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The energy spectra of lithium-related donors in silicon are revisited by temperature-dependent infrared

absorption spectroscopy. We determine the valley-orbit splitting of an interstitial isolated lithium donor and its
complex with residual oxygen in float-zone grown crystals doped from the melt. Lithium-oxygen donors exhibit a
temperature evolution of their absorption spectra similar to that of substitutional single-electron group-V donors,
while its valley-orbit splitting is corrected upwards to +9.865(5) meV. For the lithium donor, the previously
reported inverted valley-orbit splitting is not confirmed since the components of different symmetry are not
spectrally resolved in our study. Instead, the chemical shift of the ground state of the donor, having a symmetry
different from that of group-V donors, was corrected to a slightly larger value of 1.82(2) meV. Intracenter
transitions from the split-off ground state of the Li donor exhibit an anomalous broadening. In addition, several
Rydberg-like high excited states, up to 7h., of lithium-related centers were determined from absorption spectra

of moderately doped samples.
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I. INTRODUCTION

The interstitial electrically active lithium (Li) center in
silicon (Si) is one of the most spectacular shallow donors.
It has been known for more than fifty years and, despite
that, various concepts for the description of its energy spectra
appeared and the issue is not completely resolved to date.
This is partly due to technological challenges regarding the
production of high-quality Si:Li crystals with reproducible
and well-controlled properties as required for research. Usu-
ally, Si:Li crystals have a few Li-related donor types, which
complicates the interpretation of its energy spectra.

Electrically active interstitial impurities in semiconductors
are usually formed by light atoms (Li, Mg), which have a
high inherent mobility in the crystal lattice. Such a mobility
predetermines large diffusion coefficients of interstitials and
their ability to move inside the crystal and to form complexes
with other chemical impurities present in the crystal. Energy
spectra as well as optical and electrical properties of inter-
stitials depend strongly on the position of the impurity atom
relative to the nearest atoms in the host lattice. They can
obey either tetrahedral or hexagonal/trigonal-type symmetry
in cubic/diamond-type lattices. In the cubic (tetrahedral) 7
symmetry group the sixfold-degenerated 1s ground state of a
donor in Si decomposes due to valley-orbit splitting (VOS)
into singlet A; (s type, other notation is [;), doublet E (d
type, ['3), and triplet 7> (p type, ['s5) states, with the 1s(A;)
level being most downshifted from the 1s(E) level [1]. The
latter has the smallest chemical shift and a binding energy
which is closest to that obtained by the effective mass (EMT)
approximation [2]. The VOS energy for such split-7; centers
is defined as the energy gap between the levels with the largest
separation, namely the 1s(A;) and the 1s(E) levels. In the
hexagonal symmetry, a 7, triplet splits further into singlet
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and doublet states. Similarly, trigonal symmetry reduces the
state degeneracy further: For instance, a centrosymmetric D3y
symmetry reduces the ls state into two singlets and two
doublets [3].

In electron spin resonance (ESR) experiments Feher [4] has
observed an anisotropy of the g value of a donor in a Si:Li
crystal at lattice temperature 1.5 K (Li was diffused in the
“pulled” Si crystal; concentration of Li = 3 x 10" ecm™3; of
oxygen ~10' cm~3). He concluded that the electronic wave
function of interstitial Li does not have tetrahedral symmetry,
unlike that of group-V substitutional donors in Si. He also
supposed that Li may occupy a position along the [111] axis
between the 000 and 333 positions in the unit cell [4]. Also,
the fine structure of the ground state has been observed and
assigned to a Li-isotope related splitting. Since no ESR signal
was observed when Li was diffused into a float-zone grown
Si crystal, Feher assumed that paramagnetic resonance should
be assigned to the lithium-oxygen complex (Li-O) [4].

Aggarwal et al. [5] studied Li and Li-O donors by infrared
absorption and piezospectroscopy in floating-zone (FZ, low
oxygen) and crucible-grown [i.e., Czochralski (Cz) technique,
inherent high oxygen in crystals] Si samples. To dope Si
with Li, Li dispersed in mineral oil was diffused for 2 h in
a helium atmosphere at 200° C, with further heat treatment
at 600° C for 2 h in order to increase the homogeneity of Li
in the crystal. The Li-O transitions were not resolved in FZ-
grown Si:Li (donor concentration = 1 x 10> cm™3) but were
observed in crucible-grown Si:Li (concentration of donors =
6 x 10> cm™3; of oxygen ~5 x 10'7 cm~?) [5]. From analy-
sis of the impurity spectra of Si:Li under stress, the authors
concluded that the number of split components indicates that
isolated Li occupies a tetrahedral site with the ground state
composed of unresolved doublet and triplet 1s(E + T>) states
with the singlet 1s(A;) state above. In the same way as
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FIG. 1. Schematic presentation of the energy structure of the
isolated Li donor and Li-O donor complex in Si and types of ob-
served optical intracenter transitions. Black lines are for discrete
states whose assignments in previous publications (see Tables I and
III) coincide with this work. Gray lines are previously reported states
and violet lines are the states which are redetermined or which are
resolved in this work (see Table III). The energies of the states are
given relative to the conduction band bottom, which is taken as
zero. Arrows with “gr.st. —” represent transition series from the
donor ground state. Lines 1 and 2 are observed thermally induced
transitions from Li VOS states. Lines 3-6 are observed thermally
induced transitions from Li-O VOS states.

for group-V donors, the selection rules for splitting under
stress identifies the Li-O center as a hydrogen-like center
of T; symmetry with a 1s(A;) ground state. The VOS en-
ergy between these states was derived from assignment of
specific lines emerging with increasing lattice temperature.
The absorption line at 24.80(5) meV, which is pronounced
in the spectra at ~20 K, was assigned to the 1s(A;) — 2p1
transition of the Li donor. The line at 25.60(5) meV, also
pronounced in the absorption spectra at ~20 K, was assigned
to the 1s(E + T1) — 2p4 transition of the Li-O donor. By
this, the authors determined the VOS of the isolated Li donor
as —1.8(1) meV, meaning that the 1s(A;) singlet state is
“inverted” to the 1s(E) state. For an isolated Li-O donor
complex the determined VOS was +7.7(1) meV, meaning
that it is a group-V-like ground state (assigned to have also
tetrahedral symmetry in Si) [5]. Note that these assignments
of the ground-state levels for both Li-related donors (see Fig. 1
and Table I) still exist today.

