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Chapter 3

Optical gain for Er-1 center in

Si/Si:Er multinanolayers

This chapter deals with a speci�c Er complex in the c-Si, the so-called Er-1 center,

which preferentially forms in the Si/Si:Er multinanolayer structures. We show that

after an appropriate annealing process, atomic-like spectrum with a few lines is mea-

sured at 4.2 K. High resolution PL spectroscopy revealed ultranarrow lines (8 µeV),

possibly the narrowest emission band ever measured in a semiconductor system. The

superior optical properties of the Er-1 center o�er good hopes for realization of op-

tical gain. Using the the combination of VSL and SES methods, non-linear optical

coe�cients are examined. Further on the way towards realization of the Si-based

laser, optical gain on Er-1 centers in the multinanolayer structures grown on semi-

insulating substrates is also investigated. While upper limits for optical gain in the

structures are estimated, the free carrier losses still remain a big problem. These

losses are evaluated and discussed.

3.1 Introduction

It is commonly known that excitation of Er3+ ion in Si occurs through an inter-
mediate state with the participation of an exciton. Therefore, for realization of
e�cient emission from Si:Er, high concentration/long life time of excitons and high
Er-doping levels are crucial. For the latter issue, non-equivalent doping techniques
are used. However, a high doping level creates a situation that more defects are
also formed, opening a recombination channels for excitons, thus lowering their con-
centration and life time. The excitation mechanism may be considerably enhanced
in Si/Si:Er multinanolayer structures comprised of interchanged layers of Er-doped
and undoped c-Si, grown by SMBE method. It can be speculated that excitons
e�ciently generated in a spacer layer of undoped Si have a long lifetime and can
di�use towards Er-doped regions, enabling better conditions for excitation of the
Er3+ ions.
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Figure 3.1: Sketch of a Si/Si:Er multinanolayer structure grown on a Si substrate

(a). The structures consist of hundreds of few nm thick periods of Si:Er, spaced

by pure Si layers. The total thickness of the epitaxial layer can be up to 2 µm.

(b) Concentrations of oxygen and Er dopants, determined by secondary ion mass

spectroscopy yield on average of 5×1019 and 3.5×1018 cm−1 for the two elements,

respectively.

3.2 Formation of Er-1 center

3.2.1 The multinanolayer structures

The samples in this study were prepared and supplied by Dr. B. Andreev in the
Institute for Physics of Microstructures, Russian Academy of Science, Nizhny Nov-
gorod, Russia. The optical properties are investigated on a set of multinanolayer
structures with the number of layers ranging from 16 to 400 periods of 1-5 nm thick-
ness Si layers alternatively Er-doped and undoped. Details of the sample preparation
can be found elsewhere [19]. After SMBE growth, an annealing process was carried
out in a nitrogen or hydrogen �ow at 800 oC for 30 min. A sketch of a Si/Si:Er
multinanolayer structure grown on Si substrates is presented in Fig. 3.1(a). Total
thickness of the epitaxial layer is about 1-2 µm. The average concentration of Er
dopants in Si:Er layers was 3.5 × 1018 cm−3, as determined by secondary ion mass
spectroscopy. While no oxygen was intentionally introduced, an almost one order
of magnitude higher O concentration in the multinanolayer structure than in the
Cz-Si substrate has been concluded (see Fig. 3.1.(b)).

The PL spectra of the Si/Si:Er multinanolayer structure at 4.2 K are presented
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Figure 3.2: PL spectra of the multinanolayer structures before and after annealing

process at 800oC in the continuous-�ow N2 for 30 mins. The inset is the line width

of the main peak measured at 4.2 K.

in Fig. 3.2. Under cw laser excitation at 532 nm, a 1.5 µm Er-related emission
band appears in the as-grown sample. After the annealing process, the broad spec-
trum converts to a few narrow lines (less than 8 µeV full width at half maximum
(FWHM) - see the inset), similar to atomic spectra. The PL spectral transformation
indicates preferential relocation of Er3+ ions in the epitaxial layer to form a speci�c
optically-active site, called Er-1 center. The PL spectral lines correspond to radia-
tive transitions between the �rst excited state (4I13/2) and split ground state (4I15/2)
of Er3+ ions in the Er-1 center. Previous studies showed that the PL intensity of
the Er-1 center increases with the thickness of the spacer layer, up to 50 nm [60].
Microscopic aspects of this unique center will be discussed in the next part.

