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potential for sub‑mm long 
erbium‑doped composite silicon 
waveguide DfB lasers
Zhengrui tu1, Jianhao Zhang1, John Rönn2, carlos Alonso‑Ramos1, Xavier Leroux1, 
Laurent Vivien1, Zhipei Sun2,3 & Éric cassan1*

Compact silicon integrated lasers are of significant interest for various applications. We present a 
detailed investigation for realizing sub-mm long on-chip laser structures operating at λ = 1.533 µm 
on the silicon‑on‑insulator photonic platform by combining a multi‑segment silicon waveguide 
structure and a recently demonstrated erbium-doped thin film deposition technology. Quarter-wave 
shifted distributed feedback structures (QWS-DFB) are designed and a detailed calculation of the 
lasing threshold conditions is quantitatively estimated and discussed. The results indicate that the 
requirements for efficient lasing can be obtained in various combinations of the designed waveguide 
DFB structures. Overall, the study proposes a path to the realization of compact (< 500 µm) on-chip 
lasers operating in the c‑band through the hybrid integration of erbium‑doped aluminum oxide 
processed by atomic layer deposition in the silicon photonic platform and operating under optical 
pumping powers of few mW at 1,470 nm.

Silicon photonics has drawn a great interest in the past  decades1,2. The maturity of this field is such that its 
transition to an industrialization stage has already been achieved with the most important applications in the 
field of telecommunications and  datacom3–7. Nevertheless, there are still key points to be resolved, including the 
issue of the light source. Due to silicon’s indirect band gap, one of the biggest challenges in silicon photonics is 
to realize compact, high efficiency, low power consumption and low cost on-chip lasers and  amplifiers8. Several 
methods have been investigated to address this problem. The hybrid integration of III/V based lasers on silicon 
can lead to high efficiency integrated lasers and is considered as the present dominant  approach9. This integra-
tion scheme is clearly controlled and effective, as the question of light coupling between active III/V zones and 
silicon waveguides has been solved in previous  works10,11. It nevertheless requires heterogeneous integration 
technologies, which are not directly complementary metal oxide semi-conductor (CMOS) compatible with 
additional fabricating process steps. Any direct monolithic integration of materials deposited at temperatures 
compatible with a back-end CMOS process (≤ 500 °C) is therefore preferable. In this way, introducing rare-earth 
doped materials wildly employed in the development of optical fiber communication systems may be of  interest12.

Recently, several key progresses related to the integration of rare-earth-doped amorphous aluminum oxides 
in silicon nitride waveguides have been  reported13–22. These works have enabled very interesting prospects by 
proposing integrated structures that have led to laser emission in several configurations, the most interesting 
one being probably that of optically pumped integrated DFB lasers. However, the demonstrated devices have 
footprint sizes of more than 2 cm14 or even much  larger22. By comparing these dimensions with those required 
by advanced silicon photonics integration schemes, they appear as significantly larger than the usual dimensions 
of typical waveguides, micro-resonators, and active components. An effort to miniaturize erbium-doped optical 
lasers is therefore required. Another limitation not addressed by the previous works is the choice of the pump 
wavelength. In most of works, the active medium is pumped at 980 nm, which allows one to produce strong 
population inversion in the active medium due to high absorption cross-section of Er at the corresponding 
wavelength. However, pumping at 980 nm cannot be realized in Si waveguides due to low transparency of Si at 
wavelengths shorter than λ = 1.1 µm.
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In this context, the objective of this article is to address these two limitations and to propose a possible 
approach for the realization of erbium-doped lasers on silicon, pumped at ~ 1.48 µm, directly integrated in sili-
con waveguides, with sub-mm dimensions. To this end, our study is based on the gain material we have recently 
 developed23. With a 1,470 nm pump source, up to 52.4 ± 13.8 dB/cm (12.07 cm−1) net material gain per unit length 
at 1533 nm wavelength was demonstrated, which, to the best of our knowledge, is among the highest gain values 
achieved from erbium-based planar composite waveguides. Given such erbium-doped material properties, a 
proper optical cavity remains to be investigated while considering the most appropriate integration approach of 
the active layer within the resonator geometry. Inspired by the multi-segment waveguide structure proposed in 
Ref.22 and by taking advantage of our erbium-doped material platform realized with the atomic layer deposition 
(ALD) technique, we investigate the feasibility for realizing compact (sub-mm) erbium-doped on-chip lasers 
based on the silicon on insulator (SOI) platform through the design of quarter-wave shifted (QWS) distributed 
feedback (DFB) cavities designed in multi-rail silicon waveguides.

