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Abstract: A new method to fabricate the multiwavelength DFB semiconductor laser array
(MLA) is proposed for the first time based on sampled grating and s-bent waveguide.
According to the detailed precision analysis, the lasing wavelength accuracy of the pro-
posed structure is significantly improved. Because the common holography exposure and
micrometer photolithography are used to fabricate the sampled grating and the bent wave-
guide in this method, the fabrication cost is very low. Therefore, it offers a suitable method
for massive fabrication.

Index Terms: Sampled grating, bent waveguide, DFB laser, laser array.

1. Introduction

The integrated multiwavelength DFB semiconductor laser array (MLA) is one of the most important
elements in the photonic integrated circuits (PICs) [1]-[3]. For practical applications, accurate lasing
wavelength of laser array is required to meet the ITU-T standard. With the increase of the channel
number in the dense Wavelength Division Multiplex (DWDM) system, the wavelength spacing
between two adjacent lasers becomes smaller and smaller, such as from 0.8 nm to 0.4 nm. Thus,
each lasing wavelength needs to be controlled precisely. So the massive fabrication of such array is
still a problem. Up to now, the most commonly used method is the electron beam lithography (EBL)
[1]1, [4]. It can accurately write the grating line by line to generate the complex grating patterns. But it
is time consuming as well as of high cost. Besides, it is also limited by finite writing field and
vulnerability to outside influences such as the temperature variation and vibration [5]. So it is still a
challenge for EBL to exactly control wavelength spacing of two adjacent lasers. Therefore, the
additional wavelength tuning is usually required in actual applications [6], [7]. Some other methods
are also proposed to fabricate the MLA, such as the asymmetric sampled grating, bent waveguide
and varied waveguide width [3], [8], [9]. But both methods of bent waveguide and the varied
waveguide width have very limited lasing wavelength range and are also lack of uniformities due to
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Fig. 1. The schematic of (a) the proposed structure and (b) the grating pattern in +1st subgrating.

the different waveguide structures of each laser. As a result, it is hard to simultaneously realize
flexibility, reliability and low cost with both methods.

In this paper, a new method is proposed to fabricate the MLA with low cost and high wavelength
precision. A wide range of lasing wavelength can be realized by changing the sampling period.
Meanwhile, the single longitudinal mode (SLM) operation can be ensured by pre-designing S-bent
waveguide. The sampled grating can be fabricated by the common holography exposure and the
bent waveguide only needs conventional pm-level photolithography. So the cost is very low.
According to the detailed theoretical analysis, the wavelength precision is high. Therefore it is a
promising way to realize the MLA with high wavelength precision and low cost fabrication.

2. Principle and Theoretical Analysis

2.1. Principle

According to the Fourier analysis, the sampled grating as shown in Fig. 1(a) can be expressed
as [10]

1 . z z
An(z) = EAns zm: Fmexp {/ (27TA—0 + 2m7rl—3>] +c.c (1)
where P is the sampling period; Ag is the period of the basic grating (seed grating); Ans is the
index modulation of the seed grating; m denotes the mth order Fourier series and Fp, is the
Fourier coefficient of the mth subgrating. If the +1st order subgrating is used as filter, the relation
between the seed grating and the sampling period can be expressed as

1 1 1

Therefore, the Bragg wavelength of +1st subgrating can be changed by sampling period P as
shown in Fig. 2(a) which is simulated by Transfer Matrix Method (TMM) [11].
In addition, the grating period in the bent waveguide region can be expressed as

cosfl (P + Ag)cosf’

3)

Abent =

Here, 6 is the tilted angle of the bent waveguide. Therefore, the grating period in the bent waveguide
region is determined by 6, sampling period P and seed grating period Ay as shown in Fig. 1(b). It
should be mentioned that the sampling period along bent waveguide is also slightly changed by
tilted angle as shown in Fig. 3.

