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4 THz transitions within the
ground state of Er3+ ions in Si

We are sitting in a fortress. Outside it
is getting dark.

John R. R. Tolkien

The 30 - 300 µm wavelength range, which separates the predominantly
optical and predominantly electric domains, is frequently referred to as the
“terahertz gap” (1 - 10 THz). This reflects on the fact that the terahertz range
remains poorly explored while almost the entire electro-magnetic spectrum is
exploited for practical applications, such as optical communications and data
storage, spectroscopy, electronics and radio- and telecommunications, radar,
and X-ray diagnostics, among others. The main reason for this situation is that
to date no cheap and practical sources of THz radiation have been developed.
In fundamental research concerning e.g. carrier dynamics, the conveniently
tunable free electron lasers (FELs) remain the most popular radiation source.
These installations are, however, highly impractical in view of their size and
operational costs. Another solution is offered by optically pumped dye-lasers,
but their great disadvantage is the dye-fixed single emission wavelength. At the
same time, many interesting applications for THz range have been identified;
these include remote sensing (molecule identification) and imaging for security
and medical diagnostics, and also communications, where the THz band offers
greater bandwidth and reduced antenna sizes. Therefore research towards
development of a compact, versatile and preferably electrically operated THz
light source continues [72].

In that context, a Si-based THz laser would be particularly welcome in view
of the dominance of Si in contemporary electronics and the unprecedented so-
phistication of the Si CMOS technology. Here the possibility to use transitions
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between shallow donor and acceptor impurity states has been proposed [73],
and stimulated emission from phosphor [74] and arsenic [75] donors in Si has
been demonstrated. However these solutions require separate and powerful
optical pumping (FEL and CO2 laser in Refs. [74] and [75], respectively), and
cryogenic temperatures. Therefore their projected applications are in space
and atmospheric research rather than for the terrestrial concepts mentioned
earlier. An alternative solution may be offered by quantum cascade lasers
based on III-V compounds, which utilize intraband transitions [76], but op-
erational temperature range of such devices is strongly hampered by polar
optical phonon scattering. This effect should be absent in Si (and Ge), which
are non-polar materials [77]. Consequently concepts of cascade lasers based
on (strained) Si-Ge quantum wells have been put forward [78, 79] and their
realizations are being explored [80,81].

Rare earth (RE) ions are frequently used for tailoring optical properties of
insulating and semiconducting hosts. For semiconductors, special attention
has been given to Er doping of silicon, with that research clearly motivated by
prospect applications in Si photonics and optoelectronics - for a comprehensive
review see, e.g., Ref. [1]. RE-doped materials have also been considered for
generation of THz radiation. At a time, it appeared plausible to use for that
purpose optical transitions between individual levels within a single spin-orbit
multiplet of a RE ion, split by a local crystal field. This approach to THz
generation turned out to be unsuccessful due to large width, and therefore
mutual overlap, of emission lines from individual crystal-field-split levels.

The situation is considerably different in Si/Si:Er multinanolayer structures
grown by sublimation MBE [22], where a single type of Er-related optical
centers is preferentially formed [13,14]. The low temperature PL spectrum of
this material features a set of very sharp lines with linewidth of ∆E < 8 µeV.
In this way, the major obstacle hampering previous attempts of utilizing Si:Er
for development of a THz source has been removed. In this study, we explore
the possibility of optical transitions between the well-defined crystal-field split
sublevels of the 4I15/2 ground state of the Er3+ ion in a Si/Si:Er multinanolayer
structure.

4.1 Samples and experiments

The experiments have been performed on a Si:Er structure comprising 400
alternating Si and Si:Er layers - see Sec. 1.1.1 for sample details. As mentioned
before, Er3+ ions in this sample are preferentially incorporated in a single type
of optically active center, designated Er-1, whose emission is characterized
by ultra-narrow emission lines. The ultrafast (picosecond resolution) pump-
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Figure 4.1: Schematic representation of the energy level scheme for the ground and
the first excited states of the Er-1 center. Gray zones indicate energy range where
additional thus far unidentified levels should be located. Transitions observed in PL
are shown by solid arrows. Dotted arrows indicate possible THz transitions within the
ground state multiplet: in grey, the λ ≈ 43 µm transition investigated in the current
study.

probe measurements in the THz range have been performed at the Dutch
free-electron laser users’ facility FELIX. All the measurements were done at
cryogenic temperatures, with the sample placed in a helium gas flow cryostat.