Further Li-O complexes with ionization energies between
34.9 and 39.2 meV were observed by Gilmer et al. [6] in Si
doped by Li under diffusion from a tin bath containing 0.25%
Li for 23 h at 730 K. They assigned the ~25meV spectral
feature to a Li transition terminating in the 2s Li state and
concluded that the sixfold degeneracy of the 1s ground has
not been lifted because of a missing second series of thermally
induced transitions (if VOS is small), while a sample temper-
ature of about 20 K was already sufficient to detect this effect.

A theoretical model of the inverted ground state of isolated
Li in Si has been proposed and exploited by Nara and Morita
[3]. The authors calculated dependences of chemical shifts
of the ground-state components due to dielectric screening

of the impurity potential on distances between interstitial and
host atoms. They showed that the trigonal D3; — site symme-
try for the Li donor favors an inverted group-V-like ground
state when compared with the tetragonal site symmetry 7.
They concluded that the energy gaps would fit to the lowest
ground state, that is, the nearly degenerate multiple (fivefold)
s (A, + E, + E,) state with an ionization energy of 30 meV,
lying ~1.5 meV below the fully symmetric singlet 1s (Aj,)
state [3].

ESR studies by Watkings and Ham [7] on Si:Li samples
made from the material of Ref. [5], confirmed the complexity
of the energy structure of Li in Si, obviously exhibiting degen-
eration of its ground-state orbitals. They assumed a tetrahedral
rather than a hexagonal site of isolated Li, which might be
slightly displaced from the tetrahedral site. The authors pre-
sented arguments for the ’Li hyperfine-interaction splitting,
that would give a VOS of ~1.8 meV.

Jagannath et al. [8,9] have revisited infrared absorption
spectra of less-doped Si:Li samples (donor concentration
~5-11 x 10" cm™—3) with higher spectral resolution of their
Fourier-transform spectrometer (~ 0.06—0.28 cm™!) com-
pared to Ref. [5] with a grating spectrometer. In these samples
they found simultaneous presence of both isolated Li and Li-O
donors, in both types of Si crystals: FZ and crucible grown.
From the piezospectroscopic data they confirmed the uplifted
1s(A;) state of isolated Li. They proposed a correction to
the VOS of —1.78 meV (see Table I) and they observed a
few weak transitions in Li and Li-O impurity spectra (see
Table III), as well as a series of hydrogen-like centers with
binding energies between those for isolated Li and Li-O.

Another theoretical model was reported by Szablak and
Altarelli [10]. They introduced an additional short-range Li*
Coulomb pseudopotential that allowed obtaining solutions
with the A; state having the lowest binding energy (29.6 meV)
followed by the E (30.7 meV) and 7; (31.2 meV) levels.

A low-temperature (1.8 K) spectroscopic study of residual
Li (estimated concentration ~1 x 10'*cm™3) in FZ-grown
isotopically enriched 2®Si crystals [13] revealed Li-related
donor transitions with a fine splitting ~0.06cm ™! of all s — p
type transitions, which is smaller than the fine splitting in
natural Si. It was assumed to be related to the splitting of the
Li ground state, assigned to the splitting of 1s (I'3) and 1s (T'5)
states. Also, a VOS of the 2p, state (~ 7 neV) was assumed
for the additional structure of the ground state — 2py transi-
tion [13].

Spin-orbit coupling of Li and Li-O ground states has been
investigated in a series of ESR studies in 28Si:Li by Ezhevskii
et al. and found to be 1 and 15 peV, correspondingly [14].

We report detailed temperature-dependent absorption spec-
tra of FZ-grown Si doped by Li from the melt using the
pedestal technique. Differences in the temperature evolution
of the impurity transitions allowed us to distinguish between
the energy structure of isolated Li and Li-O complex donors.
For the isolated Li center, we find the structure of the ground
states different from those reported in previous studies. For
the Li-O donor complex, we determine the energy splitting
between valley-orbit split states and correct the VOS energy
using the asymptotic behavior of temperature evolution of
the respective intracenter transitions. Finally, the energies of
several excited states were experimentally determined from
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TABLE I. Assignment and experimental binding energy of the VOS ground states of isolated Li and Li-O complex donors in Si (gr. st. :
ground state, ex. st. : excited state).

Assignment of ground state and its binding energy (meV)

Donor VOS splitting (meV) Ground state Excited states

32.5° Not observed
—1.8(1)* Is(E + Ty) fivefold deg.:
—1.78(2)¢ 32.81(6)* 1s(A,) singlet™
—1.76(4)¢ 33.02¢

33.03¢
33.00f

Li

1.82(2) between 33.009(5) Unresolved
gr.st. and ex. st.
39.2°
1s(A}) singlet: Unresolved 1s(E + T,)
+7.7(1)* 39.41(7)* 32.00¢
+7.67¢ 39.67¢
39.67°
+9.865(5) 1s(A}) singlet: 1s(E) 1s(T3)
39.669(5) 29.804(5) 31.87(1)

Li-O

“Diffusion doping of Li in FZ- and Cz-grown Si crystals [5]; absorption (Si sample is attached to a copper tail piece which is in contact
with liquid He and H, coolants) and piezo-optical (Si sample is constrained in a copper jig attached to the copper tail in optical cryostat)
spectroscopy using the Perkin-Elmar grating spectrometer.

"Diffusion doping of Li in FZ- and Cz-grown Si crystals [6]; absorption (Si sample is attached to a cold finger with a contact to liquid He bath;
temperature on the Ge thermistor with a contact to the Si:Li sample bottom was ~20 K); grating spectrometer with standard error in spectral
resolution of 0.03 meV.