Results
Waveguide structure and analysis of confinement factor. A preliminary step in the design of active 
optical cavities that can lead to efficient lasing is the design of the active waveguide in which light propagates. 
Two key elements driving the design of such waveguides are essentially to minimize the effect of two-photon 
absorption (TPA) in  silicon24 and to maximize the overlap of the propagating optical mode and the active mate-
rial deposited on the silicon waveguide with the ALD  technique23. These two constraints act in the same direc-
tion and lead us to predict our choice towards guiding structures with a high deconfinement of the field outside 
the silicon core. In order to satisfy the two design requirements, we use the multi-segment waveguide structure 
proposed in Refs.16–22 for silicon nitride waveguides but transpose and apply it to silicon waveguides while taking 
into account the substantial index contrast increment between the SiN and SOI waveguides.

The 3D schematic diagram of waveguide is shown in Fig. 1a. Based on a standard 220 nm thick silicon core 
SOI wafer, etching of five silicon segments can be performed, followed by a  SiO2-layer deposition upon the 
silicon-segments. Figure 1b shows the cross-section of the waveguide structure and Fig. 1c shows its front view. 
This thin  SiO2 layer on top of the Si-segments can reduce the impact of the high refractive index Si wires on the 
optical mode distribution and improve the wavelength insensitivity to obtain a higher overlap between the pump 
and signal  modes22. Finally, an Er:Al2O3 thin film can be grown on top the structure with the ALD technique. 
The main waveguide related parameters are labeled in Fig. 1b. The thickness of the thin  SiO2 layer between the 
Si-segments and the Er:Al2O3 layer is labeled as gox. Si-segments have a width of wSi, a thickness of hSi and an 
inter-segment distance referred as gap. The thickness of the active cladding is labeled as hEr.

As previously stated, a key point in this work is to consider pumping at 1,470 nm light wavelength to coincide 
with our previous results that showed a net material gain of ~ 52 dB/cm at 1533 nm  wavelength23. An advantage 
of the significant proximity between the signal and pump wavelengths (difference of 4.3%) is that the modal 
distributions of the fields at these two wavelengths are very close, thus improving their spatial overlap and pro-
viding very similar single mode waveguide conditions. In order to identify the optimal propagation conditions 
and to evaluate the modal overlap factor of the modes with the active material, we calculated the mode profiles 
at these two wavelengths in different configurations using a finite element mode solver (COMSOL Multiphysics). 
The refractive indices of the related waveguide materials are listed in Table 1. To maximize the mode confinement 
factor of the optical beams with the active layer, wSi and hSi were varied from the minimal feature size values 
compatible with the technological clean room limitations (e.g. 50 nm) up to the maximum values to ensure 

Figure 1.  (a) 3D schematic diagram of the full waveguide structure. (b) Waveguide structure cross section view. 
(c) Front view of the waveguide structure.
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single-mode operation. Meanwhile the inter-segment distance value (gap) was similarly considered to ensure 
the single mode behavior of the multi-segment waveguide.

In order to illustrate the mode profiles of the pump and signal beams propagating in typical DFB wave-
guide structures, we investigate mode analysis results under the following waveguide dimensions: hEr = 500 nm, 
wSi = 100 nm, hSi = 100 nm, gap = 300 nm, gox = 100 nm in Fig. 2a, b at the pump and signal wavelengths, respec-
tively. From these mode profiles, we can see that a large part of the mode electric field is distributed in the active 
material region for both the pump and signal fields. We estimated the intermodal pump/signal overlap factor at 
99.88%. Additionally, we estimated that the dielectric energy confinement factor in silicon was less than 0.05. 
Besides, this shows the benefit of using such a configuration for strongly minimizing the effect of TPA occur-
ring in silicon.

To determine the electric field distributions of the propagating modes in the active material, we estimated 
their confinement factors in the Er:Al2O3 active layer Γa according to:

where A stands for the active region and ∞ stands for the full waveguide cross-section. To rigorously calculate 
the confinement factor relating the modal gain to the bulk material gain in a high index contrast waveguide, 
the group index of the mode (ng) should also be  considered25. The confinement factor should thus be recast as:

where nA is the refractive index of active gain material. In the present case of a multi-segment Si waveguide, ng 
is yet about 1.68, and nA about 1.65, with thus a ng/nA ratio of only 1.018. In the course of our investigations, this 
small correction was thus ignored.

Our approach was to make the main parameters of the multi-segment waveguide sweep to study their influ-
ence on the value of Γa, while keeping in mind the technological feasibility constraints, particularly those arising 
from the lithography and etching stages, and the sensitivity of the results to parameter variability. We started with 
a moderate situation with respect to the minimal feature sizes driven by lithography and etching constraints of 
the silicon rails: wSi = 100 nm and hSi = 100 nm, as well as hEr = 500 nm as the initial choices. The inter-segment 
distance (gap) was then varied from 50 to 700 nm in 50 nm successive steps, while gox was varied from 50 to 

(1)Ŵa =

∫∫

A ε|E|2dxdy
∫∫

∞
ε|E|2dxdy

,

(2)Ŵ =
ng

∫∫

A ε|E|2dxdy

nA
∫∫

∞
ε|E|2dxdy

,

Table 1.  Refractive indices of the materials.