4.2 Experimental results and discussion

In the past, we have precisely determined the crystal-field induced splitting
between sublevels of the ground state of the Er-1 center [14]. This is illustrated
in Fig. 4.1, where also the most prominent PL transitions used to establish this
energetic scheme are indicated. On this basis, the wavelengths of the possible
THz transitions can be predicted and the λ ≈ 43 µm transition between the
levels of the 4I15/2 ground state of an Er3+ ion can be identified. As the
initial task, we carried out FTIR absorption measurements on our sample in
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Figure 4.2: FTIR measurement in the range of absorption of Er and B. Absorption
peaks of B at λFEL = 35.9 and 40.8 µm are indicated (black arrows). Grey arrows
point the wavelengths at which Er transition should occur, though no peak is present
in the absorption spectrum -see text for discussion of this negative result.

order to demonstrate the presence of a linear absorption band at the λ ≈
43 µm wavelength of the predicted transition. Unfortunately, no absorption
signal has been detected, while the reliability of the experiment was assured
by observation of an absorption signal of ≈ 30% and ≈ 65%, respectively, for
the two boron-related transitions at 40.8 µm and 35.9 µm (Fig. 4.2).

In order to explain this negative result, we note that only ∼ 1 − 1.5 µm
of the total thickness of the sample contains Er, with a concentration of [Er]
= 2 × 1018 cm−3, while B is present with a concentration of [B] = 2.7 × 1015

cm−3 in the ∼ 500 µm thick substrate on which the Si/Si:Er structure is grown.
This implies that the areal density of Er (NEr ≈ 3 × 1014 cm−2) is of the same
order as that of B (NB ≈ 1.3 × 1014 cm−2). At the same time, however, two
further aspects have to be taken into account: (i) the Er transition is forbidden
for parity reasons and its probability is 102 − 103 times lower when compared
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Figure 4.3: Result of the pump-probe measurement at λFEL = 43.5 µm in transient
grating configuration. A clear absorption band with a time constant of τ1 ≈ 52 ps can
be see, superimposed on slowly decaying (τ2 ≈ 2 ns) background, possibly of thermal
origin. In the inset: signal at λFEL = 43.5 µm is compared with the ones relative to
two wavelengths around it, namely λFEL = 43.25 µm and 43.75 µm .

to that of B, and (ii) not all Er dopants present in the sample will form the
Er-1 center and participate in the predicted absorption (see Chapt. 2).

Combining these facts, we can expect the absorption by B to be considerably
(∼ 2 - 3 orders of magnitude) stronger than by Er. By inspecting the recorded
linear absorption spectrum in Fig. 4.2 , we conclude that any Er-related ab-
sorption, if present, would be below the background noise level and therefore
impossible to detect under conditions of the experiment. Therefore we con-
clude that the lack of Er-related absorption band in the FTIR spectrum cannot
be seen as a decisive argument against existence of the investigated transition.

Consequently, we performed pump-probe experiments in the λ = 43 µm
range of the expected transition. In these measurements, an additional pa-
rameter appears - the lifetime of the participating excited state. As mentioned
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before, for Er we are dealing with a forbidden transition, while for B the op-
tical transitions are allowed. However in both cases recombination transition
probabilities are likely to be dominated by nonradiative processes, as phonon
scattering will prevail over photon emission. On the other hand, we can expect
a considerable difference of the Huang-Rhys factor for B and Er, resulting in
different coupling to lattice phonons.

The pump-probe experiment has been performed in the “transient grating”
configuration. In this case, the FEL beam is split into three parts by two
polymer beam splitters (PP and Mylar): two “pump” beams (having wave
vectors

−→
k1 and

−→
k2) and a “probe” beam, having wave vector

−→
k3. The two

pump beams are spatially and temporally overlapped on the sample. Using a
small angle of incidence for the two “pump” beams, the grating formation can
select only part of the sample closer to the surface thus reducing the substrate
contribution and giving advantage to the Er-doped top layer. Consequently,
the Er-related contribution relative to that of boron could be more pronounced
for direct absorption. If the FEL is resonant with an absorption transition
available in the sample, then the resulting excitation is spatially modulated
across the overlap region, resulting in a population grating. The weaker beam−→
k3, spatially overlapped but time-delayed, is then Bragg-diffracted off this
grating into a phase-matched signal direction (