Diffusion doping of Li in Fz- and Cz-grown Si crystals as in [5]; piezo-spectroscopy using the Fourier-transform spectrometer with resolution
of 0.025 cm™~! [8].

dDiffusion doping of Li in Fz- and Cz-grown Si crystals [9]; absorption (Si sample is attached to a copper tail piece with GE 7031 at the
bottom edge of the sample; the cooper holder is in contact with liquid He and H, coolants) and piezo-optical (the same mounting as in [5])
spectroscopy using the Fourier-transform spectrometer with resolution of 0.06 cm™".

°Li-doped Si crystals [11]; photoluminescence spectroscopy; pumped liquid He temperature.

fResidual Li-related donors [12] (estimated concentration of Li is about 10!° cm™3) in undoped high-resistivity Si; measured at 11-17 K;
photothermal ionization spectroscopy with the Fourier-transform spectrometers having resolution up to 0.06 cm™.

TABLE II. Parameters of the investigated Si:Li samples and detected transitions from the excited VOS states of isolated Li and Li-O
complex donors. Accuracy of concentration is about 10%. First three digits after V numbers the original Si:Li crystal ingot. Concentration
of the main abundant donors in the samples was derived from room-temperature resistivity (taken as total concentration of donors) using the
approach of the rule of sum with variables weighted by the oscillator strengths of certain intracenter transitions, similar to the approach in
Ref. [16].

Mean Observed transitions from thermally populated VOS states
thick Li Li-O
Sample -ness Concentrations of donors (cm™>) VOS — 1s(E) — 1s(TZ) —
No. (mm) Li Li-O P 2po 2p+ 2po 2p+ 2po 2p+
2V3951A 0.134 2.7 x 1083 1.6 x 10'2 2. x 10!
2V3951E 0.135 2.6 x 10" 2.1 x 102 6. x 10!
V467-1 0.058 1.1 x 10 8.9 x 103 8 x 10" X X X
V467-2 0.055 1.1 x 10 1.3 x 10 9. x 10" X X X
V467-3 0.098 1.7 x 101 2.1 x 10" 2 x 102 X X X X
V467-4 0.097 1.7 x 10 2.1 x 10" 2 x 102 X X X X X X
V471-1 0.056 2.9 x 10V 4.5 x 10 1.5 x 10'2 X X X X
V471-2 0.056 2.8 x 10 5.8 x 10 2.0 x 10" X X X X
V471-3 0.099 2.9 x 10 4.8 x 10' 2 x 102 X X X X X
V482-3 0.087 5.4 x 10P 8.9 x 1013 2.6 x 1012 X X X X X X
V482-4 0.098 53 x 10 8.9 x 1013 1.6 x 102 X X X X X
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TABLE III. Energies of the observed impurity transitions of Li-related donors in Si and assigned types of the respective states. Energies
of weak and moderate transitions are derived from the absorption spectra of the Si:Li No. 467 samples. Values in cm ™! are the peak positions
of the transitions from the transmission spectrum of the sample No. 467-4, the values in meV are the mean values of the No. 467 series
and of the thermally excited transitions from the Si:Li No. 471 series. For the strongest transitions, saturated in high-doped samples, the
transition energies are given as they are in the low-doped samples Si:Li No. 482 2V3951 series, marked with *. Energy accuracy is 3 peV.
VOS stays for the lowest excited state(s). Accuracy of the transition’s energy is 5 1 eV, unless a different value is given.

Transition/Line/Band
Donor lines (meV) & in cm™! assignment
@ 20K/ (this work) Transition/Line/Band assignment and energy
@5K @35K Li (previous reports)
19.69(2) 19.70(2) / VOS — 2p,
158.80 cm™! 19.70(2)
21.50* 21.49/ Isgr.st. = 2pg gr.st. = 2po 21.49 [12]
173.45 cm™! 21.47 21.505(1) [13]
1s(E + T1)— 2po 21.50(2) [5]
1s(E + T>)— 2po 21.51[9]
24.78(2) 24.79 / 15(A;) — 2ps 24.80(5) [5]
199.89 cm™! 2479 VOS= 2ps 15(A) = 25 [6]
gr.st.— 2py 26.60 [121]
26.62% 26.61/ Lot 2 26.615(1) [13]
214.66 cm™! 26.59 I 15(E + T))— 2ps 26.63(2) [5]
1s(E + Ty)— 2p+ 26.62 [9]
27.52 27.517 Is or.st— 3 1s(E 4+ T;)— 3po 27.51(2) [5]
221.98 cm™! 27.49 8b-sk=> “po 15(E + T2)— 3po 27.53 [9]
29.36 29.35/
36.82 em-! Is gr.st.— 3dp
29.70 29.68/ Ls o1 st.— 4 1s(E 4+ T;)— 4po 29.72(2) [5]
239.51 cm™! S Er-st-=> 2Po 15(E + To)— 4po 29.70 [9]
29.89* 29.88/ gr.st.— 3p. 29.88 [12]
241.07 cm™! 29.85 Isgr.st. = 3p+ 1s(E + Ty)— 3p+ 29.91(2) [5]
1s(E + Ty)— 3p= 29.90 [9]
30.67 30.68 / 1s gr.st.— 4f
30.77 1s gr.st. = 5po
gr.st. — 4p 3081 [12]
30.82% 30.81/ Lot o 4 + 30.816(1) [13]
248.55 cm™! 30.79 ghst- = TPy 15(E + T))—> 4p+.,5p 30.82(2) [5]
15(E 4 T2)— 4p..5p 30.82 [9]
gr.st. — 4f, 31.10 [12]
;;'0134 em-! 31.107 Isgr.st. — 4f. Line b 31.12(2) [5]
' 1s(E + T,)— 4f, 31.12 [9]
;;23;8 em-! 31.36/ 1s gr.st.— 5f, 1s(E + Ty)— 5fy 31.38 9]
31.46
25370 em-! Is gr.st.— 6py
gr.st.— S5py 31.54 [12]
2454516 o 315397 1s gr.st. — Sp+ Is(E+ T;)— 5p+ 31.56(2) [5]
15(E + T>)— Sps 31.55[9]
31.75 31.740/ Is gr.st.— 5f. Is(E 4+ T))— 5fy 31.77 [9]
256.08 cm™!
31.80 31.80/
256.46 cm™! 31.81
31.92 gr.st.— 6p+ 31.91 [12]
257.50 cm™! 3191/ Is gr.st.— 6p+ Line b 31.94(2) [5]
1s(E + Tp)— 6p+ 31.95 9]
32.05 Is gr.st.— 6fy
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TABLE IIl. (Continued.)

