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Abstract: Side and top silicon nitride stressors were proposed and shown to be effective in
reducing the threshold current Iy, and in improving the wall-plug efficiency 1, of Ge-on-Si
lasers. Side stressors only turned out to be a more efficient way to increase nwp than using
the top and side stressors together. With the side stressors and geometry optimizations, a
nwp Of 34.8% and an Iy, of 36 MA (Jy, of 27 kA/cm?) can be achieved with a defect limited
carrier lifetime (z,,) of 1 ns. With 7, , =10 ns, an Iy, of 4 mA (Jy, of 3 kA/cm?) and a Thwp
of 43.8% can be achieved. These are tremendous improvements from the case with no
stressors. These results give strong support to the Ge-on-Si laser technology and provide
an effective way to improve the Ge laser performance.

Index Terms: Germanium, semiconductor lasers, silicon photonics

1. Background and Introduction

Optical interconnects are highly desired for on-chip and short-reach data communications to reduce
the resistance-capacitor (RC) delay time and the power consumption. For this purpose, on-chip sil-
icon (Si)-compatible light sources have long been pursued as electrical to optical signal converters,
which are important and indispensable components of Si photonics. IllI-V semiconductor-based
lasers integrated on Si via wafer bonding have provided the best performance so far, but they have
the disadvantages of high cost, low yield, and low integration density, which are not suitable for
mass production. The direct hetero-epitaxial growth of IlI-V materials on Si such as the InAs/GaAs
quantum dots (QD) lasers demonstrated in [1] are more promising for low cost, high yield fabrication
in the future. However, due to contamination issues, it will take a long time for IlI-V semiconductors
to enter the mainstream Si fabrication facilities (fabs). Ge-on-Si laser is another competitive solu-
tion for the large-scale monolithic integration because it is fully compatible with the complementary
metal-oixde-semiconductor field effect transistor (CMOS) technology, which may greatly reduce the
process complexity, cost and time to enter the fabs [2]. Light emission from Ge by band engineering
with tensile strains and high doping levels was theoretically predicted in 2007 [3]. The first optical
pumped [4] Ge laser was first realized in 2010, and electrically pumped Ge lasers were demon-
strated in 2012 [5] and 2015 [6] accordingly. Other types of Ge lasers like GeSn lasers [7], Ge QD
lasers [8] have been demonstrated recently, which show the potential of Ge as a lasing material on
Si. Unfortunately, the demonstrated Ge lasers suffer from high threshold current and low efficien-

Vol. 9, No. 2, April 2017 1501615



IEEE Photonics Journal Stress Engineering With Silicon Nitride Stressors

Metal Contact Metal Contact Metal Contact
3 :)gf' : :)gj' p* Poly-Si
e B EXY
L n* Si n* Si
@) (®) ©

Fig. 1. Laser structure simulated (cavity width = 1 um, thickness = 0.2 um, length = 270 um, cladding
thickness = 0.18 um). (a) Structure 1: without stressors. (b) Structure 2: with side nitride stressors.
(c) Structure 3: with top and side nitride stressors. The width of the top nitride stressor is the same as
that of the Ge cavity. The metal contacts are composed of Ti and Al, which are same as those in [5],
shown in Fig. 2(a).

cies. The electrically pumped laser in [5] has a threshold current density (Jy,) of 280 kA/cm?, which
is too high for any useful applications. Optimization of Ge lasers is in great need to lower the thresh-
old current (ly,) and increase the efficiency. Bandgap engineering by stress is a very promising way
to increase the gain [9] compared with higher doping because high doping introduces high optical
loss. Introducing tensile strain to Ge can transfer Ge from an indirect bandgap material into a direct
bandgap material and thus increase the gain [3], [10]. Both biaxial and uniaxial tensile strain can
make this transition. Many efforts have been invested to increase the tensile strain in Ge. Sukhdeo
et al. used a stress concentration method in Ge-on-insulator (GOI) substrates, and obtained 5.7%
uniaxial tensile stress in Ge bridges [11]. G. Capellini et al. used silicon nitride layer to stress Ge
up to about 1.5% uniaxial tensile strain, and the fabrication process was CMOS-compatible [12].
Simulation results showed that silicon nitride (SiN) top stressor could reduce Iy, by two to three
times [13]. A highly stressed Ge photodetector has been achieved to reach a detection range up to
1.8 um [14].