3.2.2 Microstructure of Er-1 center

As discussed in the introduction, microscopic structure of optically active Er3+ ions
in Si matrix has been intensively investigated. By EXAFS, the presence of oxygen
atoms in the immediate surrounding of the Er3+ ions was concluded [24]. Direct
evidence that Er is stable on tetrahedral interstitial sites in Fz-Si was obtained.
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Figure 3.3: A modeling sketch of the so-called Er-1 center. Er3+ ion is located in

the tetrahedral interstitial site in Si matrix, surrounded by up to eight oxygen atoms.

Since the RE ions interact with oxygen, this �nally leads to their incorporation on
low-symmetry lattice sites in Cz-Si, as con�rmed using the channeling technique
[28]. Other experimental methods e.g, RBS [26] and EPR [27] were used to examine
the structure and optical properties of erbium-impurity complexes; however, these
techniques can not directly distinguish between optically active and non-active Er-
related centers.

Thanks to the domination of one speci�c center in the multinanolayer structures,
investigation of angular dependence of the magnetic �eld induced splitting of PL
lines were possible [61, 96]. The experimental data could conclusively establish
microscopic structure of the Er-1 center. This is modelled as a single Er3+ ion at
a distorted interstitial Td site surrounded by up to 8 oxygen atoms (Fig. 3.3). In
this Td symmetry, the ground state of the Er3+ ion (4I15/2) splits into two doublets,
Γ6 and Γ7, and three Γ8 quadruplets, and the �rst excited state (4I13/2) splits
into 2Γ6+Γ7+2Γ8 [97]. Hence, at low temperatures �ve PL lines of Er-1 center
are expected due to the radiative recombination of the lowest energy split level of
the �rst excited state and the split ground state. This is indeed observed for the
multinanolayer structures (arrows in Fig. 3.2).

Further insights on this microscopic identi�cation can be obtained from the tem-
perature dependence of the Er-1 PL spectra. In Fig. 3.4, we show two PL spectra
from multinanolayer structures at 4.2 K (blue) and 110 K (red), while other tem-
peratures were also considered (data not shown). The lines marked as Li

j represent
radiative recombination between the split energy level i of the �rst excited state
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Figure 3.4: PL spectra of a multinanolayer structure measured at 4.2 K and 110 K.

The indication arrows marked as Li
j represent radiative recombination from the split

energy level i of the �rst excited state (4I13/2) to the split energy level j of the ground

state (4I15/2) of the Er
3+ ion (see the inset).

(4I13/2) and the split energy level j of the ground state (4I15/2) of Er3+ ion in the
Er-1 center, under crystal �eld with Td symmetry. The energy level diagram of Er-1
center involving PL spectral lines is illustrated in the inset. At low temperature,
only emission lines from the lowest split energy level L1

j appear, while at higher tem-
perature, emission from the higher split energy levels (L2

j , L
3
j ) can also be observed,

due to thermal excitation. The experimental data also show that Er-1 related PL
can be observed up to 170 K and emission lines from higher split energy levels reach
the maximum intensity at about 50-60 K. This is uniquely possible thanks to the
ultranarrow emission lines from the Er-1 center. In other RE-doped semiconductors,
spectral broadening is commonly seen at higher temperatures, thus preventing such
a detailed analysis.
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3.3 Towards optical ampli�cation

3.3.1 Excitation cross-section

It is important to check whether the speci�c Er-1 center has the relatively large
excitation cross-section characteristics of Er in Si. This can be evaluated from
the power dependence of PL intensity under cw excitation condition following the
formula (see also in Ref. [98, 99]):

IPL =
AστΦ

1 + β
√
στΦ+ στΦ

.

where σ is the e�ective excitation cross-section of the Er-1 center, τ is the e�ective
lifetime of Er3+ in the excited state, and Φ is the �ux of photons. The appearance
of the β

√
στΦ term, with an adjustable parameter β, is a �ngerprint of the Auger

e�ect hindering the luminescence. For the multinanolayer structrures, we get the
excitation cross-section of the order 10−15 cm2 and β ≈ 2 (for all the Er-1 related
emission lines). This value is similar to those reported for Er-implanted Si [44, 48]
and indicates that the Er-1 center is activated by a similar excitation mechanism.