Transition/Line/Band
Donor lines (meV) & in cm™ assignment
@ 20K/ (this work) Transition/Line/Band assignment and energy
@5K @35K Li (previous reports)
258.52 cm™!
32.12 Is gr.st.— 6hy
259.07 cm™!
32.16 Is gr.st.— Tpy Line ¢ 32.16(2) [5]
259.43 cm™!
32.24 Isgr.st.— 7f.
259.98 cm™!
32.35 1sgr.st.— 7hy
263.14 cm™!
32.81(6) [5]
. 33.00 [12]
.01 E
330 ! 33.02 [9]
33.03 [11]
Li-O
18.44/ Is(E)— 2po
18.46
20.41 20.40 / 1s(T2) — 2po
164.65 cm™! 20.38
23.54/
23.51
_ 23.58 1s(E)— 2p+
1
189.62 cm 190.19 em-"!
25.60 /25.58 15(Ty) — 2 Is(E 4+ T;)— 2p+ 25.60(5) [5]
206.46 cm™! 206.3 cm™! 2 P= 1s(E + To)— 2p. 25.60 [9]
28.08
226.44 cm™!
28.12 28.12/ 1s(A) —2po 1s(A1) = 2po 28.10(3) [5]
226.64 cm™! 28.15 28.10 [9]
28.86(1) 1s(A;) — 25 (?)
232.8(1) cm™!
33.24
33.28 33.30/ gr.st.— 2p. 33.278 [12]
—1 IS(A]) — 2p:t
268.37 cm 33.33 15(A1) = 2ps 33.33(3) [5]
33.27 [9]
33.30
34.16 3417/ 1s(Ay) = 3po 1s(Ay) = 3po 34.14(3) [5]
275.56 cm™! 34.16 [9]
36.35 36.37/ 1s(A;) — 4po 1s(A;) — 4po 36.35(4) [5]
293.18 cm™! 36.34 [9]
36.55 36.57/ Is(Ay) — 3p+ gr.st. = 3p+ 36.55[12]
294.78 cm ™! 36.59 Is(Ay) — 3p+ 36.51(2) [5]
36.55 [9]
36.73 36.73 /
296.25 cm™! 36.74
37.34 15(A) — 4f,
301.19 cm™!
37.48 37.49/ gr.st.— 4p4, 5po 37.48 [12]
302.23 cm~! 3752 Ls(A1) = dp LA o 4o s 37.473) [5]
s(A1) = 4p+ Spo 37.47 [9]
37.76 3779/ 15(A)) — 4f, gr.st. — 4fy 37.767 [12]
304.54 cm™! Is(A)) — 4f, 37.77 9]
38.02 1s(A)) — 51 1s(A;) — 51, 38.01 [9]
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TABLE IIl. (Continued.)

Transition/Line/Band

Donor lines (meV) & in cm™!

assignment

@ 20K/ (this work) Transition/Line/Band assignment and energy
@5K @ 35K Li (previous reports)
306.57 cm™!
38.20 38.23/ Is(Ay) — 5p+ Is(A)) — 5p+ 38.20 [9]
308.12 cm™! gr.st.— 5ps 38.21[12]
38.41 1s(Ay) — 5fi 1s(Ay) — 5fp 38.38 [9]
309.81 cm™!
38.59 Is(A;) — 6ps gr.st.— 6py 38.584 [12]
311.13 cm™! 1s(A;) — 6p+ 38.60 [9]
38.81
31326 cm™! 1s(A1) = 6hs
39.02 I1s(A;) — 7hy
39.41(7) [5]
39.67 E; 39.67 [9]
39.67 [12]

the spectra, including d-type and Rydberg-like high excited
states.

II. EXPERIMENT
A. Sample preparation and characterization

Si samples in this study were made from high-purity
FZ-grown crystals doped from the melt using the so-called
pedestal technique [15]. This method was used, because of
the high vapor pressure of Li in Si, which is ~1.38 bar. The
dopant pill was located in an axial hole on the top of the
feed rod being always covered with the melt and gradually
evaporated with rising temperature of the pill’s bottom. In
this way, the melt zone was steadily doped by the Li vapor.
To improve the radial and axial homogeneity of the doping
concentration, a couple of pills were usually loaded in an
initially undoped Si ingot. A weak axial Li gradient was
determined by four-point probe resistivity measurement. It
was used to obtain a set of concentrations between 10'° and
10" cm—3 (Table II). The samples with different concentra-
tions are critically important for this investigation, because
there is a trade-off between detection of impurity transitions
with low oscillator strengths and concentration broadening of
Li-related absorption lines. To observe unsaturated absorption
in the strongest Li transitions, a low-doped Si:Li crystal was
grown using additional float-zone run of the moderately doped
Si:Li crystal No. V492 as starting material. The samples have
optically polished facets with sizes ranging from 7 x 7 to
10 x 10 mm? and thicknesses from ~0.5 to ~1 mm. The large
facets of the samples were wedged to 2° or 3° depending on
the sample thickness.

B. Infrared absorption spectroscopy

Impurity absorption spectroscopy was performed using a
Vertex 80v infrared Fourier-transform spectrometer (Bruker
GmbH) equipped with a helium-flow cryostat (Janis). The
temperature was varied from ~80 K down to ~5 K, and
measured by a pair of thermosensors attached to the cold

finger close to the samples. The Si:Li samples were glued to
the cold finger by a silver paint (RS Components). The reso-
lution of the spectrometer was 0.13 cm™! (photon energy: 16
pneV). The measured transmission spectra were converted to
absorption spectra assuming single-path light propagation and
calibrated to the multiphonon absorption bands of undoped Si
(see Ref. [16] for details of the procedure).

