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Phosphorus Donors in Highly Strained Silicon
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The hyperfine interaction of phosphorus donors in fully strained Si thin films grown on virtual Si;_,Ge,
substrates with x = 0.3 is determined via electrically detected magnetic resonance. For highly strained
epilayers, hyperfine interactions as low as 0.8 mT are observed, significantly below the limit predicted by
valley repopulation. Within a Green’s function approach, density functional theory shows that the
additional reduction is caused by the volume increase of the unit cell and a relaxation of the Si ligands

of the donor.
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At present, several approaches for solid state-based
quantum computing hardware are actively pursued. The
possible integration with existing microelectronics and the
long decoherence times [1-3] are particular advantages of
concepts [4—7] using the nuclear or electronic spins of
phosphorus donors in group IV semiconductors as qubits.
These concepts require gate-controlled exchange coupling
between neighboring donors. However, to control the ex-
change coupling in semiconductors with an indirect band
structure such as Si, the donor atoms have to be positioned
with atomic precision [8] due to Kohn-Luttinger oscilla-
tions of the donor wave function [5,9,10]. Under uniaxial
compressive strain in the [001] direction, two conduction
band (CB) minima are lowered in energy, which leads to a
suppression of the oscillatory behavior of the wave func-
tion for donors located in the (001) lattice plane [9]. The
strain will also affect the wave function at the donor atom,
which can be observed directly via the hyperfine (hf)
interaction between the donor electron and its nucleus
[9,11]. In this letter, we experimentally and theoretically
study the hf interaction of phosphorus donors in silicon as a
function of uniaxial compressive strain in thin layers of Si
on virtual SiGe substrates, extending the regime investi-
gated by Wilson and Feher [11] by a factor of 20 to higher
strains. We find that the reduction of the hf interaction
significantly exceeds the limit predicted so far [5,9,11].
By ab initio density functional theory (DFT) calculations
using a Green’s function approach [12], we are able to
show that this reduction is caused by the strain-induced
lattice distortion and a relaxation of the Si lattice next to
the P atoms. As the nuclear exchange mediated by the
overlap of the donor wave function scales with the square
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of the hf interaction, these results have a direct impact on
the rate at which two-qubit operations can be performed
[4].

The strained P-doped Si epilayers studied with [P] =
1 X 10'7 cm™3 were grown by chemical vapor deposition
lattice matched on virtual relaxed Si;_,Ge, substrates
optimized for low dislocation densities [13]. These intrin-
sic virtual substrates consist of a 0.3 um Si buffer on
30 Qcm Si:B (001), a variable sequence of Si; -, Ge,
buffer layers with stepwise increasing y, and a final
2 pum Si;_,Ge, buffer with x = 0.07, 015, 0.20, 0.25, or
0.30. High-resolution x-ray diffraction (HRXRD) on the
004 and 224 reflexes was used to determine the lattice
constants of the SiGe layers yielding the Ge content and
degree of relaxation of the virtual substrate [14,15]. The
Si;_,Ge, layer determines the strain of the Si epilayer: The
larger lattice constant of SiGe alloys compared to Si leads
to biaxial tensile strain, accompanied by a compensating
uniaxial compressive strain in growth direction (cf. inset of
Fig. 1). All Si:P epilayers have a thickness of 15 nm, well
below the critical thickness of Si on Sij,Ge 3 [16].

Figure 1 shows the 224 HRXRD reciprocal space map
for the Siy 7Geg 3 sample. The peak arising from the Si wa-
fer is set to match the lattice constant of Si (5.4310 A) [17].
Extending to lower reciprocal lattice units g = V2A/ a
(in plane) and ¢ | = \/Z/\/ a (out of plane), a set of dif-
fraction peaks from the SiGe buffer layers is observed, fol-
lowed by the peak of the virtual substrate. The slight devi-
ation from the values expected for fully relaxed Si;_,Ge,
(black solid line, [14]) indicates a degree of relaxa-
tion of 96.4% of the virtual substrate. Additionally, Fig. 1
shows at g; =0.5715 (a; =5.3912A) and ¢, =0.39686
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FIG. 1 (color online). HRXRD reciprocal space map of the
224 reflex of a 15 nm thick fully strained Si film on a Sij;Ge 3
virtual substrate (log-scaled isointensity plot). The straight line
represents g and g predicted for relaxed Si;_,Ge, with 0 =
x =0.3[17].