Our previous simulation work showed that by adjusting the geometry of Ge cavity and increasing
the cladding thickness, Ge laser’s performance could be significantly improved [15]. To further
enhance Ge laser performance, we used SiN stressors to introduce tensile strain in this work.
Silicon nitride has been widely used in CMOS industry to introduce both tensile and compressive
stress. The stress levels of SiN can be easily tuned by changing the deposition recipe. Intrinsic
stress values of +2 Gpa were used in our simulations, which were achievable in CMOS technology
[16]. SiN has a refractive index about 1.6 to 2. Therefore, it is suitable for the optical confinement too.
Based on the MIT’s experimental laser structure in [5], we proposed side and top nitride stressors
to introduce stress in the Ge cavity. Three double-heterojunction Fabry-Perot laser structures were
simulated to study the stressors’ impact on the device performance (see Fig. 1). Structure 1 is the
simplified version of the experimental laser structure in [5].

2. Laser Structures, Parameters Used and Calibration

Laser structures simulated in this work use MIT’s experimental structure [5] as a start point. The
cross section is illustrated in Fig. 2(a). The doping and the strain are the same as the experiments
reported: Si substrate is 5 x 10'® cm~3 n-type doped; Ge is 4 x 10'°cm~—2 n-type doped with 0.25%
biaxial tensile strain; poly-Siis 3.6 x 10%° cm~2 p-type doped. In the simulations, 2 ;m Si substrate
was used. A virtual contact was defined underneath the bottom of the Si substrate and the top of
metal layers for the biasing purpose. The structure was 1um wide and 270 um long with 180 nm
thick poly-Si cladding layer. The thickness of Ge active layer was set to be 200 nm, which was the
average value of the 100~300 nm thickness in the experiments due to the process non-uniformity
(5], [17].
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Fig. 2. (a) Cross-section of the Ge-on-Si heterojunction laser structure simulated. (b) L-I curves for
experimental result, calibration result, and sensitivity tests with a smaller FCA coefficient for holes:
o =5.0x 10719N 4+ 0.923 x 10~ 7P, and a smaller effective mass mer+ = 0.045335ms.

The strain-dependent Ge energy bandgap model in [18], [19] and the doping induced bandgap
narrowing effect [20] were implemented in a commercial 2D laser simulation tool LASTIP™. The
metal-semiconductor heterojunctions were aligned by electron affinity as described in [25]. The
reflectivity values of two facet are Ry = 23% and Ry = 38%, which correspond to a mirror loss
am of 45 cm~' [21]. Auger coefficients used were Cpnp = 3.0 x 10732cm8/s and Cppn = 7.0 x
10~3%2cm8/s [3], [17]. The index of refraction values of all materials were wavelength dependent.
The material parameters used mainly come from [5] and [15]. Surface recombination was not
included in our simulations because of the unavailability of the relevant data of the Ge in the
experiment. 1 ns of defect limited carrier lifetime (z, ,) was used as a conservative estimation [22].

For the optical loss, we assumed that the internal loss and mirror loss is the primary sources
of the loss and internal loss is dominated by the free carrier absorption [23]. In LASTIP™, for a
narrow wavelength range, the free carrier absorption is described by «; = AN + BP, where A, B
are constants and N, P are the electron and hole density in the unit of cm=3. We used the first
principle calculations results of free carrier absorption in n-type doped Ge for n-loss coefficient
A =50x10"" [17] and the experimental measurement results in p-type doped Ge [24] as
a starting point to obtain the best fitting to the L-I curve in [5]. The effective mass of gamma
conduction band (m7) was used as the first fitting parameter of L-I curve. This is because that
in reality, Si-Ge interdiffusion happens at Ge/Si interface during Ge growth, defect, and dopant
activation annealing. N-type dopants enhance this interdiffusion greatly. The active region cannot
be considered as a pure Ge, but a region with some Si diffused from the substrate [28], [29].
Compared to other parameters such as band structure, mf. has a stronger dependence on the
Si molar fraction in the intermixed region due to the large effective mass difference between Si
and Ge. As the Ge profile in the MIT experiment was not calibrated [17], and the simulation tool
was not able to include the Ge concentration change, we were not able to determine m}. as a
function of z position. Instead, we used m}. as a fitting parameter, and it had a big impact on the
L-I behavior (see Fig. 2(b)). The p-loss coefficient B was used as the second fitting parameter. The
best fitting was obtain when mer* = 0.045735m, and the best fitting free carrier loss relation was
o =5.0x 107N 4 1.023 x 10-"7P.