3.3.2 Optical activity

The level of optical activity is an essential parameter of Er-doped structures de-
termining their application potential. In order to quantify the intensity of the
Er-related emission from multinanolayers and establish the optical activity level,
a SiO2:Er implanted sample, labeled as STD, was used. Its preparation conditions
were chosen such as to achieve the full optical activation of all Er dopants and to
minimize nonradiative recombination [13, 100]. The measured decay time of Er-
related emission was τSTD ∼ 13 ms, consistent with the dominance of the radiative
process.

The estimation of the number of excitable centers was made by comparing the
saturation level of PL intensities of STD (direct excitation to the higher excited
state of Er3+ ions, at 520 m) and SMBE-grown samples. Taking into account the
di�erences in PL spectra, decay kinetics (nonradiative and radiative), extraction
e�ciencies, and excitation cross-sections, optical activities of 15 ± 5 % were deter-
mined [96]. Therefore, the percentage of photon-emitting Er dopants obtained for
the Si/Si:Er multinanolayer structures is comparable to that achieved in the best
Si:Er materials prepared by ion implantation. In view of the relatively long radia-
tive lifetime of Er3+ used for concentration evaluation, the estimated percentages
represent the lower limit.

Alternatively, the fraction of Er3+ ions that participate in the radiative recom-
bination can be estimated from the linear part of the excitation power dependence
under pulsed excitation. Such an approach seems more appropriate, since it allows
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to avoid various cooperative processes appearing in the saturation regime. The lin-
ear component for SMBE-grown samples is taken as a derivative of the �tting curves
for the low photon �ux. These values are scaled with the linear dependence found
for the SiO2:Er standard sample STD. When corrected for the shape of individual
spectra, their lifetime, and with the average excitation cross-section, the upper limit
of the total concentration of excitable Er3+ ions is estimated as 48 ± 20% [96].

As previously discussed, the characteristic PL spectrum from Er-1 center at
4.2 K features the ultra-narrow bandwidth. When compared with the broad spec-
tra (∼ 30 meV), typical for Er3+ ions in c-Si and large band-gap materials (e.g.
SIPOS [101], SiO2 [65], ZnO2 and GaN [102]), the atomic-like PL spectrum of the
Er-1 center could o�er a signi�cant increase for gain coe�cient, of up to three or-
ders of magnitude (≈ 30 meV/8 µeV). Therefore, investigation of optical gain in
the Si/Si:Er multi-nanolayer structures is particularly interesting as these materials
constitute presently the most advanced form of Er-doped Si. In this situation, the
unique Er-1 center in Si/Si:Er multi-nanolayer structures brings a promise of optical
ampli�cation. In order to investigate that possibility, the optical gain of 1.54 µm
emission from the Er-1 center has been examined with the combination of VSL and
SES methods, as described in Chapter 2.

3.3.3 Experimental results and discussion

In Fig.5(a-d) we show a comparison of the as-measured VSL and SES signals with
the integrated SES and di�erential VSL signals at 1.54 µm, measured for the sample
under cw (a,b) and pulsed (c,d) excitation at 532 nm, T = 4.2 K, and two selected
photon �uxes.

Laser-induced changes in absorption coe�cient ∆α were evaluated, using Eq. 2.5
in Chapter 2, from a comparison of the as-measured SES and the di�erential VSL
signals presented in Fig. 3.5:

∆α = −
ln(IdV SL

k /ISES
k )

lk
= αind − α0. (3.1)

The results of this calculation are plotted in Fig. 3.6(a,b).
Since the laser-induced absorption coe�cient αind strongly depends on the exci-

tation conditions, measurements were done for various excitation �uxes. In partic-
ular, in order to reach the upper gain limit condition, the saturation of PL must be
achieved. Therefore, high pump �uxes Φ, in the range of 3 × 1018 to 2 × 1020 pho-
tons cm−2s−1, were applied for the cw excitation at 532 nm shown in Fig. 3.6(a).