(a = 5.4898 A) the diffraction by the strained Si epilayer.
The perfect agreement of g of the Si epilayer and the
virtual substrate reflects the fully strained pseudomorphic
growth. Note that the compression in growth direction is in
accordance with linear elasticity theory. With C;; =
165.6 GPa and Cy, = 63.9 GPa as the stiffness constants
of Si [15], the relation €, = —2C;,/C);€) between in-
and out-of-plane strains € = (a) — ag;)/as; and €, =
(a, — as;)/ag; predicts a value of a; = 5.3856 A on the
Sig7Gey 3 substrate, in reasonably good agreement with a |
obtained from Fig. 1, considering the width of the reflex
from the Si layer caused by its thickness. Hence, the strain
values for the different strained Si samples are obtained
from the relaxed in-plane lattice constants of the corre-
sponding SiGe buffers using linear elasticity theory.

To observe the small amount of P donors in the thin
strained layer with high sensitivity, we use electrically
detected magnetic resonance (EDMR), which monitors
spin resonance via the influence of spin selection rules on
charge transport processes [18—20]. The EDMR experi-
ments were performed in a dielectric ring microwave
resonator using a HP83640A microwave source and mea-
suring the spin-dependent photoconductivity at 7 = 5 Kin
a liquid He flow cryostat under illumination with white
light from a tungsten lamp. Resonant changes Al/I =
1073 of the photocurrent / were detected using a current
amplifier, lock-in detection, and magnetic field modulation
with 0.2 mT at 1.124 kHz. All spectra were obtained using
a microwave power of 50 mW and are normalized to a
microwave frequency of 9.749 GHz.

Figure 2 shows the EDMR signal observed as a function
of the applied magnetic field for different angles between
the [001] direction of the Si epilayer and the externally
applied magnetic field E’O. In the range of By = 346.5 to
348 mT, anisotropic lines due to the P, center at the
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FIG. 2 (color online). Electrically detected magnetic reso-
nance of P donors in relaxed and fully strained Si epilayers on
three different Si;_,Ge, virtual substrates as a function of the
orientation of the [001] growth direction with respect to the
magnetic field BO for a rotation around [110]. To extract spec-
troscopic information, the spectra have been fitted using
Lorentzian lines. The sum of these lines is shown in red (light
gray). The dotted lines represent the resonances of P, centers at
the Si/SiO, interface.

Si/SiO, interface are observed with their characteristic
anisotropy [21,22] (dashed lines in Fig. 2). Within the
resolution of our experiment, these resonances remain
unchanged in the strained layers. The dominant central
line with ¢ = 1.9994 in the unstrained sample becomes
slightly anisotropic under strain and could be assigned to
CB electrons [23]. In the unstrained Si layer [cf. Fig. 2(a)],
also the characteristic two hf-split lines of P in Si with a
separation of Ay = 4.2 mT are easily resolved. The hf
lines are isotropic as indicated by the black vertical lines
with a center of gravity at g = 1.9985, well known for
unstrained c-Si [23,24].

In contrast, the hf-split resonances become anisotropic
in strained epilayers as indicated by the black lines in
Fig. 2(b) and 2(c). For Si on Sij93Gegg; (€, =
—0.00199), they can be described with an isotropic hf
interaction of 1.97 mT and an anisotropic g factor which
varies by Ag = (1.46 = 0.1) X 103 from B, || [110] to
B, || [001]. Figure 2(c) shows the results for the epilayer
with €| = —0.00729 on Sij75Ge(,5. Here, the isotropic
hf splitting decreases to 0.94 mT, while Ag = (1.21 =
0.06) X 1073, The small hf splittings exclude significant
segregation of P into the SiGe layers during the growth,
which would lead to larger splittings [25,26].

