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Complementary time-resolved spectroscopies have been applied to study dynamics of molecular-type magne-
sium-related donors. Large interstate energy gaps of these donors prevent nonradiative decays through a first-
order, one-phonon-assisted scattering — the main relaxation mechanism in shallow substitutional donors in
low-doped silicon. Analysis reveals very short decay times of the deepest excited states of molecular donors:

dephasing within less than 10 ps and relaxation rates above 30 ns~'. These decays are several times shorter than
those observed in single-electron hydrogen-like substitutional donors, but longer than those in helium-like
interstitial atomic magnesium centers in silicon. Spectral correlations of temporal dependences of particular
transients to the lattice phonon overtones suggest that phonon-assisted electronic scattering contributes also to
decoherence of states in these double donors. Such efficient second-order phonon-assisted processes were
underestimated for dynamics of deep impurities in semiconductors.

1. Introduction

Molecular-type electrically-active impurity’ complexes exhibit
diverse properties, strongly dependent on the type of bound atoms. Such
complexes have, in general, at least one defect (among others also va-
cancies V or host atoms not at the lattice site) or one interstitial center
(X;), which determines most of characteristic features in the molecular
energy spectrum, lifetimes of occupied electronic states, coupling to
other defects and to the host semiconductor lattice, long-term chemical
stability.

Obviously, multi-atomic impurity complexes can extend and modify
physical properties of classical semiconductors doped by single atoms,
due to expanding complexity and often - versatility of electronic con-
figurations [1].

The applicability of such modified material covers different areas of
research and developments [2], offering ultra-precise, nanoscale
detection of magnetic fields, electric fields, and temperature, such as
nitrogen vacancy NV~ centers in diamond [3] but also pushing everyday
photovoltaic industry or optoelectronics [4]. Molecular T-centers
(C-C-H) are promising quantum defects for silicon-based quantum net-
works due to its telecommunications-band optical emission and
long-lived, submicrosecond optical lifetimes and nuclear spin coherence
(above 1 s) achieved at cryogenic temperature in isotopically enriched
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si [5].

To investigate the potential of molecular complexes for optoelec-
tronic devices, key properties to explore include optical (absorption/
spectral range), electronic (energy spectra of defects), structural and
chemical properties (bond long-term stability, stiffness) and process-
ability. Understanding charge carrier dynamics is crucial for optimizing
performance, alongside factors like cost-effectiveness and fabrication
scalability for commercial viability.

Magnesium (divalent) atoms in silicon have been found recently to
be able to form a large number of optically active donors with various
binding energies [6,7].

Such a broad spectrum of Mg-related molecular donors (we shall call
them further Mg-X) covers the spectral range between hydrogen-like,
shallow, substitutional (X;) single-electron (group-V, pentavalent) do-
nors and deeper, helium-like two-electron (group-VI, hexavalent) sub-
stitutional donor centers. This may open perspectives for optoelectronic
devices operating between far- and mid-infrared spectral ranges,
including the atmospheric window of 8-14 pm.

Dynamic properties of molecular-type donors formed in silicon lat-
tice are also of an excessive interest due to the opportunity to study
coherence of these centers upon external excitation. Direct comparison
between atomic and molecular donors embedded into a solid lattice is of
special interest when compared with their analogs in gaseous matter,
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where the coherence time scales for such type of species are very
different [8]. Molecular energy spectra increase their complexity with
the number of atoms and intermolecular bonds; at the same time
coherence of electronic states and lifetimes of vibrational excitations
decrease [9].

Both intermolecular bonds and also coupling of impurity atoms to
atoms of a host lattice can affect dynamics/coherence of such centers.

Dynamic properties of substitutional centers in a low-doped semi-
conductor lattice at low temperatures have been shown to be governed
by interaction of electrons bound to donor states and a single lattice
vibrational mode (phonon), both theoretically and experimentally, see
for instance the Review [10]. Molecular complexes can exhibit addi-
tional properties caused by vibrational modes inside the molecule. These
are between an impurity atom and a lattice atom as well as those
inherent for their host atom if different from the lattice one (i.e. defect)
or a vacancy. Interstitial Mg atoms presume to form novel vibrational
properties due to its different ways to bond to Si atoms.

This study aims to determine the characteristic lifetimes of molecular
double Mg-X centers in silicon as well as obtaining insights in processes
determining/contributing to the state’ decay. Time-resolved single-fre-
quency techniques, such as pump-probe, transient grating and photon
echo, are widely used to study electronic dynamics. Being valuable
analytical methods, they compromise the accuracy of complex elec-
tronic systems with multi-level energy spectra. As we recently demon-
strated [11], combining several proper techniques significantly
improves the accuracy of the results and helps avoid misinterpretation of
observed transients. We used the mentioned above complementary
time-resolved spectroscopies to derive decay times of excited electronic
states. Analysis of the evolution of transient intensities puts
energy-dependent constraints on dynamics of donor states. These de-
pendences can link donor-phonon resonances and by this — to judge a
strength of lattice-phonon-assisted scattering in the total decay rate of a
particular state.