Because Apent is larger than A1, a continuous phase change in grating can be induced in the
bent waveguide region, which is also called phase adjust region (PAR), i.e., corrugated pitch
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Fig. 2. The transmission spectra with (a) different sampling period P and (b) same P but different a.
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Fig. 3. The relation between sampling period along the bent waveguide and tilted angle. Here, the actual
sampling period is 6 pum.

modulation (CPM) [12], [13]. We further express this phase change as follows:

Lo Ly
—-——=a 4
Abent A+1 ( )

Here « is a phase change coefficient which indicates the phase change of the PRA comparing with
the uniform grating. A resonant mode can be created by tilted waveguide. For example, when
a = —0.5, a 7 phase shift is introduced. Furthermore, it also indicates that different tilted angles can
cause different values of « or phase change value from Egs. (3) and (4). Because the relative
resonant wavelength within grating stop-band is determined by phase change value, there is a
slight resonant wavelength variation still caused by tiled angle though the sampling period, and the
seed grating period are fixed. As shown in Fig. 2(b), we simulated the transmission spectra with «
from —0.2 to —0.5. The Bragg wavelength of all the subgratings keeps the same, but the resonant
mode wavelengths are different as shown in the inserted figure of Fig. 2(b). The variation range
AA, is about 0.48 nm.

As a result, for a MLA, the coarse lasing wavelength with large wavelength range of each laser
can be controlled by the sampling period P and Ag according to Eq. (2). But the fine wavelength is
controlled by the tilted angle or value of «. In addition, according to Egs. (3) and (4), 6 is usually
small. For example, it is only 2.44 degrees when sampling period is 6.498 pm for +1st Bragg
wavelength of 1550 nm and « is —0.5. Because of the bent structure, the radiation loss can happen
in the joint section. So we simulated the radiation loss by 3-dimensional Beam Propagation Method
(3D-BPM). The cross section is the common ridge structure for DFB lasers as shown in Fig. 4(a).
The transmissions of the joint section with tilted angles from 1.0 to 2.8 degrees are shown in
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Fig. 4. (a) The index profile of the cross section of the ridge waveguide. (b) The calculated transmissions
of the bent waveguide at different tilted angles.
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Fig. 5. The schematic of two main wavelength deviations with (a) BW-error and (b) RP-error. Here, \4
and X, are the Bragg wavelengths, and X, and X, are the resonant wavelengths with the same Bragg
wavelength.

Fig. 4(b). So the tilted angle should be as small as possible if SLM operation is ensued. Finally, the
DFB laser array with SLM operation can be achieved by changing the sampling period and
introducing a small tilted angle in the waveguide. Because the seed grating is uniform, the
fabrication of the proposed structure only needs the low cost holography exposure and the common
pm-level photolithography.

2.2. Precision Analysis

The error of the lasing wavelength is mainly caused by two reasons, including Bragg wavelength
error (BW-error) AXgw and the relative wavelength error of lasing mode in stop-band (RP-error)
AXgp as shown in Fig. 5. The BW-error A)gy mainly comes from the errors of the effective
refractive index and the grating period. As an example and indicated in Fig. 2(a), the sampling
period change or error can lead to the wavelength shift of the stopband of +1st subgrating. The RP-
error is usually caused by the error of the resonant phase conditions such as the different phase
shifts in the PAR of the grating and the random grating phase caused by the cavity facet. As
indicated in Fig. 2(b), there is a wavelength shift caused by grating phase variation if the value of «
is changed by some reasons such as error in fabrication. So the total error A\ of the lasing
wavelength can be expressed as

Al = Adpw + AXE‘P' (5)

2.2.1. BW-Error

For the BW-error, the variation of the effective refractive index only leads to the same wavelength
shift for all lasing wavelengths of array. So only the error of the grating period is considered here,
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Fig. 6. (a) Seed grating error coefficient for different sampling periods. (b) Sampling period error
coefficient for different sampling periods (seed grating period is 251.56 nm).

which can be expressed as

7 P . _dP. (6)
1

Because the seed grating error is nearly the same for the different sampling period P as shown in
Fig. 6(a). So the wavelength spacing still maintains the same for a MLA. As a result, this error can
be neglected.