For an isolated P donor atom in unstrained Si, the iso-
tropic Fermi-contact hf interaction Ay is given by
8/3upm|(0)|> [11,27], where mp is Bohr’s magneton
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and |(0)|? is the probability amplitude of the unpaired
electron wave function at the nucleus, giving rise to the
doublet of hf lines separated by A;; = 4.2 mT in Fig. 2(a).
To determine |(0)|>, we first note that the cubic crys-
tal field leads to the formation of a singlet ground state
plus a doublet and a triplet of excited states. Only the
fully symmetric singlet ground state has a nonvanishing
probability amplitude at the nucleus, so that i can be
written as a superposition ¥ = 39, (1//6)®; of the six
valleys contributing to the donor. Here, each ®; is a
product of the corresponding CB Bloch wave function
and a hydrogenic envelope function. The probability of
the unpaired electron at the nucleus [¢(0)|?> becomes
(1/6)|Zj6.:1 ®,(0)]> = 6]|®(0)|, since due to symmetry
®,(0) = O(0) for all i. Assuming that the only effect of
strain is the change of relative population of the CB min-
ima, we similarly find = 32_,(1/1/2)®; and |(0)]> =
2|®(0)|? under high uniaxial strain, when only two CB
minima contribute. Therefore, in the fully strained case, the
hf interaction should be 1/3 of Ay in the unstrained case.
In contrast, in Fig. 2 we already observe a reduction to
0.21Ap;. Based on group and linear elasticity theory,
Wilson and Feher [11] have evaluated the analytical de-
pendence of Ay(y) on the so-called valley strain y =

— %(1 + ZCCI]IZ)GH, where 2, = 8.6 eV [28] is the uniaxial
deformation potential, and 6A,. = 2.16 meV [29] is the
energy splitting of the singlet and doublet state in the
unstrained material. In Fig. 3, a comparison of the predic-
tion of Eq. (2) in Ref. [11] (dashed line) with the hf
splittings determined experimentally (solid circles) clearly
shows that pure valley repopulation is not able to describe
the experimental data for x > (0.07. An empirical treat-
ment of additional radial redistribution effects predicts
only 0.304;; for y = —89 (x=1) [30]. Regarding
quantum logic applications, the reduction in the hf inter-
action from 0.33A4;; to 0.21A;; observed here reduces
the maximum rate of an exchange mediated SWAP opera-
tion between two 3'P nuclear magnetic moments to
(0.21/0.33)* = 40%.

An ab initio calculation of hf interactions is demanding,
but necessary to clarify the situation. Already for the un-
strained case, the delocalization of the donor wave function
leads to problems in describing the magnetization distri-
bution correctly [31]. Whereas the energetic position of
shallow levels as well as the geometries obtained by usual
supercell calculations can be expected to be in accordance
with experimental data, the hf interactions are generally
overestimated [12,32]. Recently, a Green’s function ap-
proach (using a linear muffin-tin orbital basis set,
LMTO-GF) has been shown to circumvent this problem
[12]. By analyzing the donor-induced resonance at the
bottom of the CB, it becomes possible to describe the
central-cell correction to effective mass theory by first
principles with an accuracy that allows a prediction of
superhyperfine interactions for shallow donor states in-
cluding the Kohn-Luttinger oscillations [12,33].
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FIG. 3. Hyperfine splittings observed for P in fully strained Si
epilayers on Si;_,Ge, substrates as a function of x and the
resulting valley strain. The black dots indicate the experimental
data. The dashed line represents the behavior expected by valley
repopulation [11]. The DFT results for valley repopulation only
are indicated by open squares, the results including the strain-
induced change in the volume of the unit cell by open circles,
and those additionally including relaxation of the P nearest
neighbors by solid triangles. For the latter and the experimental
data the absolute values A;; are shown; the remaining data refer
to the relative scale. The inset shows the out-of-plane lattice
constant @, of thin Si layers (thickness 12 unit cells) as a
function of the in-plane lattice constant a) predicted by SCC-
DFTB compared to linear elasticity theory indicated by the
straight line. Pseudomorphic Si layers on pure Si and Ge sub-
strates are shown by dashed lines.