Wavelength 1533 nm 1,470 nm

Material n n

Si 3.4771 3.4827

SiO2 1.4442 1.4450

Er:Al2O3 1.6500 1.6501

Figure 2.  Mode analysis results obtained through COMSOL Multiphysics simulation under the following 
waveguide dimentsions: hEr = 500 nm, wSi = 100 nm, hSi = 100 nm, gap = 300 nm, gox = 100 nm. (a) |Ex|2 plot at the 
signal wavelength, λS = 1533 nm. (b) |Ex|2 plot at the pump wavelength, λP = 1,470 nm.
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200 nm in 50 nm successive steps. We thus obtained the mode solutions for all the parameter combinations. 
Figure 3a–c give a synthesis of the main results in terms of the confinement factor Γa. From Fig. 3a, we can 
see that when gap increases before reaching 200 nm, Γa also increases, while when gap increases from 200 to 
700 nm, the increment of Γa tends to saturate. Another conclusion derived from Fig. 3a is that the influence of 
gox on Γa is weak, especially when gap is larger than 200 nm. An inter-segment distance above 200 nm should 
thus be chosen, while the value of gap is not very sensitive on the confinement factor and can be selected flexibly 
according to fabrication constraints.

Moreover, in order to get enough information on the influence induced by the dimension of the silicon seg-
ments, we choose hEr = 500 nm, gap = 200 nm, gox = 100 nm, and then swept hSi and wSi . We considered hSi to 
vary from 50 to 200 nm and wSi from 60 to 210 nm. The results are plotted in Fig. 3b. Figure 3b shows that when 
the silicon film thickness (hSi) is constant, Γa decreases when the silicon rails width (wSi) increases. Furthermore, 
we observe that when hSi increases, the stronger the decrease of Γa is. When wSi is constant, Γa is lowered when 
hSi increases. Additionally, wSi and hSi can easily reach combinations such that a multimode operation occurs, as 
shown in the gray dotted area in Fig. 3b. Overall, wSi and hSi should thus be maintained at small enough values, 
which is not a drawback as large values of these two parameters tend to lower Γa. Another point worth noting is 
that no result is obtained when wSi = 60 nm, hSi = 50 nm because no effective guided mode is found in this situation 
for which the silicon core part is too narrow to allow proper light confinement at the operating wavelength. From 
this analysis, we conclude that a good compromise between the waveguiding condition and minimal size con-
straints compatible with clean room fabrication tolerances was to set both the wSi and hSi parameters to ~ 100 nm.

In the above analysis, one parameter was never adjusted: the thickness of the active material (hEr). In fact, 
although hEr has a very important influence on the results, our investigations led us to observe that this parameter 
roughly led to a translation of the optimum obtained by varying the other parameters. As a result, the parameter 
set can be optimized with the exception of hEr, and then hEr can be adjusted as a last resort. We investigated the 
relation between hEr and Γa according to the previous study by fixing the hSi = 100 nm, wSi = 120 nm and then swept 
the value of gap for seven different active layer thickness values: hEr values: 300 nm, 500 nm, 600 nm, 700 nm, 

Figure 3.  Exploring the influence of the waveguide parameters (see Fig. 1) on the dielectric energy confinement 
factor Γa in the active material: (a) hEr = 500 nm, hSi = 100 nm, wSi = 100 nm, as a function of the gap and gox 
parameters. (b) hEr = 500 nm, gap = 200 nm, gox = 100 nm, as a function of the wSi and hSi parameters. (c) 
hEr = 500 nm, hSi = 100 nm, wSi = 120 nm, as a function of the gap and hEr parameters. (d) Saturated value of Γa in 
different cases of hEr. A more in-depth discussion of the sensitivity of the results to the technological variability 
of the parameters is made in the final section, which provides a synthesis of the proposed laser configurations.
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800 nm, 1,200 nm and 1,500 nm, respectively. Figure 3c shows the related results. From Fig. 3c, it is obvious that 
the active layer thickness has a strong influence on the mode confinement factor in the active layer while gap is 
only a second order parameter, which thus proves its little sensitivity to the fabrication errors. If hEr is constant 
and gap is less than 200 nm, Γa increases when gap increases. When gap is larger than 200 nm, Γa tends to saturate. 
However, the saturated value of Γa is strongly related to hEr: the larger hEr, the higher value of Γa.

Combined with the previous results shown in Fig. 3a, b, we can clearly draw the following conclusion: Γa is 
dominated by hEr, the thickness of the Er:Al2O3-layer. Figure 3d shows the value level of Γa when it is saturated 
for different thickness values of the Er:Al2O3-layer, which will provide important guidance for laser design in 
the next step.

In summary, two conclusions can be drawn from the results reported in this section. Firstly, the mode con-
finement factor in the active material can be adjusted in a wide range and its value can reach up to 95%, which 
is a significant interest for achieving a strong laser effect. Secondly, the set of parameters leading to this confine-
ment factor is only weakly sensitive to variations in the opto-geometric parameters of the multi-segment silicon 
waveguide, which induces a significant robustness of the investigated active structure to technological variations 
of the clean room fabrication processes.