For the sampling period error, the error coefficient is shown in Fig. 6(b). When sampling period is
6 pm and error AP is about 50 nm, this error is only around 0.08 nm which corresponds to the
Bragg wavelength shift of 0.512 nm. So the error induced by sampling period is also small.

2.2.2. RP-Error

According to Eq. (4), the lasing wavelength error of the grating phase variation is related to the
value of a, so its error is directly related to AN, and can be expressed as

Ly

L
Az A - —2 sinddo. @)
+1

da = (1 —cosb) A
+1

Considering the first part in Eq. (7), substitute Egs. (3) and (4) into this part, and we get

L , 1
(1- cose)ATsz+1 — - | ——dAo+

dP|. (8)
1 Ay (1 Jr%)

(1 +A—”0)2

For term of the error induced by the sampling period —(a/A1)(1/(1 + (P/Ag))?)dP, P is larger
than an order of magnitude. So the error induced by sampling period is very small, and thus can be
neglected.

For term of the error induced by seed grating —(c/A 1)(1/(1+ (Ao/P))?)dAo, the error is
decreased by (1/(1+ (Ao/P))?) compared with the normal grating structure. Because (1/(1 +
(Ao/P))?) approaches to 1 and the value of a/A.¢ is small, the magnification of (a/A.1)(1/
(14 (P/Ag))?) is also very small. For example, when A.q is 242 nm and an error of 1.0 nm in
seed grating can only lead to an error of 0.002 in «. So based on the above discussions, the
proposed method has much smaller error induced by grating comparing with normal grating
structures.

And then, we discuss the second part in Eq. (7). The error induced by tilted angle of
(Lo/A41)sinfdB is usually caused by the tilt of the wafer or the wafer holder during the photo-
lithography of the waveguide. The value of 6 is usually small which is usually equal to only 1 ~ 3° if

Vol. 6, No. 3, June 2014 2400112



IEEE Photonics Journal Fabrication Method for MLA

a is —0.5. For the current fabrication technology, the deviation of tilted angle A# can be very small.
So its influence on the lasing wavelength error is also very small accordingly. Besides, for the
different grating periods A1 of the different lasers in the array, if the tilted angle deviations on the
same wafer are nearly the same, thus deviation of « induced by this error is nearly the same as
well according to second part in Eq. (7). For example, if lasing wavelength is 1570 nm, the
coefficient is 14.226. For 1530-nm lasing wavelength, this coefficient is 14.598. Here, 6 = 2°,
ne = 3.2 and L, = 100 um are used. This means that the tilted angle error induced by the tilt of the
wafer or the wafer holder is nearly the same for all lasers in array. In other words, the lasing
wavelength spacing of the array will keep nearly invariant. In the practical application, the precise
wavelength spacing of the laser array, which should obey the ITU-T standard, is more important
than the whole absolute wavelength. As a result, the angle error can be ignored according to the
above analysis.

2.3. Design of Multiwavelength DFB Laser Array

For designing an MLA, the Bragg wavelength of grating can be easily controlled by sampling
period. But it only determines the course lasing wavelength as shown in Fig. 2(a). For the specific
resonant wavelength within the stopband shown in Fig. 2(b), the tilted angle should be carefully
designed, that is, how to get a fixed « for each laser exactly. According to Egs. (3) and (4), we can
further obtain that

cosd — A2 +1 (9)
Ly
(6%
0 = — g @A (10)

Assuming Lp, A1 and # are 133.3 um, 242.2 nm, 2.44 degrees, respectively. Laser cavity is 400 pm.
Therefore, a/Lpsing is about 8.8 x 10~° (radian/nm). It means the tilted angle difference among
different lasers in array is rather small. For example, if 20-nm lasing wavelength spacing is
required, the grating period variation is about 3.125 nm, assuming the effective index is 3.2. The
tilted angle difference is only 0.0157 degrees accordingly. On the other hand, according to
Eq. (7), the error of . induced by tilted angle error ¢ is also very small in case 6 and A6 is small. So
the angle difference of 0.0157 degrees only leads to the variation of o around 0.0064. Therefore, in
the actual design, the tilted angle can be kept as the same value for lasers with different
wavelengths.