Impurity-lattice interactions can be predicted and evaluated on the

ortho-Mg° para-Mg°
B
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basis of the impurity energy spectra and the lattice phonon properties.
2. Magnesium molecular-type double donors
2.1. State-of-the-art knowledge on structure and dynamics

At present, information on the dynamics of molecular double Mg-
related donors in silicon is limited to those obtained indirectly, by
marking the characteristic time ranges that could match to the limits
obtained in their frequency-domain spectra: from the linewidths of the
corresponding absorption lines of the donor intracenter transitions.

The energy spectra of double donors in silicon resemble many
properties of a helium atom.

While the Rydberg-like excited states of Mg-related donors almost
replicate those of substitutional, single-atom donor centers [12],
chemical shifts of their ground states and its valley-orbit-split (VOS)
states (Fig. 1) appear to be dependent on the type of bonding of inter-
stitial atoms to lattice atoms and, apparently, on a center symmetry, if
the latter differs from a conventional tetrahedral one [13].

As possible mechanisms contributing to decay of Mg-X donors, we
assume: (i) electron-phonon interaction with multi-phonon assisted
scattering; (ii) damping via vibrational modes inherent to the atoms
bonding interstitial Mg atoms; (iii) defect-induced lattice disorder.

Multi-phonon cascades, even at spectral resonances to electronic
energies, are generally considered to be slower processes than single-
phonon-assisted electron recombination, while spectrally close local
modes are considered to be potential strong enhancers of dephasing
[14].

Note that molecular complexes made by abundant defects lighter
than a silicon host (H, C, N, O atoms) exhibit local vibrational modes
(LVM) with the largest energies exceeding the largest energies of
vibrational modes in a host lattice. This extends the energy span of a
potentially effective, first-order interaction of a molecular donor if im-
purity atoms bond into a silicon lattice via such defects.
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Fig. 1. Schematic presentation of the energy spectra of Mg-related double donors in silicon: (left) a neutral Mg? interstitial donor center; (center) a neutral (Mg-O)°
donor; (right) a neutral (Mg—X)O donor, X stays for unknown defect [6]. Arrows upwards show typical infrared resonant excitations of centers probed in this study.
Arrows down show some possible effective relaxation steps for electron decay from the probed donor states. VOS states are determined to date for Mg® (both para-
and ortho-) [18] and for (Mg-X)0 donors (VOS <1 meV); not yet determined for (Mg-O)0 donors (shown dashed). Not yet determined 2s states are shown by dashed
lines. The graphical insets represent the hypothetic bonding structures of molecular donors as proposed by different authors: Mg at a tetrahedral interstitial position
[19]; interstitial Mg; atom bound to an interstitial Oxygen (O;) defect; interstitial Mg; bound to a substitutional defect X (e.g. metal or Mg, [20]). Carbon (Cy) is an
inherent substitutional defect. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(i) First-order intervalley-phonon-electron interaction has been
approved (experimentally, e.g. Ref. [15] and theoretically, e.g.
Ref. [16]) to be the main mechanism that determines donor state
decay at low lattice temperatures in silicon doped by substitu-
tional atomic-like centers. Low-energy steps are maintained with
assistance of acoustic intravalley phonons. Relaxation over the
large-energy steps is dominated by interaction with intervalley
phonons, having the energies between 11 meV and 63 meV; the
maximum energy of the phonon in silicon (the zone-centered
longitudinal transverse phonon, LTO) ~ 64.47 meV [17], com-
pletes the first-order phonon-electron interaction.

The largest interstate energy gaps of double Mg-X donors, between
the valley-orbit-split (VOS) states and the 1s ground state or between the
deepest p-type and the VOS states, exceed the LTO phonon energy for
(Mg-O)0 centers (Fig. 1). This eliminates one-phonon-assisted processes
for decay into the ground state of Mg-related donors. Since other
decaying processes, including the second-order, two-phonon-assisted,
were considered to be ineffective, double donors were expected to have
long-living excited states.

(ii) Chemical structures of double Mg-X donors are unknown at
present. There are several hypotheses based on different experi-
mental observations and various interpretations.

Mg-O double donors are regularly observed in infrared absorption
spectra of Czochralski-grown Cz-Si:Mg, where concentration of inter-
stitial oxygen exceeds 10 cm—3 [21]. Interstitial oxygen occurs to be an
effective trap (final destination) for “mobile” Mg; atoms, obviously
weaker coupled to their “original” (as diffused) sites: such a long-term
(up to three years after the diffusion) migration was followed by
consequent impurity absorption spectra [22,23]. This allows one to
consider a Mg;-O; complex to be formed by sticking a Mg atom to an
oxygen center (inset in Fig. 1, center); the latter occupies its conven-
tional interstitial position between two silicon atoms [24]. The distin-
guished feature of an oxygen defect in silicon is its LVM with the energy
spectrum span from 29 em ! to 1736 em ™! (3.6-215.2 meV) [25]. The
lifetimes of the most intense O; asymmetric stretch modes are 11.5 ps
(*°0) and 4.5 ps (170) respectively, with an assumed decay into the TO
+ TO + TA combinations of the silicon modes [26]; other modes exhibit
about the lifetimes in the same order if one compares the linewidths of
its infrared-active transitions, e.g. the lifetimes of the oxygen-related
modes within the energy gap of interest (517-648 cm™}, 64-80 meV
[23]) can be estimated as around 2 ps. Additionally, oxygen-carbon
LVMs have been found in Cz-Si crystals, where O;-C; LVMs include
those in the mid-infrared: 91.7 meV; 107.2 meV; etc [27].