In the case of a strained host material, excited states are
admixed to the former pure singlet ground state. An appli-
cation of DFT is only possible in combination with linear
elasticity theory: Because of the applied strain, the sym-
metry of the P donor is reduced, and the resonance at the
bottom of the CB, transforming according to the a, repre-
sentation in the unstrained case, now shows admixtures of
the b, and b, representations of D,,; symmetry. The loca-
tion of the P donor atom in their nodal planes implies a
correlation of these b,- and b,-like orbitals with the ad-
mixed doublet state. Since, furthermore, only one compo-
nent of the diamagnetic doublet state contributes to the
singlet ground state under strain [11], it is reasonable to
construct the spin densities, which enter the self-consistent
DFT total energy calculations for a given valley strain, by
n?(r) =[1 — alx)In?,(r) + a(x)ny,(r), where o =|1) or
[1). Here, a(y) is obtained from the strain-dependent ad-
mixture of the doublet states determined by linear elasticity
theory [see Eq. (C6) in Ref. [11]]. Figure 3 shows that the
spin densities constructed this way allow a reasonable
description of the pure valley repopulation effect, since
for an unrelaxed structure of an ideal Si crystal, the results
obtained by Wilson and Feher [11] are nicely reproduced
after the self-consistent cycle (cf. open squares in Fig. 3).
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We are now able to take into account explicitly by first
principles the strain of the Si lattice as well as the relaxa-
tion around the P donors within. For the optimization of the
strained Si cells, we used the self-consistent charge DFT-
based tight binding (SCC-DFTB) approach [34].
Optimization of long slabs (up to 12 unit cells along the
[001] direction) shows an almost linear dependence of the
compression along [001] as an answer to the tensile strain
in the (001) plane (cf. inset of Fig. 3). This result confirms
that linear elasticity theory remains valid in the complete
regime investigated, even up to x = 1. The hf parameters
calculated with LMTO-GF under these assumptions
(cf. open circles in Fig. 3) already become smaller since
the donor wave function becomes more delocalized as a
result of the enhanced volume.

This tendency is enhanced, if local relaxation around the
P donors is taken into account: According to SCC-DFTB
calculations on large, explicitly strained supercells with
512 atoms, this relaxation is dominated by a slight reduc-
tion of the bond-length between the P donor and its nearest
Si ligands by about 1%, nearly independent of the strength
of the tensile strain in the plane of the Si epilayer and
already present in the unstrained case. Recalculating
Ay (y) for this geometry, we find a further reduction (solid
triangles in Fig. 3). While the predicted absolute value Ay
is = 2 mT too large in the unstrained case without nearest
neighbor relaxation, A;¢ is now in good accordance with
the experiment for all y. The hf interaction observed can
thus be explained by the increased volume of the unit cell
together with a slight inward relaxation of the nearest Si
neighbors. Since already such a small relaxation hugely
influences the predicted relative hf splittings, the remaining
discrepancy between experiment and theory can be attrib-
uted to uncertainties due to the flatness of the total energy
surface in Si [35]. According to our DFT calculation, the
decrease of the central P-related hf interaction is accom-
panied by an increase of the superhyperfine interaction
with neighboring 2°Si atoms which could be verified by
electron-nuclear double resonance (ENDOR) or electri-
cally detected ENDOR [19].

Finally, the anisotropy of the g factor observed here is
somewhat larger than previously reported [11,36]. Note
that a single-valley effect arising from an admixture of
the doublet is not expected for uniaxial strain in [001]
direction, dominant in our samples. Rather, a pure repopu-
lation effect is expected [11,37,38]. Thus, a detailed cal-
culation of the g factor under strain including local
relaxation is warranted.

This work was supported by the Deutsche Forschungs-
gemeinschaft (SFB 631 and Ge 1260/3-1).
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