3. Simulation Results and Discussions

3.1. Simulation Results

A single DFB laser with proposed grating structure is studied first. The characteristics of the
corresponding passive grating resonator are simulated. The transmission spectrum with o of
—0.5 is shown in Fig. 2(b). If +1st subgrating is used as resonator, a resonant mode around
1550 nm can be formed. Furthermore, the DFB laser with the same grating structure is also
simulated by TMM method [14]. The TMM method is based on the coupled mode theory. The
spatial hole burning effect is also included [15]. It can precisely simulate the lasing wavelength.
However the thermal effect is not included. But it does not affect the wavelength precision because
it is well known that the wavelength shift ratio of each laser is nearly the same when the same
material is used and the value is about 0.09 nm/°C for InP-based materials [16], [17].The main
parameters are listed in the Table 1. Since the length is increased by bent structure, in order to
keep the whole virtual optical cavity length to 400 um, the bent waveguide along horizontal
direction should be shorter than the straight waveguide. Therefore, the device length (laser length
along horizontal direction) is also a little shorter than 400 um. Because the Oth channel resonance
is about 1610 nm, which is far away from the gain region, it can avoid potential lasing. If the +1st
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TABLE 1

Basic parameters in the simulation

Cavity length (L) 400 pm
Seed grating period (4,) 251.56nm
Normalized coupling coefficient of +1st sub-grating (xL) 2.0
Length of PRA (Lpe,) 133um
Effective refractive index (V) 3.2
Slope of gain-carrier density relationship (a) 2.0x10716 cm?
Transparency carrier density (V;) 1.2x10'8 cm
Confinement factor (1) 0.3
Linewidth enhancement factor (5) L5
Linear carrier lifetime (7) 4ns
Waveguide loss (a ) 30 cm’!
Active layer thickness (d) 180nm

= -
o N
—
QO
=

©

20 30 40 50 60 70
Bias current (mA)

Output Power (mW)
o
Light Power (mW)

20mA

100 200 300
Cavity length (um)

400

Fig. 7. The calculated curves of (a) P—I curve of the proposed laser and (b) the internal light intensity
distribution along cavity under different injection currents.
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Fig. 8. The simulated lasing spectra of the proposed laser at bias current of 40 mA, 50 mA, 60 mA, and

70 mA, respectively.

subgrating is used, single longitudinal mode (SLM) can be ensured. As shown in Fig. 7(a), the
Power—Current (P-I) curve is simulated. The threshold current is about 14.2 mA, and the slope
efficiency is about 0.21 WA™" by linear fit. The internal light intensity distributions along cavity at
different bias currents are given in Fig. 7(b). The lasing spectra at different currents are also

simulated and shown in Fig. 8.

As an example, we also designed a four-wavelength DFB laser array with wavelength spacing of
6.4 nm, which leads to about 25-nm wavelength coverage of the MLA to verify the effectiveness in
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TABLE 2
Some parameters related to lasing wavelength of the array with 6.4-nm wavelength spacing

Sampling period 31 sub-grating Accurate tilted Tilted angle Bragg Lasing wavelength
(1um) period(nm) angle according used in wavelength of (thermal effect is
to Eq.10(degree) | simulation the +1% not included) at
(degree) sub-grating (nm) | 40mA (nm)

Laser number

5.848 241.188 2.437 2.44 1549.6 1541.33
6.499 242.188 2.442 2.44 1550.0 1547.76
7.305 243.188 2.447 2.44 1556.4 1554.12
8.329 244.188 2.452 2.44 1562.8 1560.50

80 T T T
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Fig. 9. (a) The simulated lasing spectra of the four-wavelength array with designed lasing wavelength
spacing of 6.4 nm at bias current of 40 mA. (b) The simulated lasing wavelengths and their linear fit; the
inserted figure is the wavelength residual after linear fit.