Using these parameters, our model produced Jy, of 300 kA/cm? or Iy, of 800 mA at 15 °C with the
transverse electric (TE) mode lasing at A = 1676 nm, which were very close to the experimental
values of Jy, = 280kA/cm? and lasing wavelength of 1650 nm [5]. As seen in Fig. 2(b), the model
could match the experimental L-I curve quite well. Sensitivity test results are shown in Fig. 2(b),
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Fig. 3. Two-dimensional Strain map on the cross section. (a) ep, (b) &2, Of structure 2 with side stressors
only and (c) ep (d) ez, of structure 3 with side and top stressors. (For both structures, cavity width = 1
um, thickness = 0.2 um, and cladding thickness = 0.18 um).

which shows how a smaller FCA parameter or a smaller my. are not fitting the experimental data.
After the calibration of our model, we started optimizing the laser structure.

3. Strain Calculations and Impact on Laser Performance

The stress and strain simulations were performed using a standard two-dimensional (2D) process
simulation tool TSUPREM-4. For strain introduced by SiN stressors, a plane strain assumption
(strain in length direction ¢, = 0) is suitable as the length dimension in y direction is much longer
than the width and thickness dimensions. Ge’s Young’s modulus and Poisson ratio used were
102 Gpa and 0.28 respectively. A Young’s modulus of 200 Gpa in [30] was used for silicon nitride
and the Poisson ratio used was 0.24. The intrinsic stress values used for tensile silicon nitride
(t-SiN) and compressive silicon nitride (c-SiN) were +2 and —2 GPa respectively. A tensile strain
value of 0.25% in Ge resulted from the thermal expansion mismatch between Ge and Si in gy
and &y, was included in the simulations. Since e, and ey, appear in the form of e, + ¢y in the

strain-dependent bandgap models, it is reasonable to use effective biaxial strain g, = w to
represent the in-plane strain magnitude for the following discussions. The average value of &g, in
center line was used to represent the strain field for simplification. exx, ey, and ,, were then loaded
into LASTIP for the device simulation.

Structure 2 and 3 have the same cavity sizes as those in MIT’s experiments but with the SiN
stressors as illustrated in Fig. 1(b) and (c). Strain maps of ¢, and &5, of both structures are illustrated

in Fig. 3. Significant ¢¢, were introduced by the stressors as shown in the strain map (see Fig. 3(a)
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Fig. 4. L-I curve comparison for the three structures in Fig. 1 before the structure optimizations.

TABLE |
Laser Performance of the Three Structures in Fig. 4

Structure 1 2 3
Eeb 0.25% 0.36% 0.39%
lin (MA) 810 287 49
Md 6.33% 7.20% 31.94%

highest achievable ny, 2.07% 3.12%  16.03%

and (c)). With only side stressors, 0.36% &e¢, Was introduced including the 0.25% strain caused
by the thermal expansion mismatch. The value was increased to 0.39% by adding a top stressor.
This strain enhancement is not optimized due to the non-optimized Ge width and thickness as the
stress introduction strongly depends on the stressor and the cavity’s sizes and relative positions.
Compared to Structure 1, by adding the side stressors, about 523 mA reduction in Iy, and 1.05%
increase in n, Were obtained. By adding the top and side stressors, about 761 mA reduction in
Iy and 14% growth in n,, were obtained (see Fig. 4 and Table I). The significant performance
improvement introduced by the top stressors is because that top stressor not only introduces
higher stress but also decreases the optical loss caused by the metal contact and provides optical
confinement in the vertical direction.