As mentioned in the introduction, stimulated emission at 1.54 µm in our system
competes with the high free carrier absorption αFCA. Under high cw excitation �ux,
the free carrier absorption is maximal, as is the e�ect of the optical gain. It can be
clearly seen that the integrated SES signal is higher than the corresponding VSL



34 Chapter 3. Optical gain for Er-1 center in Si/Si:Er multinanolayers

(a)

(b)

(c)

(d)

cw excitation pulsed excitation

6 10 photons.cm .sx 18 -2 -1

6 10 photonsx 19
.cm .s

-2 -1

3 10 photonsx 21
.cm .s

-2 -1

5 10 photonsx 22
.cm .s

-2 -1

Figure 3.5: Comparison of the as-measured VSL and SES signals with the inte-

grated SES and di�erential VSL signals, measured at 1.54 µm Er-1-related emission

for di�erent excitation �ux under (a,b) cw and (c,d) pulsed excitation at 532 nm.

Measurements were done at low temperature T = 4.2 K.
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(a) (b)

Figure 3.6: Laser induced absorption coe�cient changes ∆α as function of the exci-

tation photon �ux Φ for (a) cw and (b) pulsed excitation (tp=5 ns) at 532 nm. The

dashed lines represent �ts by Eqs. 3.4 and 3.6, respectively.

signal. This di�erence increases with higher �ux and longer stripe length. Similar
behavior has been observed also for di�erent pump �uxes (data not presented).
This implies that in the investigated material laser-induced losses dominate over
the possible gain, i.e. ∆α > 0.

In order to evaluate the laser-induced absorption cross-section, kinetic model for
the concentration of free carriers (including free excitons) n in a system of silicon
and erbium is used:

dn(t)

dt
= αΦ− n

τFC
, (3.2)

τ−1
FC = τ−1

trap + τ−1
rad + τ−1

Auger.

Here α stands for the absorption coe�cient of the system at the excitation wave-
length; τ−1

trap is the trapping rate; τ−1
rad = nβ is the radiative recombination rate

given by the radiative coe�cient β (in crystalline silicon ∼ 1.1 × 10−14 cm3s−1

[103]); τ−1
Auger = n2 γ stands for the Auger recombination rate given by Auger coef-

�cient γ (in crystalline silicon ∼ 2.8 × 10−31 cm6s−1 [104]). The thermal generation
of free carriers is neglected, since the VSL and SES measurements were performed
at T = 4.2 K. Under cw excitation, Eq. 3.2 can be solved for the steady state con-
dition. Moreover, high �ux regime leads to saturation of trapping by Er and other
possible defect states. Also radiative transitions in this structure can be neglected
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compared to the non-radiative Auger recombination, simplifying the Eq. 3.2 to

dn

dt
= 0 ≈ (αΦ− n3γ) (3.3)

and leading to a cubic-root dependence of the free carrier density on the pump �ux:

ncw = 3

√
α

β
Φ. (3.4)

The coe�cient of the laser-induced changes in absorption ∆α is given as

∆α = σn. (3.5)

Using the Eqs. 3.4 and Eqs. 3.5 and the known value of absorption of c-Si at the
excitation wavelength α(532 nm) = 6800 cm−1 [105], we obtain laser induced ab-
sorption cross-section σcw = (1.12 ± 0.06) × 10−17 cm2 (�t in Fig. 3.6(a)). This
value is in excellent agreement with the usually observed free carrier absorption
cross-section in c-Si σSi ≈ 10−17 cm2 [94, 95], implying that the gain (if any)
is much smaller. Therefore we can conclude that in order to enhance the e�ect of
stimulated emission, free carrier absorption must be drastically lowered.

In order to lower αFCA, a short pulsed laser excitation would be advantageous.
The pulse duration tp should be smaller than Er-1 related luminescence decay time
and free carriers lifetime τFC . In the pure c-Si at cryogenic temperatures, τFC can be
as high as 1 ms, which is comparable to the luminescence lifetime of Er-1 center [98].
However, in highly doped silicon, trapping radically reduces τFC to the nanosecond
range [24, 97]. The exciton lifetime (at ∼1.14 µm) in our Si/Si:Er multi-nanolayer
structure was measured at low temperature (∼ 15 K, closed-cycle cryostat) to be
150 ns by photon counting method (data not shown).