TABLE 3
Some parameters related to lasing wavelength of the array with 0.4-nm wavelength spacing

Laser number Sampling +1st Accurate Tilted angle Bragg wavelength | Lasing wavelength
period sub-grating | tilted angle used in of the +1st (thermal effect is not
period(nm) | accordingto | simulation sub-grating (hm) included) at 40mA
Eq.10(degre | (degree) (nm)
e)

242,125 244178 2.44 1549.6 1547.370
242.188  2.44209 2.44 1550.0 1547.775
242.250 244241 2.44 1550.4 1548.135
2423125 2.44272 2.44 1550.8 1548.540

case of large wavelength range. Some parameters used in simulation and related to lasing
wavelength are shown in Table 2. The bias current is 40 mA. All the lasers share the same seed
grating with period of 251.56 nm. The waveguide tilted angles are all 2.44 degrees to verify the
analysis in Section 2.3.

Fig. 9(a) is the simulated spectra of the four-wavelength DFB laser array, and the lasing
wavelengths are plotted in Fig. 9(b). The relative error of the wavelength slope after linear fit is
0.20%. Good wavelength uniformity is obtained. We also simulated a four-wavelength array with
wavelength spacing of 0.4 nm. Table 3 shows some parameters used in simulation and related
to the lasing wavelength of the array. Fig. 10(a) is the simulated lasing spectra. The corre-
sponding lasing wavelengths are shown in Fig. 10(b). Good wavelength accuracy is also ob-
tained here.



IEEE Photonics Journal Fabrication Method for MLA

1548.6}f ) o Lasing.wavelength‘ )
s} (a) 1 — (b) ‘ =——Linear fit |

£
£
é 40r E 1548.2} Slope 0.387nm/count
bl =
5 20f = 1548.0 z,
3 s Eon
e ol ] 2 1sa7.8; =
- > 2o
3 S 1547.6f £oo
5 -20p 1 Bowe
o 1547.4} §
e e
40 k i i i i M M i 1547.2 M M 2 a Laserfiumber
1544 1545 1546 1547 1548 1549 1550 1551 1552 1 2 3 4
Wavelength (nm) Laser number

Fig. 10. (a) The simulated lasing spectra of the four-wavelength array with designed lasing wavelength
spacing of 0.4 nm at bias current of 40 mA. (b) The simulated lasing wavelengths and their linear fit; the
inserted figure is the wavelength residual after linear fit.

Average sampling periodF

Fig. 11. The schematic of the error in sampling pattern with (a) the ideal sampling pattern with uniform
sampling period, (b) the sampling pattern errors on photomask, and (c) the residual random pulse series
compared with (a).

3.2. Discussion

According to current fabrication technology for photomask, it is easy to control the error of the line
on photomask into 0.1 um, but during the process of photolithography for sampling pattern, it is
impossible to exactly transfer the pattern on photomask into wafer for the reasons such as the
lateral etch and exposure light diffraction, but these defects only change the duty cycle on the wafer
and do not affect the sampling period at all. According to above analysis, the lasing wavelength is
only affected by sampling period. Therefore, the high precision of wavelength still can be ensured
under the conditions of the imperfect processes described above.

On the other hand, Eq. (6) considers the worst case. That is, each sampling period deviates the
same value and in the same direction. This situation can be considered as the system error. If every
laser in array has the same error, the whole wavelength grid will shift slightly. But the wavelength
spacing probably maintains the same. In this case, this error nearly can be ignored. Furthermore, if
each sampling period error, which may be caused by mask fabrication for example, is independent
but follows the same probability distribution such as the Gaussian distribution, the situation will be
quite different. As shown in Fig. 11, the real sampling pattern can be considered as the
superposition of an ideal sampling pattern with uniform sampling period of P shown in Fig. 11(a)
and a random pulse series shown in Fig. 11(c). Here, P is the average sampling period when
sampling pattern is fabricated. Furthermore, it can be expressed as