4. Laser Structure Optimization Methodology and Structure 2 Optimizations

To take the full advantage from the stressors and further improve the device performance, we
optimized the Ge cavity and the cladding geometry. We chose W, dge, and dpoy @s the parameters
to be optimized, which stand for the Ge cavity width, thickness, and the poly-Si cladding layer
thickness respectively. The Ge cavity length was set to be unchanged at 270 m. In our optimization
process, the goal is not to find the “true” optimal point, but rather to show that Ge lasers can be
improved significantly. The reasons for that are two-fold. 1) Ge is not a well-studied optical material,
and many model parameters do not have widely agreed values or even ranges. Therefore, it is
still too early to find the “true” optimal at this point. 2) Optimizing one variable at a time is more

Vol. 9, No. 2, April 2017 1501615



IEEE Photonics Journal Stress Engineering With Silicon Nitride Stressors

6 T T T T T T I 45 € c ! ) '
E Side stressors only —~ 300 Side stressors only 2 <
g 50 W=1 um 40 E 2 W=1 um SJQ
S e 50 d;=0-2 pm 20 =
= 4 = &
v £ 200 15 €
g3 = 2
v S 150 10
5 % 100 5 &
5 £ e
E 0 1 1 1 1 1 L L 5 50 1 1 1 L ;
0.20.30.40.50.6 0.7 0.8 0.9 1 0203040506070809 10
Poly-Si Thickness d_ (um) Poly-Si Thickness d_ _(um)
(@) (b)
Fig. 5. Poly-Si thickness dpoy dependence (W = 1 um, dge = 0.2 um) of (a) <ai> and nex, g and
(D) ltn and rpyp.
Ge Width

W1 ialmigipTT N competing
3 competing Nwp
e slightly?
"l 1

Fig. 6. Impacts of Ge Width (W) to other parameters.

doabile, as the rate equations are well established, and one can check the correctness of the results
conveniently.

Laser rate equations below were used to analyze the results. Slope efficiency rnq is calculated
from (1), where AP/Al is the slope of L-I curve, c is the speed of light, and h is the Planck’s constant.
nq is the product of the internal efficiency n and the extraction efficiency next. <> in (2) is the
weighted average of the local loss. Rgn(ni, pin) and Rayg(ni, pim) are the non-radiative recombi-
nation coefficients due to traps and Auger process respectively. R,.q(nim, pi) is the spontaneous
recombination rate. W and d are the thickness and width of Ge cavity respectively. ny is defined
here as the max wall-plug efficiency that can be achieved. Two-dimensional laser L-I and I-V simu-
lations were performed up to about 10 mW optical output, above which, to save computation time,
L-1 and I-V curves were extrapolated linearly up to about 200mW optical output, based on which
the maximum ny, was determined.

AP he U

Nd qk =i <0 > to, Ti Next (1)
Um
- m 2
Text <o > +an ( )
aw
lth = qn (Rsth (Nth, Pn) + Rrad (i, Pin) + Raug (Nih, Pin)) (3)
i
P
mwp = Max [ﬁ] @)

In most of our optimizations, we changed one parameter at a time and kept others unchanged,
except for the case of Structure 3, where both top and side stressors were optimized together (see
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details in Section 5.3). Next, we will use Structure 2 as an example to illustrate the optimization
process. For lasers, small Iy, and large m, are both desired, but they may not be met at the same
time. We chose n,, as the most important optimization criteria because it represents the energy
efficiency of the device.

4.1 Poly-Si Thickness d,.;, Optimizations

The poly-Si thickness dyoy has the most dominant effect in the geometry optimization. As dpoly
increased, we observed a dramatic increase in m, and a decrease in ly,. These improvements
are because that the metal is very lossy optically. As the top metal contact moved further away
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from the Ge cavity with the increase in dyoy, <aj> caused by the metal contact decreases. As
a result, ne and thus 5y increase monotonically and plateau at thick dpoy (See Fig. 5(a)). li
decreases as dpoy increases since less carrier density is needed to compensate for the loss.
As a consequence, nyp increases to 21.3% and plateaus after dpoy = 0.8 um and |y, decreases
to 54 mA (see Fig. 5(b)). We chose 0.8 um as the optimization point since ny, plateaued after
that point.

