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Abstract: An optically-pumped, integrated distributed feedback laser is demonstrated using a
CMOS compatible process, where a record-low-temperature deposited gain medium enables
integration with active devices such as modulators and detectors. A pump threshold of 24.9 mW
and a slope efficiency of 1.3 % is demonstrated at the lasing wavelength of 1552.98 nm. The
rare-earth-doped aluminum oxide, used as the gain medium in this laser, is deposited by a
substrate-bias-assisted reactive sputtering process. This process yields optical quality films
with 0.1 dB/cm background loss at the deposition temperature of 250 °C, and therefore is fully
compatible as a back-end-of-line CMOS process. The aforementioned laser’s performance
is comparable to previous lasers having gain media fabricated at much higher temperatures
(>550°C). This work marks a crucial step towards monolithic integration of amplifiers and
lasers in silicon microphotonic systems.
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1. Introduction

The use of rare-earth-doped glass media in integrated optics applications has been studied for
amplification and generation of light since its first demonstration in 1991 [1]. Of the numerous
possible host glasses for rare-earth-dopants, the interest in amorphous aluminum oxide (Al,O3)
has many reasons. Al,O3’s higher refractive index than those of similar host media such as silica,
phosphate glass, or fluoride glass enables higher integration density of optical components [2-5].
Al,O3 also provides good rare-earth ion solubility [6], and is more easily fabricated via physical
vapor deposition techniques as compared to crystalline hosts that require epitaxial growth [7].
Moreover, smaller thermal and excitation-induced refractive index changes help provide more
stable gain [8—11], making rare-earth-doped Al,O3 a potential gain medium with better noise
performance than that of ITII-V semiconductors [12—15]. Wide gain-bandwidth of various rare-
earth dopants also help to achieve wavelength tunability and design flexibility throughout their
emission spectra [16—19]. Such advantages have led to recent demonstrations of erbium-doped
Al,O3 (A1203:Er3+) waveguide amplifiers [20], as well as high-power, integrated continuous-
wave and pulsed lasers [21-23].

For a waveguide material having such promising gain characteristics, a reliable and robust
fabrication process is crucial. So far, the reactive radio frequency (RF) magnetron sputtering
in a mainly argon (Ar) environment has been found to be the most reliable due to its relatively
high-rate, OH-free deposition on large area substrates. However, although background losses
as low as 0.11 dB/cm have been reported in undoped Al,O3 films that were deposited with this
method, a deposition temperature of 550 °C was required in order to reduce the background
loss [24]. Previously, it has been empirically shown that post-processing of CMOS wafers at
temperatures over 425 °C to 525 °C can compromise the integrity of the metal contacts and vias
by resistance increase and dopant activation [25-27]. This degradation significantly limits the
performance of an integrated optical system, where active devices such as modulators, filters,
and detectors inherently require low-resistance contacts for high-speed operation. Therefore, for
full monolithic integration of CMOS and photonic structures on the same die, it is essential to
develop a deposition procedure that can reliably yield low loss Al,O3 films at lower temperatures
within CMOS post-processing thermal budgets. One way to improve the sputtered film quality is
to use a substrate bias, where the substrate is bombarded by Ar* ions during deposition. This
technique has been shown to enhance optical transmission, and improve film surface quality for
other dielectrics such as TiN [28]. However, the effect of substrate bias on the Al,O3 film quality
at CMOS-compatible temperatures has not been studied prior to this work.

In this paper, we first investigate how the application of a substrate bias can compensate for
the reduced deposition temperatures for reactively sputtered Al,O3. We determine the optimum
fabrication parameters that yield the Al,O3 film with the lowest optical propagation loss, while
still maintaining backend CMOS-compatibility. Using these parameters, we then fabricate and
characterize Al,O3:Er’** films for use in active photonics devices. Finally, we design, fabricate,
and characterize a distributed feedback (DFB) laser that uses the newly developed Al,O3:Er’*
as its gain medium.

2. Material development and optimization

The Al,O3:Er** gain medium was deposited using a Kurt J. Lesker Lab 18 thin film sputtering
system with magnetron sputtering guns and RF power supplies. The system was consistently
kept under vacuum with a base pressure of 10~ Torr; and samples were loaded with the use
of a load lock. The ability to separately control the target and substrate shutters allowed for a
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more reliable deposition process, yielding films with consistent quality and thickness. First, the
undoped Al, O3 film was studied. The films were reactively sputtered from an Al target with
99.999 % purity in an Ar/O, environment of 3 mT process pressure as regulated primarily by
the Ar flow rate. O, was separately introduced and the flow rate was kept around 4.0 - 4.3 sccm,
after which the bias voltage on the Al target started to decrease significantly [29]. This allowed
for high deposition rates (5 - 6 nm/min) of optical quality, stoichiometric Al,O3, without fully
oxidizing the Al target. With this O, flow, an RF power of 400 W was applied to the Al target,
resulting in a bias voltage of 210 V.

The optical quality of the sputtered Al,O3 films was characterized using a Metricon 2010/M
prism coupling system with lasers at 633 nm, 829 nm, and 1550 nm. Film thickness, index, and
propagation losses were measured using slab waveguides formed by 1 pm thick Al,O3 films
deposited on thermally oxidized Si/SiO; substrates. The thermal oxide thickness was 6 um. To
obtain the optimum deposition parameters for the best optical quality Al,O3, a set of depositions
was performed at temperatures ranging from 125 °C to 450 °C, and with substrate biases ranging
from O W to 90 W.