An(z) = %Ansrea'(z) {exp (ji—:z) + c.c} : (11)
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Here, Sfa' (z) denotes the real sampling pattern. Therefore, it can be further divided into two parts:
guniform (P " which denotes uniform sampling pattern with period of P and fabrication error function
Error(z), which is considered as random pulse series. So it can be expressed as

Sredl(z) = gunio™m Py 4 Error(z). (12)

Error(z) can be further expressed as [18]

N—1 _(iPp+P_u
Error(z) = ) sign(wp)II + Z sign(y;)II [Z <j t2 2>] . (13)

|yl

Here, N is the sampling period number, and I1(z — z/|w|) is rectangle function with width of w and
center of Zy. wy and v; are the random numbers with mean value of zero.

For weekly modulated index grating, the reflection spectrum is related to its Fourier transform,
which can be expressed as [19]

2
(14)

R(B) o ‘FEAnSrea'(z) {exp (ji—Zz) + c.c”

Here, 3 is 2mnes\~", and F denotes the Fourier transform. Then, Eq. (14) can be further ex-
pressed as

%(ﬁ) o ‘Funiform{%AnSuniform (ﬁ) {exp (1%2) + C.C} }
0
2

4 Fra”dom{%AnError(Z) |:exp (]i—ﬂ-z> + C.C:| } (15)
0

From Eqg. (15), we can see that the reflection spectrum of the sampled grating with error is a
superposition of the reflectance of ideal sampled grating and a random pulsed series. Since the
component of ideal sampled grating is uniform, it leads to intensive reflectance. The error induced
reflectance F™@"%°™ can broaden the whole reflection bandwidth because it leads to a wider
frequency range [15], but the Bragg wavelength is still determined by ideal sampled grating
Funifom for jts intensive interaction with light. In other words, the Bragg wavelengths of subgrat-
ings are only determined by the average sampling period of P.

According to central-limit theorem in probability theory, P — 11/(c/+/N) follows the Gauss dis-
tribution and can be expressed as

:/% ~ Gauss(, o2 /N). (16)

As an example, if the sampling period distribution of P(z) has expectation n of 6 um, which is the
exact sampling period we want, and standard deviation ¢ of 50 nm. So N, which is the sampling
number, is about 66 for a 400-um-long cavity. Then, standard deviation of P is a/\/N whose value
is only 6.15 nm. The precision is further improved greatly comparing with Eq. (6).

We simulated the transmission spectra of the sampled gratings with ideal uniform sampling
pattern and with random errors in sampling pattern respectively. The half sampling periods are
3000 nm and 3010 nm for ideal sampling patterns, and the mean half sampling periods are
2997.20 nm and 3008.09 nm for those with random error. All the other parameters are the same.
As shown in Fig. 12(a), except the grating with ideal half sampling period of 3100 nm, the other three
spectra of the +1st subgrating are nearly overlapped with reflection peak of around 1545.2 nm.
Fig. 12(b) shows the half sampling period distribution with random error and mean value of
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Fig. 12. (a) The transmission spectra of the sampled grating with ideal sampling structure (3000-nm half
sampling period), the sampling structures with random error (2997.20-nm and 3008.09-nm mean half
sampling period), and ideal sampling structure (3100-nm half sampling period). (b) The half sampling
periods along cavity with random error.

2997.20 nm along cavity. Then, the half sampling periods are from 2850 nm to 3150 nm with
variation of 150 nm. However, supposing that the sampling pattern is also ideal and its half period is
3100 nm, the reflection peak of +1st subgrating is 1547.22 nm, and there is around 2.0-nm
wavelength deviation, which is much larger than the one with ideal half period of 3000 nm, as shown
in Fig. 12(a). The results are consistent with the above theoretical analysis.

4. Conclusion

A new method to fabricate MLA is proposed. The detailed precision analysis is also given. High
wavelength precision can be obtained according to theoretical analysis. Because only the uniform
grating and pm-level sampling pattern are required and the resonant mode is caused by bent
waveguide, only the common holographic exposure and pm-level photolithography is used. So the
cost of fabrication is very low. This method may be a promising way for the future high count MLA
for PICs.
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