The transmission spectra were taken at temperatures from
~5 to ~80 K with steps of 1.5 K (at lower temperatures) or
5 K (Fig. 2). Typical spectra of Si:Li samples (Figs. 2 and 3)
present several types of impurity intracenter transitions: The
lines observed at T = 5 K in the spectral range 19-33 meV are
intracenter transitions of the isolated Li donor; the lines in the
range 18—40 meV are intracenter transitions of the Li-O donor

Temperaturé ’ b 20

50K
—— 45K
—— 40K

Photon energy (meV)

FIG. 2. Overview of absorption spectra of the Si:Li sample No.
482-3 at several different lattice temperatures, showing overlap of
Li and Li-O intracenter transitions. Strongest intracenter absorption
transitions of Li and Li-O donors from their ground states are marked
by arrows with a final state of the transition. Numbered lines are
those exhibiting increasing absorption with increasing temperature
from 4.7 K. For their assignment please see the discussion in the
main text.
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Temperature:
45K
— 40K
—— 35K
— 30K
— 25K
— 20K
— 15K
— 10K

15

_
o
L

(6]
1

Absorption (cm™)
— Li: >2s(?)

o

0 | T T T T T T T T T T
18° 19 20 21 22 23 24 25 26 27 28 29 30

Photon energy (meV)

FIG. 3. Absorption spectra of Si:Li sample No. 482-3 at different
temperatures (expanded view of Fig. 2 in the range of thermally
induced transitions). Weak transitions (dashed arrows) vanish with
increasing temperatures; other transitions (numbered arrows) reach
their maximum at elevated temperatures.

complex. A few spectral features have vanishing intensities
(Fig. 3) and their origin cannot be identified appropriately:
We speculate that they have an origin somewhat similar to
previously reported higher-energy Li-related centers, with Li
coupled to several oxygen atoms [6,9] while the lines at
lower energies might be assigned to Li molecules/clusters,
e.g., similar to those assumed in Si doped by interstitial
magnesium [17].

The strongest lines of Li and Li-O centers exhibit sat-
urated absorption (optical density OD >> 1) in moderately
doped samples (donor concentration exceeds 10'> cm™3). In
addition, several weak transitions can be observed in the ab-
sorption spectra and evaluated using these samples.

There are two broad lines No. 1 and No. 2; both are
1.82(2) meV to the low-energy site of the Li transitions from
its ground state into the 2py and 2p. states (Fig. 3). Both
lines have a similar evolution with temperature (Fig. 4): They
have nonvanishing intensities at the lowest temperatures of
our experiment, exhibit a slight enhancement at about 21 K,
and decay above.

This indicates on transitions from excited states which have
a small energy separation (~ kT) to the ground state. We note
that a similar peak temperature of 7 = 22.5 K was found
for transitions from the thermally populated excited 1s state
in boron-doped diamond with a spin-orbit splitting of about
2 meV [18]. The centers of the lines No. 1 and No. 2 remain
unchanged up to temperatures of almost 40 K. Their further
evolution cannot be determined accurately due to the line’s
weak intensity and strong increasing neighboring Li lines
from the ground state. The peak value of the absorption ratio
of line No. 2 to line No. 1 is 5.4(4) (see Fig. 5), while the
same for the ground state — py and ground state — p lines
of the Li donor varies between 5 and 6. The linewidth of lines
No. 1 and No. 2 does not change with concentration of Li
donors as strongly as that of intracenter Li transitions from
the ground state. It varies from 340 peV (full width at half
maximum FWHM, 10 K, No. V467 samples series, line No. 2)

Li: e3p0 * Line 1
9@ Li-O:»2p, * Line2

Normalized absorption

0 10 20 30 40 50 60 70 80
Temperature (K)

FIG. 4. Temperature dependences of intracenter transitions of
Li-related donors in the No. 467-4 sample. For isolated Li and Li-O
complexes, the unsaturated transitions (i.e., from their ground states
into the 3p, and 2p, states) are taken for comparison. Note that
an accurate determination of the absorption of lines No. 3, No. 4,
and No. 7 is limited due to close-by weak lines which overlap with
increasing temperature (see Fig. 3).

up to 450 peV in moderately doped samples, while all ground
state — npy transitions have FWHM within 25-41 peV
(Fig. 6). The peak value of the absorption cross-sections ratio
of “line No. 2 to the unsaturated absorption on the ground
state — 3py transition (e.g., 1.13 x 1071 cm? (max at 30 K)/
1.56 x 10~"* cm? (max at 5 K) for No. 467-4) is about an
order of magnitude smaller than that of the same transitions of
group-V donors in Si without spin-orbit splitting of the ground
state (e.g., 4.83 x 107!% cm? (max at 50 K)/4.37 x 10715 cm?
(max at 5 K) for the line 1s(72) — 2p+ to the 1s(A;) — 3po
in Si:P). All these factors point strongly to a specific broad-
ening mechanism of these transitions. This could be related to

5_I""l'"'I""I""I""I"'
1 * Line1 L
* Line2
4] /
| /
SR Z
= F
o)
& g
= /
§1: * *
Lok . S0l

o 1 2 3 4 5
Li concentration (101> cm-3)

FIG. 5. Absorption coefficients of lines No. 1 and No. 2 in Si:Li
samples with different Li concentrations at 5 K. Note the linear
dependences of the transition intensities on the concentration of the
isolated Li donor.
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24 25 26 27 33.0 33.5
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Absorption (cm™)

122 pyeV
88 peV

27 33.0 33.5

24 25 26
Photon energy (meV)

FIG. 6. Absorption spectra of differently doped samples (purple:
No. 482-3, pink: No. V467-1, blue: No. 2V3951E) at 5 K around
Li-related donor transitions, which terminate in the 2p. state. Note
the different linewidths of the Li and Li-O donors in the low-doped
sample No. 2V3951E) as well as the low-energy component of the
1s(A;) — 2p. transition of Li-O complex arising in the heavy-doped
sample No. V482-3.

relatively strong impurity-phonon interaction, similar to those
found for anomalous broad lines caused by a specific donor-
phonon resonant interaction in n-Si [19]. Donor interaction
with intervalley f~TA phonons in Si was argued to control
intracenter relaxation of the lowest excited p states [20].
Considering the vicinity of these intracenter transitions to the
energies of f~TA phonons in Si, which are ~18.4 and ~25.4
meV [21], we speculate that such a quasiresonant interaction
could be a reason for enhanced line broadening of the excited
state — np. transitions of isolated Li donors.