4.2 Ge Width W Optimizations

The W and d dependence come from three different effects: 1) strain introduction, 2) optical confine-
ment factor I and 3) active region volume. The relationship between different parameters is shown
in Fig. 6. The tensile strain decreases with the increase of W because side stressors are moved
away from the center (see Fig. 7(a)). The separation between the direct and indirect band gap
increases accordingly, which results in a reduction in 7. The decrease in strain raises the bandgap,
causing the lasing wavelength to become smaller. The reduced lasing wavelength causes a slight
increase in the refractive index and thus increases I'. As the cavity becomes wider, the lateral
confinement becomes better, which also increases I" (see Fig. 7(a)). The FCA loss of poly-Si is
bigger than Ge. So a bigger I' means fewer light travels in the lossy poly-Si region, which results
in the decrease of <«; > and the increase of 1. and thus the growth of 14 (see Fig. 7(b) and (c)).
lth is @ combination effect of ny,, 1, and geometry as indicated in Eq. (3) but mostly dominated by
geometry since |y, increases almost linearly with W in Fig. 7(d). The bigger the W is, the larger
current is needed to compensate the carrier loss resulted mainly from Rgy, and Rayg.
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The increase of nq would increase n, whereas increased Iy, would decrease it. Because of the
competing effect, m, only increases slightly with W as shown in Fig. 7(d). Further simulations show
that choosing the maximum ., point where W = 1 um does not promise better performance in
d dependence since a narrower waveguide is desired for side stressors. On the contrary, a wider
cavity increases Iy, greatly. Therefore, we chose W = 0.5 um as the optimization point, where
mwp = 18.61% now but promotes the potential for higher efficiency.
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4.3 Ge Thickness dg. Optimizations

The dependence of dge is similar as W’s dependence, which is shown in Fig. 8. Strain and
increase with dge because more stressors react on the Ge cavity (see Fig. 9(a)). I increases with
dge since thicker cavity promote better vertical confinement (see Fig. 9(a)). The I" shrinkage due to
the change of lasing wavelength is only a minor effect for I". The increase in I' causing the <a;> to
shrink and thus increase the 7 (see Fig. 9(b) and (c)). As a result, ny increases a lot since n and
next are of same trend (see Fig. 9(c)). Same as the W dependence, |y, increases almost linearly with
dge (see Fig. 9(d)). As the competing effect of Iy, and 4, 17w peaks at 34.8% and then decreases
(see Fig. 9(d)). We chose dge = 0.8 um as the optimization point.

By comparing the same structure in dge dependence with and without stressors, we can see how
strain influences the laser performance. Increased strain decreases the difference between gamma
(direct) and L (indirect) conduction band (not shown here), decreases the bandgap and increases
the gap between |lh and hh band (see Fig. 10(a)). These changes in band increase the material
gain (see Fig. 10(b)), which decreases the carrier density needed for lasing and thus reduce Iy,
(see Fig. 10(d)). The increased lasing wavelength (see Fig. 10(c)) decreases I' by the changed real
index n and decreases ey Slightly as discussed before (see Fig. 10(e)). The ng increases while
next decreases by the decreased I', which shows that the # increases with the strain for the same
geometry (see Fig. 10(f)).

5. Structure 1 and 3 Optimizations and Comparisons Between Structures
5.1 Optimizations of Structure 1 Without Stressors

For Structure 1, without the stressors, the trend is similar to Structure 2, as shown in Fig. 11, but
with lower np. dyoy had the largest impact and was first optimized as in Fig. 11(a). I, decreases
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Fig. 12. lth and nwp of Structure 3. (a) Width dependence. (b) dge dependence. (c) dyoly dependence.
(d) cross section of Structure 3.

from 810 to 57 mA and ny, increases from 2.07% to 20.8% when dyoy changes from 0.2 to over
0.8. We chose dyoy = 0.8 um as the optimized d,oy. For the W dependence, Iy, increases linearly
with W, but 7, does not change much with W (see Fig. 11(b)). So we chose W = 0.5 um as the
optimized W for less ly,. We chose the peak point dge = 0.5 um as the optimization point for dge
dependence. The highest efficiency reached is 22.4% with dpoy = 0.8 um W = 0.5 um, dge =
0.5 um ly, = 63 mA.

5.2 Optimization Summary of Structure 2 With Side Stressors Only

Detailed geometry dependence and the optimized process were discussed in 4.1-4.3. After the
optimizations, the highest ., achievable is 34.84%, and an Iy, of 36 mA with dpoy = 0.8 um W =

0.5 um, dge = 0.8 um.