The VSL and SES data, measured with the pulsed excitation (tp =5 ns), are
plotted in Figs. 3.5(c-d). The evaluated ∆α given in Fig. 3.6 is lower than that
measured with cw excitation (note the di�erent excitation photon �ux).

The solution of Eq. 3.2 for short (tp ≪ τFC) intense pulses leads to a simple
linear dependence

npulse ≈ αΦtp. (3.6)

The linear �t of the laser induced losses ∆α on the excitation photon �ux in
Fig. 3.6(b), using Eq. 3.6, leads to σpulse = (8.6 ± 1.7) × 10−21 cm2.

Assuming that only the free carrier losses are present, losses induced under exci-
tation �ux used in the pulsed laser experiment should be several orders of magnitude
higher than experimentally measured (Fig. 3.6(b)). However, σpulsed is signi�cantly
lower compared to σcw. This is related to the short free carrier lifetime, compared to
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Figure 3.7: Sketch of the interplay between the free carriers and Er-1 luminescence

lifetimes under laser illumination for (a) cw and (b) pulsed excitation (tp=5 ns).

The striped areas represent the induced absorption at the emission wavelength of

1.54 µm, due to free carriers.

the Er-1 related luminescence, which makes the free-carriers e�ects negligible under
the pulsed excitation, in contrast to the cw excitation.

The sketch of the interplay between the free carriers and Er-1 luminescence
lifetimes is shown in Fig. 3.7. Under pulsed excitation, the e�ect of the optical gain
is greatly enhanced, lowering the measured induced absorption cross-section from
the expected σSi ∼ 10−17 cm2 down to σpulse = (8.6 ± 1.7) × 10−21 cm2. Optical
gain cross-section in our system from Er-1 related emission can then be estimated
as σgain = σSi − σpulse ≤ 10−17 cm2. Under the given experimental conditions,
when all optically active Er-1 centers are in the excited state, σgain represents the
upper limit of the optical gain. Considering the concentration of the optically active
Er dopants (Er-1 centers) of ∼ 8.8 × 1017, we achieve the upper limit of the optical
gain coe�cient g = 8.8 cm−1. If all free carrier absorption losses could be eliminated,
this would correspond to a net gain coe�cient of G ≈ 38.2 dBcm−1. Compared
to the value estimated in Ref. [93] (g = 22 dBcm−1 expected for Er concentration
of 1019 cm−3), we achieved a nearly 20 times higher value. This is reasonable,
since Ref. [93] (i) gives the lower limit and (ii) the investigated Er emission was
inhomogeneously broadened. On the other hand, our estimate is lower than could
be expected from linewidth comparison (∼ 103).

While the upper limit of the optical gain cross-section is reasonably high, free
carrier losses exceed the stimulated emission e�ect even at the optimum conditions,
such as ultra-narrow emission line, cryogenic temperature, saturation regime and
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short pulse excitation. Therefore we conclude that the net optical gain in Er-doped
silicon will only be possible if the free carrier losses can be severely suppressed.
One way to achieve that could be by application of electric �eld to drive away free
carriers immediately after excitation of Er3+ ions, i.e. following a strategy similar
to that used in Refs. [7, 8].

3.4 The multinanolayer structures on SOI substrates

For practical use of photonic devices, and on the way to engineer a more suitable
design for optical gain realization, the spatial con�nement of photons emitted by
Er3+ ions is necessary. For that purpose, Si/Si:Er multinanolayer structures have
been grown on silicon-on-insulator (SOI) substrates. With this structure, we expect
a higher gain coe�cient due to isolating e�ect by the oxide layer.