The absorption measured at the line centers increases
linearly with the Li concentration in the samples (Fig. 5).
Note that for donors formed by complexes of atoms the
concentration follows a higher-order power law, for example
the third power for thermal, oxygen-based donors [22].

Lines No. 4, No. 6, and No. 7 are 1.1(1) meV on the
low-energy side of the Li transitions from its ground state into
2po and 2p4 states and 7.70(1) meV of the Li-O transitions
from its ground state into 2pg, 2p+, and 3py states. They
exhibit similar temperature dependences in the absorption
spectra (Figs. 2 and 5); i.e., they were not detected at the
lowest lattice temperature and reach its maximum intensity
at 34(2) K. This peak temperature fits well to the trend of
the valley-orbit splitting of all hydrogen-like donors in Si
(Fig. 7) [23]. Their linewidths are similar and increase with
temperature like intracenter transitions from the ground states
of the donors.

There is a clear attribute that can be unambiguously used
for separation of Li and Li-O intracenter transitions originat-
ing from their ground states (Fig. 8). The transitions of the
Li-O center [ground state is a 15(A;) level] follow a temper-
ature evolution trend similar to that of group-V substitutional
donors in Si [24] as well as the strongest 1s(A;) — 2p+
transition of residual phosphorus in our samples, namely,
their energy exhibits a blueshift with increase of lattice tem-
perature. In contrast, intracenter transitions of the Li center
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FIG. 7. Temperatures of peak intensities of intracenter transi-
tions of donors in Si vs their ground state’s VOS energy (for Li:
energy between ground- and the lowest excited state). Hydrogen-like
transitions are for substitutional group-V donors [23]; error bars are
the gaps [; — ['s.
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FIG. 8. Temperature evolution of energy of intracenter transi-
tions in Si:Li samples (the data are for the No. 467- and No. V482-
series). Note the opposite temperature gradients for similar types of
intracenter transitions of isolated Li and Li-O complex donors.
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have a nonlinear redshift with temperature. Presuming that the
strongest lines No. 4 and No. 6 [spacing in energy at 35 K is
5.16(2) meV] are thermally induced transitions terminating
in the donor 2p. state, while line No. 5 terminates in the
donor 2p, state, we may constrain the thermal activation en-
ergy related to these excited states. For multilevel atomic-like
spectra, estimations of the thermal ionization energy using a
two-level model and Boltzmann-type equilibrium distribution
lose their validity when the energy gaps between excited lev-
els are of the same order. However, due to the large similarity
of the energy spectra above the 2p, donor state, one may
estimate the energy gaps on the basis of known temperature
dependences of thermally induced transitions in the donor
energy spectrum with similar energy gaps. For instance, ap-
plying the ratio of the exponential growth constants from fits
to the temperature dependence of this center and the Sb donor
in Si (the energy gap between the 1s(A;) and 1s(73 : ['g) states
is about 9.9 meV [1]), we obtain an energy gap of ~7.4 meV.
This value is in very good agreement with that reported for
the valley-orbit splitting of the Li-O center in Si, which is
7.67 meV [9]. Applying this value to the obtained absorption
spectra, this would fit well to a Li-O donor complex (the
2p+—2po spacing in energy is 5.17 meV [1]). Line No. 5
together with lines No. 4 and No. 6 are related to the deeper
Li-O donor, because of their characteristic temperature depen-
dences with no detectable intensity at low temperatures and
redshifts above as well as the peak intensity at about 35(2) K
(Fig. 4). This temperature corresponds to the case of the Sb
donor in Si, whose smallest energy gap between Sb ground
state and the lowest excited state is 9.6 meV [23]. This assigns
the lines No. 4, No. 5, and No. 6 to Li-O transitions from the
excited VOS states into 2p. and 2pj states.

Of these, line No. 6 was earlier reported and also assigned
to a transition from the VOS states [5,9], however to those
from the unresolved transition 1s(E 4 T;) — 2p~. The tem-
perature evolution of the ground state — 2p transition for
the Li-O donor is very similar to those observed for group-
V substitutional donors in Si [24]. The same is valid for
the 1s(T>) — 2p transition, while line No. 5 has a specific
nonmonotonous dependence (Fig. 8), which was observed
only for transitions from the thermally populated 1s(E) state.
Then the additionally resolved lines No. 4 and No. 5 can be
assigned to the corresponding transitions from the thermally
populated VOS states, while 1s(E) is about 2.16 meV above
the 1s(7>), making the VOS energy for a Li-O center in Si
of 9.865(5) meV, significantly above earlier reported values
(Table I): it was assumed that the VOS states 1s(E) and
1s(7>) remain unresolved due to their vanishing splitting [9].
Such exchange-energy value (2.16 meV) is within the range
1.3-2.66 meV, observed for the group-V H-like donors [23].
The 1s(E) state of Li-O center appears to be the shallowest
from all known shallow donors in Si, including an isolated Li
donor (33 meV).

Using the same arguments, we ascribe the spectral fea-
tures No. 1 and No. 2 to intracenter transitions related to
isolated Li donors, namely those from the deepest excited
states in the samples where these lines become observable
(see Table II). Note that the strongest line No. 2 has been
observed previously, but it was attributed to either the Li
donor 1s(A;) — 2p+ transition from the “inverted excited”
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FIG. 9. Absorption spectrum of No. 467-4 sample at 5 K. Ob-
served transitions from the donor ground states into the even-parity
3d, state and odd-parity states including high excited, Rydberg-type
states are indicated by arrows with their assigned terminating state.