5.3 Optimizations of Structure 3 With Top and Side Stressors

Due to the presence of the top stressor, the top metal contact loss is greatly reduced for Structure
3 before increasing dyoy. A large W and small dge are desired for the strain introduction from
the top stressor, which is undesired for the side stressors. Therefore, W and dge are optimized
together to obtain a high nyp. W = 0.5 um is not the optimized width in Fig. 12(a), but by comparing
a few different W values, W = 0.5 um has the potential to produce a higher n,p. dge = 1 um
is the optimization point of dge dependence for W = 0.5 um. For such structures, the strain
introduction from side stressors is more prominent than the top stressor. dpoy has similar but weaker
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Fig. 13. L-I curve for three structures after optimization.

TABLE Il
Laser Performance of the Three Structures in Fig. 13 After Structure Optimizations

Structure 1 2 3
geb (%) 0.25 0.713 0.714
lth (MA) 63 36 42
Jin (kA/cm?) 47 27 31
nd (%) 38.6 60.8 61.9
highest n,, (%) 224 348 28.3
Current required for highest nyp(MA) 494 270 210
Output power at highest nyp (MW) 100 72 55

impact compared to Structure 2. The increasing dyoy Would further increase n, and decrease iy,
which shows that top stressor can only diminish the optical loss caused by metal to a certain
extent. Increasing dpoly is @ more efficient way to reduce the optical loss. The final optimization is
dpoly = 0.4um, W = 0.5um, dg, = 1um, with n, peaks at 28.3% and an Iy, of 42 mA.

5.4 Comparisons of the Structures

The comparisons of the three structures after optimization are shown in Fig. 13 and Table Il. We can
observe that changing geometry could significantly increase m, and decrease ly,. Adding stressors
can further improve them. By using side stressors only, the highest #,, rose to 34.8%, but adding
top stressor does not provide greater n,. This is mainly because that the top stressor increases
the series resistance significantly. Structure 1 and 2 have a series resistance around 0.4 , but it
is around 0.9 Q for Structure 3, which means Structure 3 requires higher voltage and thus higher
electric power. Plus, the strain introduced by top stressor is marginal compared to side stressors.
As a result, Structure 3 does not produce a higher n, than Structure 2. Therefore, considering both
nwp @nd ly,, Structure 2, with side stressors only, is recommended.
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Fig. 14. L-I curve for three structures with 7, , = 10 ns.

TABLE I
Laser Performance of the Three Structures in Fig. 14

Structure 1 2 3
geb (%) 0.25 0.713 0.714
lth (MA) 12 4 5
Jin (kA/cm?) 8.8 3.0 3.7
N4 (%) 38.7 623 64.8
highest achievable n, (%) 27.0 4338 411
Current required for highest nyp (MA) 167 81 55
Output power at highest 7y, (MW) 35 24 17

6. Defect-Limited Minority Carrier Lifetime Dependence

For the study above, the defect-limited minority carrier lifetime 7, , is set as 1ns for conservative
prediction. Itis used for Shockley—Read—Hall (SRH) recombination rate calculation, which is defined
by: 7,0 = m in which v, , is the thermal velocity of hole and electron and o, , is the effective
capture cross-section of the deep defect state traps. For simplicity, a default setting in the software
was used: we assumed that 7, and t, are the same and a uniform distribution of donor mid-gap traps
with a density of 10'® m~=3. Capture coefficients ¢, , = 0, v, » are calculated from the relationship
of 7, , above and then used in the calculation of SRH recombination rate Rspp.

Fig. 14 and Table Il show the performance of the 3 structures with 7, , = 10 ns. From the
results, we can see that by improving the material quality, the performance of laser could improve
greatly. Iy, decreases about 5-10 times when 1, , increases from 1ns to 10ns. Longer carrier
lifetime means carrier decays slower in the cavity and thus less injection carrier is needed for
lasing, which reduces |y, accordingly. It increases the highest 1y, by around 10% for structures
with stressors and it decreases the current needed to reach that point significantly. Technically, it
is feasible to obtain Ge layers with better quality and longer carrier lifetime by approaches like Ge
growth on a GOl substrate [26] or direct wafer bonding and chemical mechanical polishing (CMP)
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[27]. Defect-limited minority carrier lifetimes of 5.3 and 3.12 ns have been achieved respectively by
the above approaches [26], [27]. Therefore, if a better material quality can be achieved, along with
the geometry and stress engineering, Ge laser performance will not be too far from 1lI-V lasers.