Threshold analysis of compact QWS-DFB laser. Based on the waveguide structure mentioned above, 
QWS DFB lasers can be flexibly designed as the considered composite waveguide contains several parallel rails 
and that patterning several of them with slits allows realizing Bragg mirrors with controlled and widely adjust-
able mirror strengths. A QWS-DFB laser structure is composed of two distributed Bragg reflectors (DBR), which 
are set back to back with a zero gap. The 3D schematic diagram of the designed QWS-DFB structure is shown 
in Fig. 4a,b shows its top view. We choose the two silicon segments which are closer to the center one to design 
distributed gratings. In this way, appreciable grating coupling coefficient (|κ|) can be obtained without a huge 
effect on the target waveguide mode. The length of the distributed Bragg mirrors in each side is L. The grating 
period is Λ, and the filling factor f (defined as the ratio of single silicon grating length to the grating period) is 
0.5, which provides the highest coupling  coefficient26.

With this structure defined, the critical point to be evaluated is to study the conditions that can lead to reach 
the laser threshold condition under the cumulative effects of the losses arising from the active medium, the losses 
arising from the DBR mirrors, and the modal gain arising from the active medium under optical pumping at 
1470 nm wavelength. Hereafter, gth stands for the material gain at lasing threshold and α is the active material 
absorption loss level, gmat = (gth − α) thus being the net material gain under pumping. αm is the mirror loss level 
and αs is the waveguide scattering loss coefficient. The lasing condition to be satisfied is then:

Here, we first provide an analysis for the calculation of αm (mirror losses) through the coupled mode theory 
(CMT) according to Ref.27. First, we calculate the reflectivity of a single distributed Bragg mirror according to 
the CMT:

where κ is the grating coupling coefficient, L is the length of DBR, g is the material gain and β is the mode 
propagation vector. Assuming zero internal loss cavity in the first step, the roundtrip condition for lasing in 
such cavity is simply:

(3)Ŵa(gth − α) = αm + αs .

(4)











r = −κ∗ sinh(sL)
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Figure 4.  Designed QWS-DFB structure. (a) 3D schematic diagram. (b) 2D top view of the DFB cavity made of 
two identical DBR left and right mirrors and a quarter-wave intermediate section.



6

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:10878  | https://doi.org/10.1038/s41598-020-67722-y

www.nature.com/scientificreports/

In order to estimate the threshold condition for the laser effect, it is sufficient to consider Eq. (5) for the 
fundamental mode of the QWS-DFB laser for which the wavelength β’ − β = 0. Then we can simplify Eqs. (4) 
and (5) into Eq. (6):

Given the coupling coefficient |κ| and the length L, the coupling constant |κ|L can then be calculated. The 
corresponding value of Γa × g can be obtained through solving Eq. (6). Finally, the mirror loss αm thus equals to 
Γa × g. Figure 5a presents a synthesis of the obtained results in different conditions, as well as the corresponding 
values of |κ| and αm values when L is 500 μm, 250 μm and 100 μm, respectively. It is noteworthy that these dimen-
sions are significantly shorter compared to the typical dimensions of the previously reported DFB  lasers16–22.

According to Ref.23, a net material gain gmat = 12.07 cm−1 was monitored under an optical pumping power 
of few mW, and we therefore consider it here as a realistic reference level of the net gain conditions that can be 
obtained. As can be seen in Fig. 5a, the cavity Bragg mirror losses αm (expressed in  cm−1 for comparison with 
propagation losses) can be severely minimized when |κ|L >> 2. At the same time, this condition is somewhat 
contrary to the realization of compact lasers since it is predictable that the coupling coefficient of the mirrors |κ| 
is intrinsically limited by the geometry of the periodically textured silicon waveguides. This is the reason why, 
operating around or below |κ|L = 2 deserves attention. In this region, the waveguide scattering losses of stand-
ard silicon waveguides at near infrared wavelengths (αs < 0.25 cm−1) can be ignored compared with the mirror 
losses (αm). Consequently, the lasing condition then becomes: Γa gmat ≈ αm This simple equation shows that the 
maximum tolerance level of the cavity mirror losses αm depends essentially on the net modal gain that can be 
achieved in the active medium, and thus on the mode confinement factor Γa in the active region. The added 
three horizontal green lines in Fig. 5a correspond to the three mirror losses levels: αm1 = 0.25gmat (~ 3.0 cm−1), 
αm2 = 0.50gmat (~ 6.0 cm−1), and αm3 = 0.75gmat (~ 9.0 cm−1), respectively. As such, the required values of |κ|L can 
be derived for each mirror loss level and cavity length of 2L. The needed coupling coefficient values at different 
values of αm and L are quantitatively shown in Fig. 5b. The main information resulting from these estimates is 
that an effective feedback coefficient |κ|L of ~ 2 and Bragg mirror coupling coefficients |κ| ranging between 5,000 
and 30,000 m−1 are sufficient to limit the losses of the Bragg mirrors of a distributed active cavity below the level 
of the typical modal gain level that can be achieved in erbium-doped hybrid multi-rail silicon waveguides opti-
cally pumped at ~ 1.48 µm.