Mg* double donors are observed in the absorption spectra of Si:Mg
crystals whose Mg? densities are larger than 10'* cm™2 [28]. There is no
yet a common view on the unknown atom(s) in this Mg-X molecule. The
original idea [20] was that this center might be a Mg;-X; complex, while
X could be a transition metal, acceptor center, or even Mg at substitu-
tional site, not excluding multiple atomic configurations. Later, this
center was explained as either Mg; inhabiting an alternate interstitial
site, or Mg; complexing with other unknown species [6]. The very small
VOS of Mg*, found in absorption spectroscopy [6], could suggest both
these interpretations. For the case of a molecular-type Mg-X compley, its
forming species X should probably be light atom(s); note that substitu-
tional carbon is the next possible candidate- typical carbon concentra-
tions in the studied crystals, where Mg* were detected, are above 10'*
cm ™3, High long-term chemical stability of Mg* centers in Si:Mg samples
could indicate a chemically stable X host (inset in Fig. 1, right). While
infrared-active C,-LVM are observed in the absorption spectra: 70.9
meV; 72.6 meV; 86 meV [29], determination of its lifetime is chal-
lenging because of the strong background due to the overlapping
strongest two-phonon absorption band. It can be alternatively estimated
from the theoretically predicted C,-LVM IR-linewidth at 596 cm™! (73.9

Materials Science in Semiconductor Processing 202 (2026) 110158
meV) [26], to be ~0.64 ps.

(iii) The comprehensive technologic study of diffusion doping of Mg
in silicon, showed that only a small portion (below 1 %) of the
diffused Mg occupies the sites forming electrically active Mg®
donors [30], the lesser part may form Mg-X centers, depending on
diffusion conditions and defects in the original Si crystal, while
the rest of Mg occurs to be electrically inactive and not detected
by optical analytical spectroscopies [23]. While concentration
broadening of donor states has not been safely experimentally
verified to influence electronic relaxation in low -to-
moderately-doped silicon, concentrations of defects above a ppm
level cause a measurable lattice disorder, as for instance those
detected in properties of substitutional hydrogen-like donors in
silicon [31]. Typical uncertainties in the level energies at such
concentration of defects, converted by the uncertainty principle
to the lifetime values are in the order of a few ps.

According to impurity absorption and electron paramagnetic reso-
nance spectra, a neutral Mg® center (Fig. 1, left) is classified as a double
donor on its interstitial tetrahedral site [13,19] (inset in Fig. 1, left). The
energies of ground-state-split-off para- and ortho-states [18] can serve as
intermediate states or electron traps in nonradiative relaxation pro-
cesses. Dynamics of Mg® excited states in silicon was revisited by com-
plementary time-resolved spectroscopic techniques and revealed
relatively short, tens of ps, time scales, different from the earlier pre-
dicted in Ref. [11], assuming a first-order-phonon coupling to Mg states.
Efficient one-phonon coupling can be expected only between 2py and
VOS states, two-phonon overtones are quasi-resonant to the energy gap
between 2p. and the ground states. Additional two-phonon resonances
could occur between 2s and 1s states, but the binding energies of 2s
states remain undetermined till present.

The VOS of a Mg-O donor is not known to date: there are arguments,
following the estimates of a Mg-O ground state radius [28], that its trend
for the VOS to the chemical shift may be similar/close to those for a Mg°®
center. The distinguished feature of an oxygen defect is clearly observed
(Fig. 2a) through its most intense series of a'®0 isotope.

Similar to a Mg atomic center, there are (two-phonon) overtones
quasi-resonant to the energy gap between 2p, and ground states.
Additional two-phonon resonances could occur between 2s and 1s
states, the binding energies of 2s states of Mg-O have not yet been
determined.

No one-phonon coupling can be foreseen between the deepest Mg-O
states on the basis of current knowledge of its energy spectrum.

Mg* (Mg-X) centers have no resonances to both one-phonon and to
overtones, for the energy between the deepest excited states of a Mg*
center. The combinational two-phonon interaction may couple the
higher excited states (3p.. and higher).