7. Conclusion

We implemented the strain and doping dependent Ge energy bandgap model in LASTIP and studied
the stress engineering of Ge-on-Si lasers using the silicon nitride stressors. Side and top silicon
nitride stressors were proposed and shown to be effective in reducing |y, and improving nyp. Side
stressors turned out to be a more efficient and easier way to increase n,, than using top and side
stressors together. With the side stressors only and geometry optimizations, a n, of 34.8%, and
an Iy, of 36 mA (Ji, of 27 kA/cm?) can be achieved with 1 ns defect limited carrier lifetime. These
are tremendous improvements from the case without any stressors and geometry optimization,
which has a nw, of 2.07% and an Iy, of 810 mA (Jy, of 300 kA/cm?), respectively. With a longer
defect-limited minority carrier lifetime (better material quality), the performance of Ge lasers can
be further improved. With 7, , = 10 ns, an Iy, of 4 mA (Jy, of 3 kA/cm?) and a nwp Of 43.8% could
be achieved at 81 mA and an output power of 24 mW. These results give a strong support to the
Ge-on-Si laser technology and provide effective ways to improve the Ge laser performance.

Acknowledgment

The authors would like to thank Crosslight Software, Inc., for providing the license of LASTIPR,
M. Lestrade from Crosslight Software for his assistance in LASTIP usage, and X. Li from the
School of Electronic and Information Engineering, South China University of Technology, for helpful
discussions.

Reference

[1]1 S. Chen et al., “Electrically pumped continuous-wave llI-V quantum dot lasers on silicon,” Nature Photon., vol. 10,
pp. 307-311, 2016.
[2] Z. Zhou, B. Yin, and J. Michel, “On-chip light sources for silicon photonics,” Light, Sci. Appl., vol. 4, p. €358, 2015.
[3] J. Liu et al., “Tensile-strained, n-type Ge as a gain medium for monolithic laser integration on Si,” Opt. Exp., vol. 15,
no. 18, pp. 11272-11277, 2007.
[4] J. Liu, X. Sun, R. Camacho-Aguilera, L. C. Kimerling, and J. Michel, “Ge-on-Si laser operating at room temperature,”’
Opt. Lett., vol. 35, no. 5, pp. 679-681, 2010.
[5] R. E.Camacho-Aguilera et al., “An electrically pumped germanium laser,” Opt. Exp., vol. 20, no. 10, pp. 11316-11320,
2012.
[6] R. Koerner et al., “Electrically pumped lasing from Ge Fabry-Perot resonator on Si” Opt. Exp., vol. 23, no. 11,
pp. 14815-14822, 2015.
[7] S. Wirths et al., “Lasing in direct-bandgap GeSn alloy grown on Si,” in Nature Photon. vol. 9, pp. 88-92, 2015.
[8] M. Grydlik et al., “Lasing from glassy Ge quantum dots in crystalline Si,” ACS Photon., vol. 3 no. 2, pp. 298-303, 2016.
[9] B. Dutt, D. S. Sukhdeo, D. Nam, B. M. Vulovic, Z. Yuan, and K. C. Saraswat, “Roadmap to an efficient germanium-on-
silicon laser: Strain versus n-type doping,” IEEE Photon. J., vol. 4, no. 5, pp. 2002—2009, Oct. 2012.
[10] J. Michel et al., “An electrically pumped Ge-on-Si laser,” presented at the Opt. Fiber Commun. Conf., OSA Tech. Dig.,
Opt. Soc. Amer., Los Angeles, CA, USA, 2012, Paper PDP5A. 6.
[11] D.S. Sukhdeo, D. Nam, J. Kang, M. L. Brongersma, and K. C. Saraswat, “Direct bandgap germanium-on-silicon inferred
from 5.7% (100) uniaxial tensile strain,” Photon. Res., vol. 2, no. 3, pp. A8—A13, Jun. 2014.
[12] G. Capellini et al., “Tensile Ge microstructures for lasing fabricated by means of a silicon complementary metal-oxide-
semiconductor process,” Opt. Exp., vol. 22, no. 1, pp. 399-410, 2014.
[13] D. Peschka et al., “Robustness analysis of a device concept for edge-emitting lasers based on strained germanium,”
Opt. Quantum Electron., vol. 48, p. 156, 2016.
[14] D. Nam et al., “Strained germanium thin film membrane on silicon substrate for optoelectronics,” Opt. Exp., vol. 19,
no. 27, pp. 2586625872, 2011.
[15] X.Li, Z. Li, S. Li, L. Chrostowski, and G. Xia, “Design considerations of biaxially tensile-strained germanium-on-silicon
lasers,” Semicond. Sci. Technol., vol. 31, 2016, Art. no. 065015.
[16] S. Pidin et al., “A novel strain enhanced CMOS architecture using selectively deposited high tensile and high
compressive silicon nitride films,” in Proc. IEEE Int. Electron Devices Meet., 2004, pp. 213-216.
[17] R. E. Camacho-Aguilera, “Ge-on-Si LASER for silicon photonics,” Ph.D. dissertation, Dept. Mater. Sci. Eng.,
Mass. Inst. Technol., Cambridge, MA, USA, 2013.