3.4.1 Formation of Er-1 center on SOI substrates

Similarity to the fabrication procedures of the multinanolayer structures on Si sub-
strate, the investigated samples were grown by SMBE method. The epitaxial layer
consists of 500 periods of 1.5 ± 2 nm Er-doped and 3 nm undoped Si layers on SOI
substrates. The SOI substrate comprises a layer of 1.5 µm (100)-oriented, p-type,
18 Ωcm Si, 1 µm buried oxide layer, and 500 µm (100)-oriented, n-type, 0.3-1.2 Ωcm
substrate. For optical activation, annealing was carried out in a continuous �ow of
nitrogen (99.99% purity, 5 × 10−5 cubic feet per minute rate) at 800 oC for 30 mins.

A sketch of a Si/Si:Er multinanolayer structure grown on a SOI substrate is
presented in Fig. 3.8(a). Total thickness of the epitaxial layer can be up to 2 µm.
Preferential formation of the Er-1 center is con�rmed by a similarity of PL spectrum
of the multinanolayer structure on SOI to that of the sample grown on a Si substrate
(Fig. 3.8(b)).

3.4.2 Electrical and optical con�nements

The spacial con�nement of the emitted photons and carriers can be concluded from
the temperature dependence of the Er-1 related PL intensity. In Fig. 3.9 (a) we
compare the temperature dependence of Er-1 related PL intensities from the multi-
nanolayer structures on Si and SOI. As can be seen, the PL intensity decreases
monotonously with temperature for the structure on Si substrate. In contrast, for
the structure grown on SOI the PL intensity initially increases, and attains maxi-
mum at 15-25 K. The temperature range of this initial PL enhancement coincides
with the intensity increase of PL due to free exciton radiative recombination, shown
in the Fig. 3.9 (b). These excitons are generated due to ionization or dissociation
of bound excitons. Thanks to the insulation layer of SOI substrate, these newly
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Figure 3.8: Sketch of a Si/Si:Er multinanolayer structure grown on SOI substrate

(a). The nanolayers comprise hundreds of a few nm thick Si:Er layers, spaced by

pure Si layers. The total thickness of the epitaxial layer can be up to 2 µm. The

formation of the Er-1 center in the structure is con�rmed by PL spectrum when

compared with that of a sample grown on a Si substrate (b).

generated free excitons, with the life time of hundreds of nanoseconds (data not
shown) i.e. shorter than for pure Si substrate, can drift to the heavily doped layers,
thus exciting more Er-1 centers. Consequently, supplemental luminescence appears.

3.4.3 Evaluation of free carrier losses

In the previous part, we concluded that the free carrier losses masked observation of
any possible gain. Pulsed excitation has decreased the induced absorption by free
carriers while one could expect its value to be independent of excitation regime. This
was interpreted in terms of a possible gain which was realized in the multinanolayer
structure. For the sample grown on the SOI substrate, on one hand, we expect a
higher gain coe�cient due to the insulating e�ect. On the other hand, however, it
could increase free carrier losses due to con�nement of free carriers generated under
laser illumination.

We have carried out the combination of VSL and SES experiments in the steady-
state excitation once again in order to evaluate these non-linear e�ects and the possi-
bility of a net gain. The experiments were conducted with the sample cooled down to
liquid helium temperature of T = 4.2 K. The photoluminescence was characterized
by THR1000 600 grooves/mm gratting monochromator (Jobin Yvon). A Milenium
(Nd:YVO4) continuous wave laser operating at 532 nm (Spectra Physics) was used
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Figure 3.9: Temperature dependence of PL intensity at 1535 nm from the multi-

nanolayer structures grown on Si and SOI (a). The PL intensity for the multi-

nanolayer structure grown on a Si substrate decreases monotonously with tempera-

ture. In contrast, the PL intensity for the multinanolayer structure grown on a SOI

substrate initially increases, and attains maximum at about 15 - 25 K. The inset

illustrates con�nement e�ects of excitons and light inside the epitaxial layer with the

presence of an insulating layer of SOI. Panel (b) shows temperature dependence of

PL due to free exciton and bound exciton radiative recombination.
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Figure 3.10: A comparison of the VSL (diamond-red) and integrated SES signals

(iSES) (triangle-green) as integrations of SES signals (round-blue) from the multi-

nanolayer structures on a SOI substrate. No big change in SES signals with distances

is detected and large di�erences between integrated SES and VSL signals can be seen.
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Photon �ux (cm−2s−1) 2.4 × 1019 2.4 × 1020

NoSOI (cm−1) 22.4 ± 4.2 45.1 ± 4.2
NoSi (cm−1) 6.2 ± 2.8 13.2 ± 2.5

Table 3.1: Summary of induced absorption coe�cients (IAC) of free carriers at 1535

nm emission band of Er-1 center with excitation �uxes in multinanolayer structures.