Seeking the DBR strength to reach the lasing condition with a high Γa in sub‑mm waveguide 
structure. Bragg mirrors have been widely considered in several works for the realization of passive com-
ponents such as filters or for the design of laser  cavities28,29. We simply address the potential realization of 
Bragg mirrors based on the particular geometry of the multi-rail silicon waveguide geometry described in sec-
tion "Results". Segmented waveguide Bragg mirror configurations (see Fig. 4) are considered and the main equa-
tions that are used are based on the coupled mode theory. |κ| can be interpreted as the amount of light reflection 
per unit  length30. By considering stepwise effective index variations, waveguide sections with and without a grat-
ing corrugation, respectively, can be considered for the estimation of |κ|. As previously indicated, a corrugation 

(5)r2 =

[

−κ∗ sinh(sL)
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Figure 5.  (a) Calculation results for αm (mirror loss level) in different situations of |κ|L as well as the 
corresponding |κ| values at each L (DBR mirror length) value. αm1, αm2 and αm3 correspond to the laser 
conditions (αm = Γagmat) when the confinement factor (Γa) is 0.25, 0.5, and 0.75, respectively. (b) The relationship 
between αm and the needed |κ| values to satisfy the lasing condition in different situations of the DBR mirror 
length (L).
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of the first two side rails with respect to the central rail is considered for the realization of the distributed optical 
feedback mechanism. We label the two effective indices as neff1 and neff2 for the regions with and without grating 
corrugation, respectively, as shown in Fig. 4b. The reflection at each interface can be written as (neff1  − n eff2)/2neff 
according to the Fresnel equations, where neff is the effective index of Bragg wavelength (λB) in the waveguide. 
Each grating period contributes to two reflections. Therefore, the coupling coefficient |κ| can be estimated as:

where λB = 2neff Λ. In order to target a high Γa situation, we firstly choose hEr = 800 nm to explore the possible 
achievable values for the Bragg mirror coupling coefficient |κ|. Combined with the analysis presented in sec-
tion "Conclusion", the multi-rail silicon waveguide parameters are selected as follows: wSi = 120 nm, hSi = 100 nm, 
gox = 100 nm and gap = 200 nm. In order to qualitatively guide our analysis, we plot in Fig. 6a,b the obtained 
modes profiles in the two un-corrugated (neff1 = 1.556988) and corrugated (neff2 = 1.550028) waveguide sections 
at λB = 1533 nm as the signal wavelength, from which we derive |κ|= 9,080 m−1 through Eq. (7). Additionally, 
a confinement factor Γa = 0.776 was also obtained. As such, we see that |κ|L values of 4.54, 2.27, and 0.908, 
respectively can be readily obtained for L = 500 μm, L = 250 μm, and L = 100 μm, corresponding to αm values 
of 0.0372 cm−1, 3.9536 cm−1, 80.14 cm−1. By comparing the value of αm with Γagmat, we can figure out the lasing 
feasibility for L = 500 μm and L = 250 μm but not for L = 100 μm. It can thus be seen from the outset that when 
L = 500 μm and L = 250 μm, the coupling force values required to reach the laser threshold in the corresponding 
structures using a periodically corrugated multi-segment silicon/active ALD coating waveguide in the proposed 
configuration is quite easily achievable, while no specific optimization has been carried out at this stage. Obvi-
ously, more optimization is yet needed to fix the limits of the best length/gain compromise.

As it is known, the relationship between |κ| and Γa stems on a trade-off. Indeed, a large confinement of light 
in the low index active material intrinsically means that the effect of the Bragg corrugation performed in the 
silicon rails is less efficient (all other parameters being constant), i.e. is weaker. We have thus explored the values 
of Γa and |κ| in different situations. A higher Γa is primary for avoiding the TPA effect, then we have selected six 
different values of the active material thickness (hEr): 700 nm, 800 nm, 900 nm, 1,000 nm, 1100 nm, and 1,200 nm, 
respectively. For each hEr value, many different parameters combinations have been scanned and studied. The 
cases situated around the lasing criterion have been readily retained. The related results in terms of Γa and |κ| 
parameters are plotted in Fig. 7a–f, according to the values of hEr, respectively.