3. Experimental
3.1. Samples

The Si:Mg samples in this study are the heritage of the former long-
term cooperation between the Ioffe Institute, St. Petersburg, Institute for
Physics of Microstructures, N. Novgorod, Leibniz-Institut fiir Kris-
tallziichtung (IKZ) and DLR Institute of Optical Sensor Systems in Berlin.
The technology of the crystal growth, doping and samples
manufacturing is described in details elsewhere, see e.g. the Review [23]
and References therein. All crystals have the grown axis (001) which is
kept as the sample optical axis; the large, polished facets are wedged to
the opposite. For the crystals containing Mg-O centers, a CZ-grown
(oxygen concentration ~ 5 x 1017 em~3) initially undoped silicon was
used, while the crystals containing Mg* centers were made from a
float-zone-grown (FZ) Si with residual acceptors at ~ 6.2 x 10" ¢m 3.
Concentration of formed Mgo, (Mg-O)0 and (Mg*)o donors were
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Fig. 2. (a) Infrared absorption spectra of magnesium-doped silicon samples,
containing atomic Mg donors and molecular Mg-X (Si:Mg #158.1) and Mg-O
donors (Si:Mg #181.3). Note the two- and three-phonon absorption bands
forming the background infrared absorption in this spectral region. Shown in
green: FEL absorption spectrum in the region of the Mg® donor transitions. (b)
Typical FEL wavelength-scan spectra of these samples show the peak intensity
of photon echo, transient grating (Si:Mg #158.1) and pump-probe (Si:Mg
#181.3) responses. The arrows indicate the FEL photon energy used to pump
the samples; note the slight discrepancy between the spectra recorded by linear
absorption (Fourier transform) and thise obtained with the FEL dispersive
analyzer. The impurity absorption transitions exhibit much broader linewidths
(see also Refs. [6,28]) than the transition linewidths of hydrogen-like single--
electron donors in samples of similar concentration [36]. This suggests relative
short lifetimes of Mg-related donors. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

estimated on the basis of their optical characterization using the cali-
bration factors obtained in Ref. [28], oxygen and carbon — using the
calibration factors as in Ref. [31].

A 2.3 mm-thick 1.5°-wedged Si:Mg #158-1 sample has ~1.8 x 10'*
em ™3 of Mg* centers and ~1.5 x 10'® cm ™3 Mg, and residual lithium at
~5.7 x 10'% em™3. A 1.8 mm-thick 1.5°-wedged Si:Mg #181-3 sample
has ~5 x 10 em™3 of Mg-O centers with residual (lower than 103
em~3) Mg®, Mg-B and Li-O donors.

3.2. Characterization of molecular-type Mg-related centers in silicon

Infrared absorption spectroscopy at low temperature was used to
assess the abundances of different type Mg-related donors in silicon
crystals grown and doped by Mg in order to obtain the sample con-
taining Mg-O (Czochralski-grown) and Mg-X (float-zone grown) double
donors. The impurity spectra were taken at low temperatures (~5 K)
using a Bruker Vertex 80v Fourier transform IR spectrometer equipped
with different detectors for the far-infrared (Si bolometer) and the mid-
infrared (pyroelectric DLaTGS (Deuterated L-a Alanine doped TriGly-
cine Sulphate) detectors) covering the spectral range from 1 meV to 1
eV. The typical spectral resolution was 0.13 cm ™! (photon energy of 16
peV). The samples were glued with a silver paint to a cold finger in a
liquid-He flow cryostat (SuperTran, Janis Research), and cooled down
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to ~ 5 K. The temperature was monitored by calibrated sensors (Lake
Shore) mounted on a cold finger in the vicinity of the sample. Infrared
absorption was calculated using a simplified approach of a single-path
propagation of the light through a wedged sample.

The impurity absorption spectra of molecular Mg-donors (Fig. 2a)
consist of similar types of the s — p transitions series between the cen-
ter’s ground state and the excited states, with the most intense lines
terminating in the deepest p-type excited states. The amplitude of un-
saturated absorption lines was used for the determination of impurity
partial concentrations. Empiric transmission values at impurity transi-
tions were used for simulated decay functions when using multi-level
modelling.

To date, continuous wave linear infrared spectroscopy of shallow
impurity centers in silicon could resolved the impact of impurity-phonon
interaction on the relaxation of the excited impurity state only for cases
where the excited-to-ground state transition are resonant with the en-
ergy of a single optical phonon in silicon: the zone-centered longitudinal
transverse phonon (LTO) in p-Si:Al, p-Si:Ga [32] and the intervalley
transverse g-TO phonon in n-Si:Bi [33]. Such resonances cause either a
strong broadening of the corresponding impurity transition or its
disappearance in the absorption spectrum.

Large chemical shifts of the ground states of double donors move
intracenter transitions into the high-order-phonon bands, some of which
are infrared active. The resonances of the ground-to-excited transitions
of molecular Mg-related centers can only be found with two-phonon and
three-phonon bands [34]. The transitions of neutral (Mg—O)O centers
overlap spectrally with the two-phonon absorption bands in silicon [34,
35], similar to a neutral MgO center; this is not the case for the
low-frequency transitions of a neutral Mg-X (Mg*)0 center (Fig. 2a).
Spectra of oxygen-LVMs overlap with one-, two-, and three-silicon
phonon bands. The strong lines of %0 LVM (Fig. 2a) are regularly
used to estimate the concentration of O;.