−→
kD =

−→
k1 -

−→
k2 ±

−→
k3). By

scanning the time delay ∆t of the probe pulse with respect to the pump pulses,
the amplitude of the population grating can be measured as a function of time.
The grating decays as exp(−2t/τ), where τ corresponds to the time constant
characteristic of the absorption transition generating the grating. In that
way, the lifetime of the excited state can be measured. The transient grating
technique offers the important advantage of being practically background free:
the diffracted signal appears only when the grating is formed due to absorption
in the structure∗. In that way the appearance of any additional signals, not
directly related to the investigated absorption, is avoided.

The pump-probe experiments performed in the transient grating configu-
ration at the FEL wavelength of λ = 43.5 µm revealed a clear absorption
feature, as depicted in Fig. 4.3. From this measurement, the relevant decay
time constant of τ = 50 ± 5 ps was concluded. The slower, τ2 ≈ 2 ns com-
ponent observed simultaneously, represents most probably the heating effect,

∗The transient grating will also appear due to change of the refractive index, as a follow-
up of non-resonant effects involving virtual transitions. These however will exist only when
the electro-magnetic field is present, so will be reflect temporal characteristics of the laser
pulse responsible for generation of transient grating.
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commonly seen in that configuration. In fact, using the following equation [35]:

τheat =
λ

2sin(θ/2)νs
, (4.1)

where λ is the wavelength of the exciting pulse, θ is the angle of incidence
and νs the speed of sound in Si, it is possible to determine the characteristic
releasing time of heat, that is on the order of 5 ns, value really close to the
measured one.

Measurements performed at other wavelengths in that range (at 0.25 µm
steps) yielded no reliable absorption signal thus evidencing the resonant char-
acter of the detected band. In inset of Fig. 4.3, decay curve for the resonant
wavelength 43.5 µm is compared with the ones obtained for two other wave-
lengths around it, 43.25 µm and 43.75 µm. The signal detected in both cases
is very low and noisy in comparison to the one at the resonant wavelength.

The resonant aspect of the identified absorption band was further investi-
gated in detail in a standard pump-probe-reference configuration (see Chapt.
1 for experimental details). The results are shown in Fig. 4.4. In the main
panel, the (normalized) traces for two wavelengths of λ = 43.5 and 42.5 µm,
i.e. “on” and “off” resonance, are compared. For λ = 43.5 µm, the previously
identified absorption band decay time of 50 ± 5 ps can again be seen. In that
case, however, it appears superimposed on a faster decaying signal, character-
ized by a time constant of τF ≈ 10 ps. In the inset to Fig. 4.4, we show the
wavelength dependence of the time constant dominating the absorption. As
can be seen, the slow 52 ps component is indeed resonant, centered around
λ ≈ 43.5 µm. Consequently, we identify it with the expected ground-state
transition of Er3+. The origin of this fast component, which appeared in the
whole investigated wavelength range and which was absent in the transient
grating configuration, is not clear at this point and will not be considered
further.

For comparison, as for the FTIR absorption, we performed a similar exper-
iment for the B-related band at λ = 40.8 µm. A clear absorption with the
characteristic decay time of τ ≈ 70 ps has been observed. The amplitude of
the B-related signal was approximately 50 times larger than that measured for
Er at λ = 43.5 µm. This implies that the 43.5 µm band represents absorption
of approximately 0.5% - too small to be detected in the FTIR scan illustrated
in Fig. 4.2. From the above presented experimental evidence we conclude that
an optical transition within the 4I15/2 ground state of the Er3+ ion involved
in the Er-1 center has been observed.