Figure 7a shows the obtained results for hEr = 700 nm: seventeen scatter points are labeled corresponding 
to seventeen combinations of parameters and the detailed information of these parameters are in the “Sup-
plementary information” section. In Fig. 7a, the starting point of the x coordinate axis is Γa = 0.50, which is the 
lowest limit that we set. The vertical cyan solid line stands for the symbol of Γa = 0.75. According to the results 
in Fig. 5b, we can see that when Γa = 0.50, the DFB laser length 2L can reach 1 mm if |κ| ≥ 3,110 m−1, 0.5 mm 
if |κ| ≥ 8,012 m−1 and 0.2 mm if |κ| ≥ 25,640 m−1. When Γa = 0.75, the DFB laser length 2L can reach 1 mm if 
|κ| ≥ 2,574 m−1, 0.5 mm if |κ| ≥ 6,972 m−1 and 0.2 mm if |κ| ≥ 23,140 m−1. All the corresponding |κ| values are 
shown in Fig. 7a as blue dashed lines. Based on the lasing condition that both |κ| and Γa values can meet these 
requirements simultaneously, we can divide the Fig. 7a into six regions (I–VI). Region I stands that a 1 mm long 
length DFB laser can be achieved with a confinement factor lager than 0.50 meanwhile smaller than 0.75 and all 
other regions are labeled accordingly. Figure 7b–f own the same properties and organization as Fig. 7a, and they 
correspond to the cases of hEr = 800 nm, hEr = 900 nm, hEr = 1,000 nm, hEr = 1,100 nm, hEr = 1,200 nm, respectively. 
By observing Fig. 7a–f, we can see that there are a lot of points located in the regions III and IV in each case of 
hEr value, showing the straightforward feasibility of achieving 0.5 mm long DFB lasers. Additionally, we can find 

(7)|κ| = 2
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Figure 6.  Mode analysis results for signal wavelength when the parameters of waveguide structure are as 
follows: hEr = 800 nm, wSi = 120 nm, hSi = 100 nm, gap = 200 nm, gox = 100 nm. (a) |Ex|2 plot in the un-corrugated 
multi-segments waveguide. (b) |Ex|2 plot in the corrugated multi-segments waveguide.
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that there is one point (number 6) located in region V in Fig. 7d and two points (number 5, 7) located in region 
V in Fig. 7f. However, no point was found yet in region VI.

Simultaneously, the gathered results provide guidance with respect to the fabrication tolerances of the Bragg 
composite waveguide. As the thickness of the active Er:Al2O3 layer (hEr) can be controlled accurately (< 10 nm) 
through the ALD process, its influence on the gain threshold condition is weak in the range of the layer necessary 
thicknesses (see Fig. 3). Meanwhile, for each value of hEr, it appears that many close combinations of other param-
eters can meet the requirements to achieve lasing in sub-mm long footprints. For example, in Fig. 7d, making an 
analysis for the parameters of points labeled as number 8–14, conclusions can be obtained as follows: (1) when 
gap = 300 nm, gox = 100 nm, hSi = 100 nm, the values of wSi ranging from 160 to 200 nm are qualified; (2) when 
gap = 300 nm, gox = 100 nm, wSi = 180 nm, the values of hSi ranging from 80 to 120 nm are also qualified; (3) in 
most of cases, gap = 200 nm and gap = 300 nm can both be suitable. These conclusions thus provide confidence 
in the very acceptable fabrication geometrical tolerances of the proposed scheme with respect to deep-UV or 
e-beam lithography and etching standard silicon processes.

Here, based on the DFB laser strategy, we present an additional analysis of its lasing output slope effi-
ciency SE = �Ps/�Pp , with Ps and Pp the signal and pump powers, respectively. SE is in fact the outcome 
of the laser external quantum efficiency (ηe) and the ratio λpump/λsignal of the two involved signal wavelengths: 
SE = (λpump/λsignal) × ηe. The external quantum efficiency itself derives from the material internal efficiency (ηi) 
and our ability to extract the emitted photons (ηextract):

(8)ηe = ηi × ηextract

Figure 7.  Exploration of the relationship between |κ| and Γa in different situations. (a) hEr = 700 nm. (b) 
hEr = 800 nm. (c) hEr = 900 nm. (d) hEr = 1,000 nm. (e) hEr = 1,100 nm. (f) hEr = 1,200 nm. For each plot of a–f, 
the number labels stand for different combinations of the waveguide parameters (details are given in the 
“Supplementary information” section).
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The internal quantum efficiency is the ratio of radiative rate to total recombination rate, which in our case, 
is the ratio of the radiative rate (1/τr) to the spontaneous emission rate of between the 4I13/2 first excited state 
(1/τ21) in the Er system:

The value for the radiative lifetime of Er-ions in  Al2O3 is ~ 10.2 ms31 and the lifetime of state 4I13/2 is 2.05 ms 
in our  case23, which means τr = 1/10.22 ms−1 and τ21 = 1/2.05 ms−1. Consequently, the internal quantum efficiency 
(ηi) can be estimated to 20.06%. As for the extraction quantum efficiency, it can be derived from the laser cavity 
structure  characteristics32 from Eq. (10):

where αi is the intrinsic loss, 2L is the cavity total length and R is the reflectivity for signal wavelength. R can be 
derived by Eq. (11)30 as below:

If we estimate the upper limit for the intrinsic material loss at the laser threshold by assuming steady-state 
threshold population inversion where half of the active ions remain in their ground state under pumping, then 
αi ~ 4.03 cm−1 can be derived from Ref.23. Finally, the slope efficiency values of the DFB cavity silicon Erbium 
laser can be estimated with different laser lengths and corresponding necessary |κ| values. The results are sum-
marized in Table 2.