3.3. Time-resolved spectroscopy

Transients in a single-frequency pump-probe (PP), photon echo (PE)
and transient grating (TG) modes have been studied using the dedicated
time-resolved spectroscopy setup in the FELIX lab, see for more details
[11] and Supplemental materials.

The FEL emits near bandwidth-limited, few ps pulses with a narrow
spectral bandwidth (typically below 0.5 %). The laser bandwidth de-
termines the time resolution of the techniques which varied in our ex-
periments between 2.4 and 3.5 ps. We used a repetition rate of 25 MHz
for micropulses which fill about 10 ps-long macropulses coming at 10 Hz
repetition rate. All time-resolved techniques, provided in this setup,
require the splitting of the incident beams with pellicle beam splitters.
Temporal delays necessary to record sufficient decay dependences, up to
1 ns, in incoming pulses, are provided by mechanical delay stages with
the step accuracy of about 1 pm.

The pump beam incidence is set normal to the sample front faced,
and has a polarization parallel to a [110] direction of a Si:Mg sample.
The other beams are declined by about 5° with respect to the pump
beam. The spot size of all beams is about 2 mm.

A liquid-helium cooled Ge:Ga detector receives either transmitted or
diffracted probe pulses (PP and TG spectroscopies) or photon echo pulse.
The two latter beams are acquired in the phase respective matching
directions. The samples were glued by silver paint to a cold finger in a
liquid-helium-flow cryostat, and cooled down to ~3.5 K.

We measured transients over the spectral regions covering the most
intense intracenter transitions of a particular donor: these are regularly
the transitions between the ground state and the deepest excited p-type
states, 2pg and 2p. (Fig. 2b). Pumping off-resonance to the impurity
transitions was used to obtain other accompanying contributions. Note
that infrared-active two-phonon bands as well as local vibrational modes
do not exhibit their own characteristic PP, PE, TG signals (Fig. 2b).

The time dependences PP(t), PE(t), TG(t) obtained for the molecular
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donors Mg-X were compared with the data when pumping in the similar
(2po and 2p.) Mgo states. The pump-probe evolutions were recorded in
two different polarizations of the probe beam relative to the pump beam:
parallel (PPO°(t)) and orthogonal (PP90°(t)).

Results of the fits of the transient evolution by different models are
collected in the Supplemental materials. We further discuss the validity
of using different fitting functions for the decay slope of the measured
temporal dependences: a simple single-exponential decay and a multi-
level formalism, see Table I and Supplementary materials for furhter
details.

4. Results
4.1. Photon echo

Photon echo (PE) detection is a standard tool of nonlinear spec-
troscopy for determining the dephasing time of macroscopic electric
dipole moment, resonantly optically excited in the medium: in our case
of intracenter pumping, a probed state is the excited impurity state.

In a general view of the decay of the resonantly excited oscillatory
dipole moment, the photon echo decay can be evaluated with a single-
exponential decay function. The echo decay rate Wpg is then the sum
of the depopulation rate of the excited state W; and the homogeneous
phase relaxation whem 1371,

Analysis of the temporal PE dependences (Fig. 3) shows the validity
of such fits (see Supplemental materials for more details). The dephasing
decay constants determined by fitting the PE(t) under excitation of the
2po and 2p. donor states of all Mg-related centers are less than 10 ps;
with the shortest times Tpg for atomic Mgo centers, while they are the
longest for molecular (Mg-0)° centers. Because of the weak PE signal
when pumping into the 2p state of Mg* molecular donors, an accurate
determination of the characteristic decay is not possible.

— 2p,
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Lo by lag
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Delay (ps) Delay (ps)

Fig. 3. Photon Echo decay when pumped into 2py and 2p.. states of Mg-related
donors. For the weak PE signals which become close to the SNR/LOD, we add B-
spline lines connecting the PE experimental data points, for better visibility.
Fitting functions shown are the full-time span functions S2.
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Photon Echo decay constants, Trz, ps
(assuming a FEL Gaussian pulse shape)
! stands for signal-to-noise and time-resolved-limited.

probed state Mg Mg* Mg-O
2po 46 14! 8
2p: 7 8 14

Photon Echo decay rates, Wrg, ps’!
(fitting the decaying slope only, single-exponential function)

probed state Mg Mg* Mg-Ol
2po 0.21+0.01 025! 0.12+0.01
2p: 0.155+0.015  0.134+0.005 0.11%0.01

These characteristic dephasing times, derived from the fits of PE(t),
are several times shorter than those reported for an isocoric substitu-
tional atomic donor in silicon [38].

4.2. Transient grating

Transient grating (TG) detection is an elegant time-resolved tool of
nonlinear spectroscopy for determining the depopulation time T; of the
electric dipole moment, optically resonantly excited in the medium. In
our case of intracenter pumping, the probed state is the excited impurity
state. In this four-wave mixing technique, two optical pump pulses cross
in the sample to generate a spatially periodic TG, its dynamics is
monitored by detection of a probe pulse diffracted from the TG (Fig. 4
inset). TG signals are virtually free of scattered light — the main source of
background signal in pump-probe experiments.

