the unstrained case, i.e. a
z-valley population of 33% (o, = axy =, = 1/ V/6), clear variations of over an order of magnitude close to
the [100] axis can be observed, which are due to the sensitivity to y-valley interference, while the [110] axis is
more resilient [42]. Going to a z-valley population of 80%, these large variations vanish to make the tunnel
coupling isotropic in the plane, and we also note a relative increase of the maximum values. Both effects arise
since the wave function is mainly concentrated in the z-valley and the j,, term is fully constructive, where less
amplitude of the wave function is lost through destructively interfering terms in building the overlap. Mak-
ing the direct interactions isotropic in the plane opens a way for quantum simulation architectures based on
donor arrays with non-square geometries, where the donors are not only positioned along the [110] or [110]
axis [10, 46, 47].

We further investigated the impact of strain on the exchange variations caused by small changes in atom
position. For two target orientations ([100] and [110]) and two target distances (5 and 12 nm), we calculated
the tunnel couplings values corresponding to all possible inter-donor positions within a 1 nm in-plane neigh-
bourhood. The ratios of the minimum to the maximum value are plotted in figure 4(b) as a function of the
total z-valley population. Along [110] the variations remain below a factor of 10 for small target distance and
change in valley population. However, large variations are predicted along the [100] axis due to the inherent
presence of destructive positions close by, for any target distance. Strain provides a way to overcome these
variations. Overall, the impact of valley interference on tunnel coupling, and thus exchange coupling as well, is
quenched for a z-valley population beyond 70% leaving variations only due to changes in the donor envelope
overlap. A remaining question to address is to determine the amount of strain to achieve such population,
which is the focus of the following section.
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Figure4. Valley population and tunnel coupling robustness to dopant position. (a) Normalised tunnel coupling values calculated
for all the in-plane inter-donor positions between 6 and 8 nm, for a z-valley population of 33% (black points) and 80% (red
points). The angle 0;, is defined from the [100] crystallographic direction. The tunnel coupling becomes isotropic upon strain
with a reduction of the large variations close to the [100] crystallographic axis. (b) Ratios of the minimum to maximum tunnel
coupling values found within a ££1 nm in-plane neighbourhood as a function of the z-valley population, for two target distances
(5and 12 nm) and two target directions ([100] and [110]). Valley interference-induced variations are quenched irrespective of the
distance and orientation for a z-valley population beyond 70%.

5. Valley population of strained donors - Fourier analysis

The valley and lattice frequencies that are present in the donor’s ground state image can be distinguished in
Fourier space around the first Brillouin zone [44]. The 2D Fourier transform of the experimental images of
the D® and D~ states are shown in figures 5(a) and (b) respectively. A strong signal can be observed around
the lattice frequencies located at (k, k,) = £0.5ko and (k, k,) = £1ko with kg = 27/ay (grey dashed circles),
which reflects the dominance of the z-valley population in the donor ground state and the alignment of the
real-space image signal along the surface dimer rows. The same strong lattice components can also be observed
in the Fourier transform of the theoretical D’ image at 20%-Ge strain (figure 5(c)) to establish a clear agree-
ment between experiment and theory. Regarding the xy-valleys, important components to focus on are located
around ki, k, ~ 0.81k, (green ellipses in figures 5(a)—(c)), since they relate to xy-valley interference only and
are independent of the lattice [44]. The D~ image also provides information on the D° bound states including
valleys [35]. While the xy-valley population is expected to be very low in such large strain environment, a clear
signal can be observed around the y-valleys of the D° Fourier transform, as well as for both x and y-valleys
of the D~ experimental and the D° theoretical Fourier transforms, which establishes a residual presence of
xy-valley population. The asymmetry between the x and the y-valley signal observed in the experimental D°
Fourier transform, with the x-valley signal absent, is most likely due to an extrinsic cause to the dopant (lattice
defect or tip effect for instance), but further investigation is needed. The presence of a residual xy-valley pop-
ulation observed experimentally and theoretically based on a TB approach is not expected from effective mass
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Figure 5. Fourier analysis and residual xy-valley population. (a) and (b) Fourier transform of the D’ and D~ images, respectively,
centred on the first Brillouin zone (solid white lines). The grey dashed circles at ky, k, ~ £0.5k; and ki, k, ~ %1k, indicate the
dominant lattice frequencies of the Fourier transform, a direct consequence of the real-space image maxima being aligned along
the surface dimer rows. The signal circled within the green ellipses at k,, ~ 0.81k, indicate a reminiscent xy-population of the
donor ground state. (c) Fourier transform of the theoretical STM image of the DO state for 20%-Ge, which also shows a clear
signal at k, ~ 0.81ko. (d) Evolution of the z-valley population as a function of strain expressed in Ge content (bottom axis) and
valley strain x (top axis, see equation (3)), for an EM model (black line) and a full TB calculations (blue dots). The EM model
yields a sharper prevalence of the z-valley population compared to TB. This indicates that the influence of higher excited states is
required to maintain a finite xy-valley population for large strain as observed experimentally. (e) State energies as a function of
strain, for the EM model (black lines, 1s-manifold) and TB calculations (blue dots for the states matching the 1s-manifold of EM,
red dots for higher orbital states). Within the 1s manifold, the z-valley states become favourable for both EM and TB, but the
energy splitting between the z-valley and the xy-valley states (grey arrow for EM, purple arrow for TB) is reduced in the case of
TB, which slows down valley repopulation.