Overall, we can conclude that less than 1 mm and even 0.5 mm, 0.2 mm length erbium-doped material hybrid 
integrated on-chip DFB lasers can be realized with several sets of Bragg mirror parameters with a fairly robust 
behavior with respect to fabrication errors of the silicon Bragg multi-segment composite structures. Their lasing 
output slope efficiency has been analyzed briefly and the value of SE is estimated as 4.37–8.30%. Noteworthy is 
that a reasonable margin design space should be considered for the practical fabrication of structures, both in 
term of confinement factor (Γa) and Bragg mirror coupling coefficient (|κ|).

conclusion
In summary, we investigate the design of DFB lasers relying on composite silicon multiple-rail waveguides coated 
with a highly doped Er:Al2O3 layer grown by the ALD technique and optically pumped at 1470 nm wavelength. 
The waveguide mode properties are investigated for exploring the influence of the structure’s opto-geometrical 
parameters on the mode confinement factor in the active layer and on the Bragg mirrors’ strength. This analysis 
reveals that the lasing threshold calculated through the coupled mode theory by considering realistic experi-
mentally reported material gain levels at 1533 nm wavelength can be reached for sub-mm active structures, even 
0.5 mm and 0.2 mm length footprint size. It appears in fact that the design compromises leave a relatively large 
part to the variability of the opto-geometric parameters. As a result, a wide range of parameters are available for 
the realization of lasers directly integrated into silicon-on-insulator waveguides. All the results show the very high 
potential of oxides doped with erbium and deposited at low temperature by ALD for the realization of integrated 
lasers pumped at 1,470 nm by continuous sources of a few mW  power23. This opens up interesting prospects for 
integrating and combining these sources to create optical links or more complex on-chip functions, and brings 
a contribution to the problem of sources and amplifiers for the silicon photonics platform.

Methods
Numerical simulation. The mode analysis results, including the confinement factors, were obtained 
through a finite element mode solver, COMSOL Multiphysics. The lasing threshold equations were solved with 
MATLAB.

Received: 4 February 2020; Accepted: 18 May 2020

References
 1. Bahrain, J. & Sasan, F. Silicon photonics. J. Lightwave Technol. 24(12), 4600–4615 (2006).

(9)ηi =
1/τr

1/τ21
.

(10)ηextract =
1

1− αi × 2L/ln(R)

(11)R = tanh
2(κL)

Table 2.  Estimated values of slope efficiency.

2L (cavity total length) Γa |κ|  (m−1) R SE (slope efficiency) (%)

1 mm 0.50 3,110 0.8365 5.91

1 mm 0.75 2,574 0.7367 8.30

500 µm 0.50 8,012 0.9298 5.10

500 µm 0.75 6,972 0.8847 7.27

200 µm 0.50 25,640 0.9766 4.37



10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:10878  | https://doi.org/10.1038/s41598-020-67722-y

www.nature.com/scientificreports/

2. Richard, S. The past, present, and future of silicon photonics. J. Sel. Top. Quantum. Electron. 12(6), 1678–1687 (2006).
3. Liu, M. et al. A graphene-based broadband optical modulator. Nature 474(7349), 64–67 (2011).
4. Oser, D. et al. Coherency-broken Bragg filters: overcoming on-chip rejection limitations. Laser Photonics Rev. 13(8), 1800226

(2019).
5. Rong, H. et al. An all-silicon Raman laser. Nature 433(7023), 292–294 (2019).
6. Tu, Z., Gao, D., Zhang, M. & Zhang, D. High-sensitivity complex refractive index sensing based on Fano resonance in the sub-

wavelength grating waveguide micro-ring resonator. Opt. Express 25(17), 20911–20922 (2017).
7. Leuthold, J., Koos, C. & Freude, W. Nonlinear silicon photonics. Nat. Photonics 4(8), 535–544 (2010).
8. Liang, D. & Bowers, J. E. Recent progress in lasers on silicon. Nat. Photonics 4(8), 511–517 (2010).
9. Fang, Z., Chen, Q. Y. & Zhao, C. Z. A review of recent progress in lasers on silicon. Opt. Laser Technol. 46, 103–110 (2013).

 10. Ohira, K. et al. On-chip optical interconnection by using integrated III–V laser diode and photodetector with silicon waveguide.
Opt. Express 18(15), 15440–15447 (2010).

 11. Ben Bakir, B. et al. Electrically driven hybrid Si/III–V Fabry-Pérot lasers based on adiabatic mode transformers. Opt. Express
19(11), 10317–10325 (2011).