The far-infrared wavelength range is not favorable for this technique
because of inherently (laser spot) limited number of TG periods per unit
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Fig. 4. Transient grating dependences taken under resonant excitation into the
excited 2p, state for different neutral donors: Mg, Mg-O and Mg*. Inset depicts
a scheme of optical beams: kp, stays for the probe beam and k; and k; for the
pump beams forming a grating. Angles: between pump beams about 5°, and
between pump 1 and probe is about 5°. Resulting krg = ky — k; + kp is the
direction where the diffracted transient is found.



S.G. Pavlov et al.

length, which could be induced in the sample. This diminishes the in-
tensity of the diffracted light.

In our case of intracenter pumping, the TG evolution replicates the
absorption dynamics at the frequency of the excited impurity transition,
i.e. mainly the population difference between pumped and ground states
of the donor centers [11]. The state populations can be estimated in
simple multi-level models (two-level (2LS), three-level (3LS)), similar to
the approach used in Ref. [39]. The decay rate of the pumped state Wy,
obtained from the modeling, defines its depopulation time T;.

Fig. 4 shows a typical evolution of TG transients when Si:Mg is
pumped to the 2p. state, for the molecular Mg-X centers, compared to
the values measured for an atomic Mg donor.

The fitting by the (S1) function return the following decay time
constants: 15 ps (Mg); 25 ps (Mg*) and 50 ps (Mg-O).

The analysis shows that TG(t) for the atomic Mg 2p.. state can be
fitted with almost the same accuracy by the three-level model, which
assumes parallel cascade decay 3 — 2—1 and direct 3 — 1 relaxation,
with either direct relaxation dominating (this constrains the decay rate
of the pumped state to Wy ~ 0.083-0.087 ps~1) or the faster cascade
decay (in these models, the decay rates of the upper state become
dependent on the lifetime of the intermediate state and lie in a relatively
wide range, 0.12-0.20 ps~! with the best accuracy for the rates around
Wi ~ 0.18 ps1). The two-level model provides a slightly worse accu-
racy than the 3LS models by fitting.

The TG(t) evolution for the Mg* molecular 2p. state is fairly
described by the two-level model with the rate Wy of about 0.037 ps_.
Roughly equally good fits using three-level models give the relaxation of
the upper state W; ~ 0.046-0.053 ps™~! for the fast, direct decay scenario
and Wi ~ 0.069-0.081 ps~! for the faster cascade via an intermediate
state.

Similar trends hold for TG(t) for the Mg-O 2p. state: a two-level
system with rate W; of about 0.021 ps~! seems to be sufficient for
high accuracy fits. Alternative three-model fits yield either a fast, direct
relaxation with the upper state decay rate within W; ~ 0.027-0.030
ps~ !, while faster cascade scenarios require rates either within W; ~
0.025-0.029 ps’1 (short-living intermediate state) or Wy ~ 0.036-0.043
ps~! (short-living upper state).

4.3. Pump-probe spectroscopy

Pump-probe spectroscopy is a standard time-resolved tool for
determining the dynamics of the populations of electronic states
involved in light absorption, emission and in nonradiative processes. For
any medium with electronic spectra involving more than two levels,
multiple levels can contribute to the above processes; this requires a
valid analysis of the observed PP(t). More intense responses (compared
to PE and TG techniques) enable additional insights into the weaker
processes involved in the relaxation of nonequilibrium carriers, such as
cascade decays and/or pump-induced light absorption.

The inherent weakness of the single-frequency pump-probe tech-
nique is often collateral contributions unrelated to the probed electronic
states and/or leak/scattering of pump light into the probe optical path.
The most challenging for interpretation is often the time interval around
time zero — the time when pump and probe beam overlap.

The PP evolution under pumping into the 2p state of all Mg-related
donors reveals a complex evolution of the probe transmission (Fig. 5)
that cannot be explained by a two-level system. The specific feature of
the PP(t) is the occurrence of the fast component, and in both relative
polarizations of the pump and probe beams. Large difference in the
characteristic times, that could describe such a slope, implies the three-
level model with a much faster direct decay channel (W3; > {Wjso,
Wai ).

The PP(t) under pumping into 2p, states exhibits almost monotonic
decay (Fig. 6). The longest times are found for the PP(t) of a Mg-O
center, while the difference between molecular and donor centers is
smaller if compared to those for the decay of 2py states.
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Fig. 5. Pump-probe dependences under resonant excitation into the 2p, state
for neutral donors: Mg, Mg* and Mg-O taken under two different relative po-
larizations of a probe beam: parallel and orthogonal to a pump beam. The (S1)
model approaches used to fit PP0°(t) are shown as solid lines in the plots, for
the 3LS fitting of the decay slope part please see Supplemental materials.