(EM) theory for such large strain [11, 17] as explained below. Following this EM framework, an energy shift
of the valley states is associated with a change of the lattice constants upon strain, which can be characterised
by a valley strain parameter y linked to the deformation potential =, ~ 8.6 eV and the valley-orbit parameter
A, ~ 2meV for silicon [11, 17]:

Eu asi—age (2cn

X = 3A. 7&15,‘ (; + 1> X. (3)
This energy shift of the valley states causes the donor ground state to evolve from the the so-called A, state,
where all the valleys are equally distributed, to the AJY state made out z-valleys only (see supporting informa-
tion section S7). The evolution of the z-valley population according to the EM model is plotted in figure 5(d)
as a function of the Ge concentration (see supplementary information), and it can be compared to the val-
ley population obtained from our TB atomistic simulations. The z-valleys quickly dominate (above 90%) for
strain larger than 3.2% in the EM case, to exceed 99.7% at 20%-Ge, while the valley repopulation is much
slower in the the TB case with a remaining 4.6% of xy-population at 20%-Ge, which qualitatively match our
experimental observation.

As depicted in figure 1(a), the evolution of the valley population is directly related to the energy difference
between the valley states, which is a good starting point to gain a better understanding of why the change in
valley population as calculated by TB is slower than by EM. Therefore, we show in figure 5(e) the evolution of
the state energies as a function of strain for both EM and TB calculations. Both models show a qualitatively
similar behaviour for the 1s-manifold (black lines for EM, blue dots for TB), with a large first excited state
energy (about 12 meV) at zero strain which decreases to a few meV at finite strain. Both models also show
an increasing splitting between the z-valley and xy-valley states (black and blue arrows for the EM and TB
model, respectively) as the Ge content (hence the strain) is increased. However, the energy splitting between
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these valley states is smaller for TB than it is for EM calculations for the same amount of strain (see arrows),
which drives a slower valley repopulation of the ground state. In order to understand this quantitative dif-
ference between the two models, it is important to note that the EM model only considers the first 1s-like
manifold, while TB takes into account a larger donor spectrum basis including higher orbital states [29, 30]
(e.g., 25, 2p and so on). In figure 5(e), some of these higher orbital states (red dots) can be seen coming down
in energy with strain and crossing the xy-valley states, which can reduce the energy gap between the z and
xy-valley states in turn driving the valley population. As future work, it would be relevant to extend the EM
model to include higher orbital states in the calculations to see if it converges towards the TB ones, as well as
to further investigate in the TB framework the interaction and possible hybridization between the 1s-like and
higher orbital states when they cross around 5% Ge concentration.

6. Conclusion

In conclusion, we have engineered a thin epilayer of highly strained silicon to embed and image the wave
functions of single phosphorus donors. A low-temperature fabrication procedure was used to maintain a high
level of strain, as confirmed by x-ray diffraction, and to obtain a high quality surface for STM purposes. We
evidence a clear dominance of the z-valley population in the STM image in contrast to the relaxed case, which
can be used to make the exchange and tunnel coupling isotropic in the xy-plane. A Fourier analysis highlights
the residual presence of xy-valley states for large strain that goes beyond predictions based on EM theory.
This effect can be explained using atomistic TB simulations showing the influence of higher orbital states,
not previously considered in EM calculations. These results provide the necessary understanding of strain
mechanisms and impact on donor quantum states in silicon to harness their potential in view of quantum
nanoelectronics. Further work will focus on optimising the comparison between experimental and theoretical
images to provide a better accuracy on the strain each dopant is embedded in and its local variations across the
sample. Electrically separating the top and back contacts of the sample would also provide a way to modify the
vertical electric field and therefore the valley population of single donors [48], which could be directly tracked
using quantum state imaging.
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