NoSOI stands for the multinanolayer structure grown on SOI substrate and NoSi

refers to the structure on Si substrate. A factor of 3 di�erence can be seen in IAC

for the NoSOI and for the NoSi.

as the pumping source. The signals were detected by an Edinburg instruments liq-
uid nitrogen cooled germanium detector, analyzed and displayed by 7280DSP lock-in
ampli�er (Signal Recovery) and TDS 3000 digital oscilloscope (Tektronix).

As discussed before in Eq. 2.5, the changes of laser-induced absorption coe�cient,
∆α can be evaluated as:

∆α = −
ln(IdV SL

k /ISES
k )

lk
(3.7)

From the dependence of Er-1 PL intensity on the excitation �ux, an excitation
condition for population inversion of Er-1 center can be selected. The VSL and SES
measurements of this study have been performed with the excitation �uxes within
the saturation regime. While both excitation �uxes can facilitate a possible gain,
under lower �ux the in�uence of free carriers could be smaller.

As can be seen in Fig. 3.10, no big change in SES signals with distances is
detected. From this observation, we can conclude that absorption of 1.54 µm emis-
sion in the unexcited part of nanolayers is negligible. This absorption may be due
to Er dopants in the ground state, defects or/and impurity centers. However, the
only reason for large di�erences between integrated SES and VSL signals, even at
the lower selected excitation �ux, can arise due to the free carriers absorption [81].
Using Eq. 3.7, we establish laser-induced absorption coe�cients of 22.4 ± 4.2 and
45.1 ± 4.2 cm−1 at photon �uxes of 2.4 × 1019 cm2s−1 and 2.4 × 1020 cm2s−1,
respectively. This is about 3 times higher when compared with the values presented
in the previous section for the sample grown on Si substrate. The data are summa-
rized in Table 1. We believe that free carriers are con�ned in the epitaxial layer of
the multinanolayer structure by the SOI substrate, thus increasing the losses when
compared to the Si substrate.



3.5. Conclusion 43

3.5 Conclusion

This charpter demonstrates that comparison of di�erential VSL and as-measured
SES signal can be used for determination of laser-induced absorption cross-section.
This technique was applied to study optical gain and free carrier absorption at Er-1
related ultra-narrow emission band at 1.54 µm in SMBE grown Si:Er material. Un-
der high �ux cw excitation, when the free carrier e�ects are maximal, the measured
laser-induced absorption cross-section at 1.54 µm agreed well with that commonly
reported for free carriers in c-Si. Under pulsed excitation, on the other hand, free
carrier e�ects are minimized, while stimulated emission remains intact. Under such
conditions, considerable lowering of the measured laser-induced absorption cross-
section has been observed. From that, the upper limit of optical gain in Si/Si:Er
multinanolayer structures was estimated as 8.8 cm−1. We conclude that free carrier
in�uence must be drastically lowered if net gain is to be achieved in c-Si:Er.

The preferential formation of Er-1 center in the multinanolayer structure grown
on a SOI substrate has been demonstrated. The dependence of Er-1 PL intensity
on laser excitation power shows quasi-stationary conditions of excitation and de-
excitation via Auger processes. The combination of VSL and SES methods under
steady-state excitation has shown that optical losses dominate over any possible
optical gain in the structure. Laser induced absorption coe�cients at 1.54 µm
emission have been established as 22.4 ± 4.2 and 45.1 ± 4.2 cm−1 at photon �uxes
of 2.4 × 1019 cm2s−1 and 2.4 × 1020 cm2s−1, respectively. These values are 3
times bigger than for Si/Si:Er the multinanolayer structure grown on a Si substrate.
These �ndings show that any advantage of the SOI substrate to the excitation of
Er-1 center is completely masked by the strong increase of absorption by free carriers
con�ned in the Er-doped region.