This could be a consequence of quasi-resonances between interstate
transitions and phononic overtones. The fast components in the sum of
the exponential functions of molecular centers are about twice as long as
those of PE(t).

For Mg atomic centers, the fast, direct decay scenarios for the 2pg
state result in the following rates for relaxation of the pumped state
under parallel probe and pump beams:

W; ~ 0.10-0.13 ps_1 (short-living intermediate state) or W; ~
0.12-0.14 ps~! (short-living upper state). At such rates, less than 1 % of
the excited carriers pass through the intermediate state, and hence one
can consider a fast, single-step decay process as the dominant relaxation
process of the 2pg state in Mg centers. The depopulation rate of the
pumped state appears to be about half the decay rate for its photon echo.

Faster cascade decay schemes yield poorer quality fits, with the
corresponding rates of the upper state decay W; ~ 0.10-0.14 ps*
(short-living intermediate state) or W; ~ 0.15-0.16 ps’1 (short-living
upper state).

The PP90°(t) at orthogonal polarization give very similar results in
time constants and trends, see Supplemental materials for details. The
relatively larger slow component in PP90°(t) would require the larger
contribution of the cascade channel to the total decay of the 2p state,
however, it does not exceed ~ 2 %, and by this, can also be considered as
a minor relaxation path.

The intermediate state can be considered as a non-vanishing
contributor to the decay of the nonequilibrium population of the 2pg
state of atomic Mg centers.

The best fits to PP(t) of the Mg 2p. state under parallel and also
orthogonal probe and pump beams are fast cascade pathways. In these
schemes, the decay rates of the pumped state are about W; ~ 0.16-0.19
ps~! and the decay rate of the intermediate state is the slowest process
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Fig. 6. Pump-probe dependences under resonant excitation to the 2p.. state for
neutral donors: Mg, Mg* and Mg-O, recorded for two different polarizations of
the probe beam: parallel and orthogonal to the pump beam.

~0.03 ps™}, i.e. cannot be uniquely assigned to the 2p, state. If we recall
that the cascade part of the relaxation of the Mg 2py state contains an
option with approximately the same rate (Supplemental materials), a
common intermediate state can contribute to the relaxation of both 2p-
type states of atomic Mg centers. Similar rates were estimated for the
cascade decay via the VOS states in Ref. [40].

Pump-probe measurements of the 2pg state of a Mg* center do not
resolve the faster channel, apparently because of the low accuracy of the
PP(t) around time zero, for a very fast component. For parallel beams,
both the fast cascade (W7 for this scenario ~ 0.16-0.18 ps’l) and the
fast, direct relaxation (with Wy for this scenario ~ 0.079-0.085 ps’l)
provide fits with the same accuracy; slightly worse is the fit of the 2LS
model. For orthogonal beams, only the fast, direct relaxation in the 3LS
model gives an accurate fit, while the relaxation rate for the pumped
state in this scenario is very high: Wy ~ 0.19-0.20 ps ™.

A fast component is not noticeably expressed in the PP(t) of a 2p
state of a Mg* center. 3LS models with a fast cascade yield a decay rate of
the pumped 2p, state Wy ~ 0.09-0.10 ps~' (parallel beams) or W; ~
0.07-0.08 ps’1 (orthogonal beams). Other alternative schemes yield a
much slower rate of the pumped 2p, state Wy ~ 0.04-0.06 ps_!. The
rate for an intermediate state W7 is held around ~0.02 ps’l, which is
far from the values determined for the relaxation of the 2py Mg* state.

The common relaxation scheme of the 2p state of a Mg-O center for
parallel and orthogonal polarizations is a fast, direct decay in a 3LS
model. The depopulation rates of the pumped state are then W; ~
0.12-0.13 ps’1 (parallel beams) or W; ~ 0.14-0.16 ps’1 (orthogonal
beams).
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Pump-probe dependences of the 2p, state of a Mg-O center at
different polarization do not give common results: PP(t) at orthogonal
polarization does not require an intermediate state to explain its evo-
lution. Alternative 3LS models give rates Wy ~ 0.030-0.035 ps~'; while
PP(t) for parallel beams have good fits only within 3LS models, with Wy
rates between 0.063 ps~! and 0.085 ps~_. In the latter fits, the decay rate
of an intermediate state would require ~0.020 ps~>.

5. Conclusions

Time-resolved spectroscopies of Mg-related molecular donors, Mg-X,
reveal very short dephasing time of the deepest excited states, which are
reflected in the photon echo decay times, within 7-9 ps (Table I). These
times, however, are even longer than the photon echo decay constants of
an atomic Mg donor, which range between 4.6 ps and 7.0 ps. The
observed times are about three times shorter than those reported for
single-electron donors [38]. High decay rates of the pumped 2py state of
molecular Mg-O and Mg* centers as well as the 2p, state of a Mg center
can explain the dephasing of this state solely by state depopulation
alone, other states of the donors would then require additional
mechanisms.