Vol. 9, No. 2, April 2017 1501615



IEEE Photonics Journal Stress Engineering With Silicon Nitride Stressors

(18]

[19]
[20]

[21)
[22]
[23]
[24)
[25)
[26]
[27]
[28]
[29)

[30]

D. J. Paul, “Si/SiGe heterostructures: From materials and physics to devices and circuits,” Semicond. Sci. Technol.,
vol. 19, no. 10, pp. R75-R108, Oct. 2004.

K. Brunner, “Si/Ge nanostructures,” Rep. Prog. Phys., vol. 65, no. 1, pp. 27-72, Jan. 2002.

R. Camacho-Aguilera, Z. Han, Y. Cai, L. C. Kimerling, and J. Michel, “Direct band gap narrowing in highly doped Ge,
Appl. Phys. Lett., vol. 102, no. 15, p. 152106, Apr. 2013.

Y. Cai et al., “Analysis of threshold current behavior for bulk and quantum well germanium laser structures,” IEEE
J. Sel. Topics Quantum Electron., vol. 19, no. 4, Jul. 2013, Art. no. 1901009.

D. S. Sukhdeo, S. Gupta, K. C. Saraswat, B. Dutt, and D. Nam, “Impact of minority carrier lifetime on the performance
of strained germanium light sources,” Opt. Commun., vol. 364, pp. 233-237, 2016.

R. E. Camacho-Aguilera, “Monolithically-integrated Ge CMOS laser,” in Proc. SPIE 9010, Next-Generation Opt. Netw.
for Data Centers and Short-Reach Links, 90100H, vol. 9010, Feb. 2014. doi:10.1117/12.2044057.

R. Newman and W. W. Tyler, “Effect of impurities on free-hole infrared absorption in p-type germanium,” Phys. Rev.,
vol. 105, no. 3, pp. 885-886, Feb. 1957.

S. L. Chuang, Physics of Photonic Devices, 1st ed. New York, NY, USA: Wiley, 1995, ch. 2, sec. 6.

R. Geiger et al., “Excess carrier lifetimes in Ge layers on Si,” Appl. Phys. Lett., vol. 104, p. 062106, 2014.

D. Nam, J. Kang, M. L. Brongersma, and K. C. Saraswat, “Observation of improved minority carrier lifetimes in high
quality Ge-on-insulator using time-resolved photoluminescence,” Opt. Lett., vol. 39, no. 21, pp. 6205-6208, 2014.

F. Cai, D. H. Anjum, X. Zhang, and G. Xia, “Study of Si-Ge interdiffusion with phosphorus doping,” J. Appl. Phys.,
vol. 120, p. 165108, 2016.

F. Cai, Y. Dong, Y. H. Tan, C. S. Tan, and G. Xia, “Enhanced Ge-Si interdiffusion in high phosphorus-doped germanium
on silicon,” Semicond. Sci. Technol., vol. 30, 2015, Art. no. 105008.

L. Buchaillot, E. Farnault, M. Hoummady, and H. Fuijita, “Silicon nitride thin films Young’s modulus determination by an
optical non destructive method,” Jpn. J. Appl. Phys., vol. 36, p. L794, 1997.

Vol. 9, No. 2, April 2017 1501615




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