 12. Bradley, J. D. B. & Pollnau, M. Erbium-doped integrated waveguide amplifiers and lasers. Laser Photonics Rev. 5(3), 368–403 (2011).
 13. Belt, M. et al. Arrayed narrow linewidth erbium-doped waveguide-distributed feedback lasers on an ultra-low-loss silicon-nitride

platform. Opt. Lett. 38(22), 4825–4828 (2013).
 14. Belt, M. & Blumenthal, D. J. Erbium-doped waveguide DBR and DFB laser arrays integrated within an ultra-low-loss  Si3N4 platform.

Opt. Express 22(9), 10655–10660 (2014).
 15. Sun, J. et al. C- and L-band erbium-doped waveguide lasers with wafer-scale silicon nitride cavities. Opt. Lett. 38(11), 1760–1762

(2013).
16. Singh, G. et al. Resonant pumped erbium-doped waveguide lasers using distributed Bragg reflector cavities. Opt. Lett. 41(6), 

1189–1192 (2016).
17. Li, N. et al. Ultra-narrow-linewidth  Al2O3:Er3+ lasers with a wavelength-insensitive waveguide design on a wafer-scale silicon 

nitride platform. Opt. Express 25(12), 13705–13713 (2017).
18. Li, N. et al. High-power thulium lasers on a silicon photonics platform. Opt. Lett. 42(6), 1181–1184 (2017).
19. Li, N. et al. Wavelength division multiplexed light source monolithically integrated on a silicon photonics platform. Opt. Lett.

42(9), 1772–1775 (2017).
 20. Magden, E. S. et al. Monolithically-integrated distributed feedback laser compatible with CMOS processing. Opt. Express 25(15),

18058–18065 (2017).
 21. Li, N. et al. Broadband 2-µm emission on silicon chips: monolithically integrated Holmium lasers. Opt. Express 26(3), 2220–2230

(2018).
 22. Pollnau, M. & Bradley, J. D. B. Optically pumped rare-earth-doped  Al2O3 distributed-feedback lasers on silicon. Opt. Express 

26(18), 24164–24189 (2018).
 23. Rönn, J. et al. Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides. Nat. Commun. 10(1), 432 (2019).
 24. Sang, X., Tien, E. & Boyraz, O. Applications of two-photon absorption in silicon. J. Optoelectron. Adv. Mater. 11(1), 15–25 (2009).
 25. Robinson, J. T., Preston, K., Painter, O. & Lipson, M. First-principle derivation of gain in high-index-contrast waveguides. Opt. 

Express 16(21), 16659–16669 (2008).
 26. Murphy, T. E. Design, fabrication and measurement of integrated Bragg grating optical filters. Ph.D. thesis Massachusetts Institute 

of Technology (2001).
 27. Rana, F. Semiconductor optoelectronics, chapter 13 (Cornell University, Ithaca, 2019).
28. Burla, M. et al. Integrated waveguide Bragg gratings for microwave photonics signal processing. Opt. Express 21(21), 25120–25147

(2013).
 29. Zaugg, C. A. et al. Ultrafast and widely tunable vertical-external-cavity surface-emitting laser, mode-locked by a graphene-inte-

grated distributed Bragg reflector. Opt. Express 21(25), 31548–31559 (2013).
 30. Wang, X. Silicon photonic waveguide Bragg gratings. Ph.D. thesis, University of British Columbia (2013).
 31. Agazzi, L. Spectroscopic excitation and quenching processes in rare-earth-ion-doped  Al2O3 and their impact on amplifier and 

laser performance. Ph.D. thesis, University of Twente (2012).
 32. Ebeling, K. J. Integrated optoelectronics: waveguide optics, photonics, semiconductors (Springer, Berlin, 1993).

Acknowledgements
We thank the OpticAll ANR French national project as well as the China Scholarship Council for supporting this 
work. The authors thank the financial supports from Academy of Finland (Grant Nos. 276376, 284548, 286920, 
295777, 298297, 304666, 312297, 312551, and 314810), Academy of Finland Flagship Programme (320167, 
PREIN), the European Union’s Horizon 2020 research and innovation programme (820423, S2QUIP), and the 
ERC (834742).

Author contributions
Z. T. carried out the simulations, calculations, and wrote the first draft of the manuscript. E. C. and Z. S. provided 
their expertise in theory and Eric Cassan supervised the whole work. J. Z., C. A. R. and L. V. provided their 
knowledge in photonic integration. J. R. provided his strong expertise in the knowledge of the active erbium-
doped material. X. L. provided the technical support related to the clean fabrication processes.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-67722 -y.

Correspondence and requests for materials should be addressed to É.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-67722-y
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10878  | https://doi.org/10.1038/s41598-020-67722-y

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Potential for sub-mm long erbium-doped composite silicon waveguide DFB lasers
	Anchor 2
	Anchor 3
	Results
	Waveguide structure and analysis of confinement factor. 
	Threshold analysis of compact QWS-DFB laser. 
	Seeking the DBR strength to reach the lasing condition with a high Γa in sub-mm waveguide structure. 

	Conclusion
	Methods
	Numerical simulation. 

	References
	Acknowledgements