We will now address the origin of the determined time constant. The theory
of interaction of RE ions with lattice vibrations has been considered in the past
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[82]. The lifetime of the upper (doublet) level is determined by spontaneous
phonon emission

τ−1
p =

1
π~ρν2

Φmm′
ω3

ν3
, (4.2)

where the matrix element of the RE ion-phonon interaction is determined by
the matrix elements of Stevens operators

Φmm′ = 3
∑
n,M

(χnA
M
n )2| < Jm|ÔM

n |Jm′ > |2, (4.3)

and the constants AM
n = gM

n A0
n play the same role as deformation potentials

in the theory of semiconductors - see Ref. [83] for the notation. Using also
the values of the relevant quantities given in this reference, we can estimate
the lifetime of the Er3+ ion in the upper state of the ground multiplet as
τp ≈ 12× 10−12s (where we have used the sound velocity averaged over three
acoustic branches ν ≈ 6× 105 cm/s). We have considered only the transitions
from the upper doublet to the lowest doublet state, since the probabilities of
the transitions to the closer doublets are lower. We see that, in spite of the
very crude treatise, our result is of the same order as the experimental value
of 50 ps.

The radiative lifetime for the transition from the upper to the lower doublet
level is given by:

τ−1
sp =

4n̄3e2d2
12ω

3

3π~c3
, (4.4)

where n̄ is the refractive index and d12 is the dipole matrix element [84]. Since
the non-zero probability values for the f−f ′ radiation transitions are obtained
only due to the admixture of d-states to the f -states of an Er3+ ion, we can
expect that the matrix elements are of the same order of magnitude for 4I13/2

→ 4I15/2 transition and within the 4I15/2 multiplet. Therefore, the difference
in the radiation lifetimes for these transitions should be determined mainly by
the photon density of states, i.e. by the cube of the ratio of the corresponding
energies (equal to ∼ 30). Consequently, the radiative lifetime of the upper-
doublet-to-lower-doublet transition can be estimated as τs ≈ 10−2×2.7×104 =
270 s. These estimates rule out the possibility of the experimentally measured
lifetime being the radiative one; consequently, we identify it as being due to
non-radiative multi-phonon recombination.

It is interesting to compare the current findings with the previously men-
tioned work on impurity level recombination of shallow dopants in silicon. In
that case the relation between nonradiative and radiative recombination time



4.2 Experimental results and discussion 63

41.5 42.0 42.5 43.0 43.5 44.0
0

10

20

30

40

50

60

0 20 40 60 80 100 120 140 160 180 200

 

P
ro

be
 T

ra
ns

m
is

si
on

Time (ps)

 42.5 µm
 43.5 µm

Wavelength (µm)

Li
fe

tim
e 

(p
s)

Figure 4.4: Comparison of the transmission signal experimentally measured “off” and
“on” resonance - at 42.5 (grey) and 43.5 µm (black), respectively. Solid lines corre-
spond to decay time constants of 10 and 50 ps. In the inset, wavelength dependence
of the time constant dominating the decay of absorption detected in the pump-probe
experiment (standard 3-beam configuration).

constants is important. For Si:P, where realization of stimulated emission has
been reported [74], the nonradiative recombination lifetime of ∼ 200 ps has
recently been measured [85]. This value is in good agreement with the present
finding. As for the radiative recombination, the exact value for P is not known,
and values of up to 10−3 s have been reported [86]. These values are consid-
erably shorter than our estimate for Er, since the 1s → 2p optical transition
of P is allowed. On the other hand, the f- character of electronic functions
involved in the Er transition could bring the advantage of a smaller linewidth;
to this end we note that the width of the 2p0 absorption band for Si:P (in
an isotopically pure 28Si sample) has been established as ∆E = 4.2 µeV [87],
while for the Er transition only the upper limit of ∆E < 8µeV is know at
present, and a much smaller value of the linewidth can be expected.
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4.3 Conclusions

The presented results conclusively identify an optically induced transition
within the 4I15/2 ground state of an Er3+ ion in Si/Si:Er multinanolayer struc-
ture. The transition is observed in absorption at λ ≈ 43.5 µm. To the best of
our knowledge, this is the first observation of an intra-J-multiplet optically-
induced transition for any RE-doped - semiconductor system. At a liquid
helium temperature, the relevant relaxation lifetime is determined as τ ≈ 50
ps. We argue that this value reflects a nonradiative multiphonon recombina-
tion process. While all the past investigations of Si:Er have concerned the
1.5 µm band relevant for telecommunications, the current result demonstrates
that the nano-engineered Si:Er could also be of interest for the THz range.
One attractive possibility could be to develop and explore plasmonic waveg-
uides [88, 89, 90] based on Si/Si:Er multinanolayers and in that way enhance
the radiative intra I15/2 state recombination of Er3+ ions [91,92].