All dephasing times are in close vicinity to the times that could be
derived from the spectral linewidths of the respective intracenter ab-
sorption transitions, assuming their line broadening to be lifetime-
limited.

Note that there is no regular correlation between the times measured
in PP(t) at different polarizations.

One could argue about an existing overlap of rates for a pumped 2p.
state, as determined by the analysis of transient grating and pump-probe
techniques. This fact can be used to constrain some relaxation pathways.

For instance, the relaxation of the 2p, state in atomic Mg° centers is
most likely dominated by a faster cascade. As discussed above, the in-
termediate state of such a cascade is unlikely to be a 2pg state, as is
commonly expected for shallow, single donors in silicon [16]. The
common states in the relaxation of the both deepest p-type states are
apparently the 1s-type VOS states. In these processes, the relaxation
steps could be due to first-order phonon-assisted processes.

For the measured relaxation of atomic acceptors in silicon, it has
been argued that the intracenter relaxation rates follow the phonon
density of states [41]. We find no such correlation when comparing the
observed times/rates with the theoretically derived values [42], nor
when comparing between states of the same center or the same transi-
tion of different centers (Table I).

Similarly to atomic centers, the 2p, state in molecular Mg° centers
can be dominated by a faster cascade. However, a fast, direct decay
scenario remains a plausible alternative with about the same quality of
the relaxation model to the experimental PP(t) evolution. Here, we can
exploit the knowledge of the Mg* center energy spectrum and the ob-
tained decay rates of the 2p state, which is too high to be assigned as an
intermediate state for relaxation from the 2p.. state. This constrains the
possible relaxation pathways to either the 2p. — 2s — 1s(A;) cascade
(similar to those proposed for an arsenic donor in silicon [43]) and/or
the direct 2p. — 1s(A;) decay. Both require a large energy step and
therefore act like a two-phonon accompanying process, which obviously
occurs at a very high rate, W; > 46 ns 1. The 2pq state of a Mg* center
exhibits a dominating direct decay to the ground state with a rate >160
ns~!. This fits well to the inverse linewidth of the Mg* absorption
transition 2pg — 1s(Aj).

However, such a fast decay of a Mg* center does not follow its state
energy spectrum, which has no evident resonances to single or sum
phonon energies. Therefore, alternative to lattice phonon accompanying
relaxation and dephasing mechanisms should likely contribute to the
dynamics of Mg* centers.

Similarly to Mg* centers, the 2p state in Mg-O centers decays slowly
compared to its 2pg state. The common rate W for both polarizations in
pump-probe and in transient grating experiments results points direct
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Table 1
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Decay times of Mg-related double neutral centers derived/constrained from the evolution of transients recorded by different time-resolved spectroscopies (ps) and
decay rates evaluated by different models. The beam polarizations: (||) parallel; (L) orthogonal. The calculated data for two-phonon density of states (TDOS) in silicon

[42] are given.

Neutral Donor state Time-resolved spectroscopy Line Phonon
PE TG PP
Tpe (ps) S1  Wpg (ns™!)  Trg(ps)S1 Wi (ns™))  Tpp(ps) |[or LS1T  W; (ns 1) || or Lorboth  n/FWHM (ps)  TDOS (cm 1) [42]
Mg 2p. 7 155 + 15 15 63 + 52 10!l 160-190 11 0.055
83-87 32+
120-200
2po 4.6 210 + 10 9ll 100-130 9.6 0.037
10+ 120-140
Mg® 2p. 8 134 +5 25 37 + 1% 4,45l 25 412+ 11.4 0.017
46-53 60 - 40-60
69-81 70-80 *
90-100 !l
2po 1.4 <2501 3,111 1l 79-85 Il 5-11.8° 0.071
3,44+ 160-180 |l
190-200 *+
Mg-O 2p. 14 110 £ 10 50 21 +1? 6,54 !l 15+ 12l 11.4 0.083
27-30 45,113+ 40 + 22+
25-29 30-35 *+
36-43 63-85 Il
2po 8 120 + 10 5,115 Il 120-130 ! 11.3 0.038
8,183 140-160 *

! signal-to-noise limited.
2 218 model, without index: 3LS models.
2 Different components.

decay as the main mechanism in the 2p. state relaxation, the obtained
rate is W; > 30 ns~. The 2py state of a Mg-O center has a dominating
direct decay to the ground state with a rate >120 ns *. A large energy
gap to the ground state would imply a two-phonon relaxation process.
The fast depopulation rates of the 2p. and 2py Mg-O states could be
linked to their resonances to phonon overtones and sum frequencies.

Resuming the above, second-order electron-phonon interactions,
requiring multiple phonons for energy conservation, remain the main
plausible processes for the decay of molecular Mg-related donors in
silicon. This impurity-multi-phonon interaction appears to be almost as
fast as first order processes — this is in contradiction to the predictions
previously made for deep donors in silicon [39]. The optical phonon
overtones were considered to be effective mediators for electronic decay
in double donors in silicon [40].

The question about the possible influence of LVM on the dephasing of
molecular Mg-related donors in silicon remains open.
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