1s(A;) singlet [5] or to the 1s(A;) — 2s transition from the
Li ground state [6]. Obviously, at the detectivity threshold
(determined by the experimental sensitivity and optical den-
sity of the impurity transitions), changes in temperature may
enable the observation of particular transitions. For instance,
in the sample No. V471-2, the line No. 1 was not observed
at 5 K, but becomes detectable at above 20 K. Due to the
weak/vanishing temperature dependence of transitions to the
2p states of Li centers in Si:Li samples below 5 K (Fig. 8),
we assume that their splitting energy can be derived from
corresponding excited state — 2p transitions, while taking
the energy of the related ground state — 2p transitions at 5 K.
This results in the splitting of the ground state (which we call,
in the context of a Li center, valley orbit) VOS (Li) = 1.82(2)
meV, while the uncertainty is about half of the line’s FWHM.

The temperature evolution of the ground state — 2p tran-
sitions of the Li donor is very similar to the 1s(7;) — 2p
transitions observed for group-V substitutional donors in Si
[24]. The blueshifts at temperatures up to 50 K correspond
well to both types, 1s(A;) — 2p and 1s(E) — 2p transitions
of a donor with a 7; symmetry. Then, assuming an isolated
Li donor having a temperature evolution similar to those for
the T; symmetry states [24,25], one may constrain the single
ground state of Li to be a ['5 type, i.e., a 1s(T3)-like state
with T; symmetry, the only one which would have intracenter
transitions exhibiting a monotonous redshift with increasing
temperature of the crystal. The transitions from the split-off
ground state have a weak blueshift at relatively high tempera-
ture while remaining unchanged below. Both types, ['; and ['3,
if in the 7; symmetry, can contribute to such a behavior. Thus,
one cannot make further constraints from the temperature
dependences (Fig. 8) and cannot confirm the single 1s(A;)
upshifted to the multiplet 1s(E) + 1s(73) [5,9].

In the moderately doped samples of No. 471- and No.
482- series, multiple peaks can be observed, corresponding
to energies of transitions into high excited states, commonly
called Rydberg states, very close to those predicted theoreti-
cally for p-, f-, and h-states (Fig. 9). Weak transitions such as
those terminating in the 4 f; state, with an oscillator strength
less than a factor of 0.0035 of that of into 2p. state, have
been only detected in Si:P [26], Si:Bi [27], and Si:As [23]
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absorption spectra. Also, the transition into the even-parity
3d, state was observed in Si:Li crystals. The observed tran-
sitions are summarized in Table III, where the transition
energies as well as assignment of the involved levels are
compared with previously reported ones.

There are two transitions in the spectra of moderately
doped Si:Li samples whose energy would fit well with the
calculated 2s states (binding energy around 10 meV) of shal-
low substitutional donors in Si [28] assuming that they belong
to the Li-O center. However, we do not speculate on their
assignment. There is also a line at the low-energy slope
[~ 0.22cm™!/28(5) ueV] of the 1s(A;) — po; p= transitions
of the Li-O center. It has a strong dependence on the concen-
tration of Li in the samples: In many samples its absorption
peak is lower than those of 1s(A;) — po; p+ transitions for
the less-doped series No. 467 and exceeds the latter for the
heavily doped series No. 482. We do not have a tentative
assignment for this exotic center.

II1. DISCUSSION

One of the challenges of the interpretation of Li-related
spectra is overlapping transitions of isolated Li donor and
Li-O complex, which always appear together in the spectra.
The relative intensities of their transitions depend mostly
on the initial Si crystal properties. In most cases Li-related
complexes exhibit a significantly lower intensity. In the pi-
oneering optical studies of Si:Li [5], the choice of initial
low-oxygen FZ-grown and moderate-oxygen Cz-grown Si
crystals allowed for a reasonable separation of Li and Li-O
at high densities of the diffused Li. Later, a similar study
[9] has shown that at lower Li concentrations such a sepa-
ration becomes difficult: It was found that due to “aggressive”
bonding to oxygen, a pronounced Li-O complex occurs even
in assumed low-oxygen FZ-grown samples. In both of these
reports, one can find ambiguous assignments of several ob-
served absorption lines: (i) In Cz-grown Si:Li, line x; at
26.63(2) meV was assigned to the Li-O transition series [5],
while it is very likely the ground state — 2p. transition of
isolated Li; (ii) the transition at 28.10(3) meV, assigned to
excited state — 3py isolated Li transition at ~20K [8,9],
is very likely the ground state — 2p, transition of a Li-O
complex, because otherwise one should observe in the same
spectrum the excited state — 2p, Li transition, which has a
somewhat larger oscillator strength and which is less affected
by the lattice temperature; (iii) in order to derive the conclu-
sion on a thermally induced transition at about 24.8 meV, the
authors compared the spectra at ~5 K of the sample with
a Li concentration of ~2 x 10" c¢m™3 with that of another,
heavily doped sample (~ 1.1 x 10" cm™3) at a temperature
of ~20 K [8]. However, in the present work we show that such
a difference in concentration of Li enables the observation of
this spectral feature already at low temperature (5 K); and
(iv) although the ~24.8 meV transition was assigned at the
elevated temperature ~20 K in Ref. [5], some spectra in that
work show a broad feature around 25 meV also at liquid
helium cooling.

These uncertainties reduce the number of arguments about
the “inversed” 1s(A;) ground state to the only temperature-

enhanced transition at ~24.8 meV [5]. This transition has a
much broader FWHM, several times larger than those from
the next Li transition from the ground state into the 2p4
level (Fig. 7). Apparently, this observation was not taken
into account in previous studies using instruments with lower
spectral resolution [5]. But, it was clearly observed in high-
resolution measurements in Ref. [8]. Such a broad linewidth
was probably the reason to assign this transition to the one
terminating in the 2s state [6] that would give a correct order
of magnitude for the theoretical estimate of the 2s state [28],
but is not suitable for the temperature evolution of its absorp-
tion spectrum. The temperature evolution and peak intensity
indicate a very small energy gap to the ground state of the
donor. Since the next broad transition appears at the same en-
ergy shift as the ground state — 2p transition, its assignment
to thermally populated state(s) of the Li center is well justified.

Note that the main argument to assign the ground state to
the fivefold multiplet 1s(E + 7>), namely the appearance of
the central component of the transitions terminating in the
excited p states [5,8], is not unambiguous: The same set of
stress-split transitions would be formed if the ground state
were a fourfold multiplet 1s(A; + 7») in the T; symmetry or
for instance if assuming a nonvanishing spin-orbit splitting
(SOS) of the 1s(T : ['s) state, which would form the compo-
nents 1s(75 : T'g) and 1s(75 : T7) [29]. In the latter case the
SOS 1s(7>) state would be sufficient to explain piezospec-
troscopic observations. We note also that a fine spin-orbit
coupling of the Li ground state was reported from ESR study
of isotopically enriched 28Si:Li [14]. Concluding here, there
is no unambiguous argument for an “inverted” VOS, i.e., that
the 1s(A,) state has lower binding energy that the 1s(E) [5,9].

The excited states in the broad band of the Li donor might
have an unusual structure. It is not obvious that other sym-
metry configurations of the Li donor may occur, for instance
due to Jahn-Teller distortion, like in diamond [30]. A similar
phenomenon can be expected for an interstitial Li donor. As-
suming 7; symmetry of the ground Li state, a multiplet may
consist of unresolved ['; and ['; components of the excited
multiplet (Fig. 1). For an alternative symmetry of Li donor,
there might be a set of singlet and doublet states in the mul-
tiplet. A 1s(E) ground state was found in the model of the
dielectric screening effect on the core charge-density impurity,
developed by Nara and Morita [3]. This finding is unusual
in the frame of the EMT approximation. Applying their ap-
proach developed for donors in Si [31] to isolated interstitial
Li, they found strong dependences of the chemical shift for
the components of the Li ground state on the parameter ry,
describing spatial distribution of Li in the Si lattice. For two
considered symmetry types of the ground state, 7; and D3,
their simulations resulted in the [ 3-type ground state [1s(E)]
for large ry while 7> and A levels become excited states and
may have diverse relative energies [3].

The ESR studies have shown that there is a fine struc-
ture of the ground state: the splitting “within 0.1—0.2cm™"”
(12—25 peV) for assumed unresolved components of the Li
ground state [7]. Note that such relatively small exchange
energy would not be sufficient to explain the FWHM of the
excited VOS state band, but would be reasonable for the spin-
orbit split ground state if assuming it to be a ['5 type.
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Concluding here, we cannot assign the valley-orbit split-
ting of the Li donor to the energy gap between the 1s(A;)
and ls(E) states, since the symmetry of the components is
not determined in our study. Instead, we suppose the chemical
shift (energy gap between ground state and the excited states
split off by valley-orbit interaction) to be a valley-orbit-split
energy.

The absolute energy of the transitions for both Li and
Li-O centers in our study agrees better with those obtained
by photothermal ionization spectroscopy [12]. The measure-
ments with a “stress-free” mounting with only a “point”
contact to the cold finger in the cryostat in the studies reported
in Refs. [5,9] are apparently slightly temperature shifted
(Table II). We point out that for the optically thick samples
(if OD at strong intracenter transitions is much larger than
1) determination of the impurity line center is not accurate.
Therefore, we rely on the low-doped samples for the transi-
tions with oscillator strengths above 0.02 [32].

One may argue that the doping of Si with Li from melt,
as performed in this study, provides better homogeneity of Li
donors when compared with diffusion doping—-the technique
used in most of the previous studies. However, the optical
properties of the Li centers obtained by pedestal techniques
appear to be identical to those reported previously. At the
same time we do not exclude that a better quality of the
in situ-doped Si:Li crystals enables observations of weaker
transitions of Li and Li-O center, which lead to a modified
interpretation of their VOS. It should be noted that other Li-O
related donors observed in Cz-grown Si:Li were not detected
in our samples.

IV. CONCLUSIONS

The study of the temperature evolution of absorption
spectra of Li-related donors in Si revealed a few important
observations and leads to updated constraints on the valley-
orbit splitting of the ground states:

(i) The Li-O donor in Si exhibits a temperature evolution
very similar to substitutional group-V donors in Si. It has a
valley-orbit splitting of the ground state, which is slightly less
than that for antimony, the shallowest substitutional donor
in Si. Its ['3 ground state is the shallowest [29.804(5) meV]
of all known single-electron shallow donors [1] (with the
exception of thermal donors in Si) while the ['s — ['s splitting
(~ 2.16 meV) is within the range of experimentally observed
values for group-V donors in Si [23];

(ii) The isolated Li donor in Si exhibits an opposite temper-
ature evolution of the transitions from its ground state when
compared with those of a Li-O center. This donor exhibits
a very low valley-orbit splitting (the chemical shift in this
case) of the ground state of about 1.82 meV, the smallest of
all single-electron shallow donors in Si. Its ground state is
apparently similar to a ['5 type (Ty) or alternatively to ['s + [
type (T;), while VOS state(s) are lifted up, making many
of its properties different from donors in Si. The intracenter
optical transitions from the thermally populated VOS state(s)
are anomalously broadened. and

(iii) High-quality in situ-doped FZ-grown Si:Li crystals
enabled the observation of many states with very low os-
cillator strengths, including those into even-parity (3dp) as
well as high excited levels of donors (up to 7hy), of-
ten called Rydberg-type (-like) states. Note that such states
were resolved previously only in the ultrahigh-purity natu-
ral Si [26]. Due to their narrow transition linewidths it was
possible to observe these high excited states. This is un-
expected for randomly distributed interstitial centers in Si
lattice.
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