Films with the lowest optical losses were obtained at an optimum temperature of approximately
250 °C [Fig. 1(a)], and with the highest possible substrate bias of 90 W [Fig. 1(b)]. The measured
propagation loss in the Al,O3 film using these ideal parameters was as low as 0.1 dB/cm at
1550 nm where the refractive index was naj,0, = 1.578. At temperatures significantly below or
above 250 °C, or with a smaller substrate bias, propagation losses over 10 dB/cm were measured.
At lower temperatures and insufficient substrate biases, the increased loss can be explained
by the reduced surface mobility, which is known to cause clusters and voids in the deposited
layer [24]. This is corroborated by the surface roughness measurements from films that were
deposited with 0 W and 90 W of substrate biases at a temperature of 250 °C. According to the
atomic force micrograph in Fig. 1(c), for the film deposited without a substrate bias, a root
mean square roughness (Ry) of 3.34nm is obtained over a 1 um? area; and a rough surface
morphology is observed. In contrast, when 90 W of substrate bias is used, the surface roughness
is reduced by almost an order of magnitude to Ry = 0.35 nm, providing a much smoother surface
that can help achieve lower propagation losses [Fig. 1(d)]. For films deposited at temperatures
higher than 250 °C, the root mean square roughness Ry remained below 0.6 nm, indicating no
significant contribution to the observed optical losses. The increased losses can be explained
by the enhanced surface mobility of the sputtered film [30], which can lead to formation
of Al,O3 nanocrystals. Previously, nanocrystalline structure formation has been observed at
temperatures much below those required for poly- or single-crystalline formation. Examples
include nanocrystals synthesized at 280 °C for aluminum europium oxide ((Al;—Eu,),03) [31],
and sputtered at 200 °C and room temperature for tungsten oxide [32] and indium zinc oxide [33]
respectively. Consequently, the application of substrate bias in combination with an increasing
deposition temperature above 250 °C can lead to nanocrystal formation in the sputtered Al,O3
films. Increased optical losses at higher temperatures can be attributed to scattering from these
nanoscale boundaries.

Once the optimum deposition parameters have been determined for the undoped Al,O3, doped
films were fabricated by means of co-sputtering where an Er and an Al target were simultaneously
sputtered. The concentration of Er’* ions was controlled by the bias voltage across the Er target
during fabrication. The background loss and Er** concentration in the doped films were modeled
according to

a (1) = ag + 101log (&) oaps (1) [' Ny, (D

where « (1) is the total absorption, ag is the background absorption due to scattering, o yps (1) is
the absorption cross-section, I" is the mode confinement factor within the Al,O3 Bt layer, and
Ny is the number of dopant ions per unit volume. Here, @ and I" are assumed to be wavelength
independent within the measurement window of 1505 nm - 1575 nm. Shown in Fig. 2(a) are
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Fig. 1. Propagation loss as a function of (a) deposition temperature, and (b) substrate bias for
1 um thick Al,O3, where the optimum quality is achieved at 250 °C and 90 W. Atomic force
micrographs for films deposited with (c) 0 W and (d) 90 W substrate bias with significant
difference in surface texture. Inset shows the profile of a smaller area from the smoother
film with the 90 W bias, where the vertical scale is enhanced by 15 times.

the absorption results as functions of wavelength for two films with erbium target voltages of
Ver = 75V and Vi = 60V, as measured by the prism coupling method. In this measurement,
light from an Agilent 81600B tunable laser source was coupled through a rotating prism to the
slab modes in Al O3 films sputtered on Si/SiO; substrates. The loss was characterized at each
wavelength from the decay of the scattered light intensity along the propagation direction, as
measured from a fiber mounted on a motorized stage. Background intensity was subtracted by
setting the reading offset to zero when the incident light was turned off. The recorded intensity
as a function of propagation length was then analyzed using an exponential fit. In the 1505 nm -
1575 nm wavelength range, the error in the exponential fits remained below + 0.1 dB/cm.

In order to determine Ny and «, the absorption is replotted in Fig. 2(b) as a function of
O abs (1), which was previously reported in [24] by Worhoff et al. Then, according to the
model in Eq. (1), each dataset is analyzed with a linear fit, yielding dopant concentrations of
No7sv = 1.9 x 10%cm=3 and Ny gov = 9.5 x 10 cm™3 for Vg, = 75V and Vi = 60V
respectively. Background losses on the order of 0.1 dB/cm were reliably achieved at both
concentrations, as indicated by the vertical intercepts of the linear fits in Fig. 2(b).

3. Laser design and characterization

After the spectral properties of the newly developed Al,O3:Er’** films were characterized, this
gain material was used to design an optically-pumped, quarter-wave phase shifted DFB laser.
With the exception of the sputtered Al,O3:Er’* gain medium, the laser was fabricated in a
300 mm CMOS foundry. The fabrication procedure is illustrated in Fig. 3. First, a 6 um thick
layer of SiO, and a 200 nm thick layer of SiN were deposited by plasma-enhanced chemical
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Fig. 2. Total absorption measured in deposited films with 75V and 60V bias across the Er
target with respect to (a) wavelength and (b) absorption cross-section. Background loss and
dopant concentrations are calculated by linear fits.

vapor deposition (PECVD) [Fig. 3(a)]. In order to minimize absorption losses, the plasma
conditions were optimized for a low hydrogen content in the deposited layers, while maintaining
a high refractive index for the SiN. SiO; and the SiN layers were both chemically-mechanically
polished (CMP) in order to achieve the accurate final thicknesses, and to reduce scattering losses
due to surface roughness. The SiN layer was then patterned using 193 nm immersion lithography
and reactive ion etching, creating the waveguide and feedback structures, and the quarter-wave
phase shift in Fig. 3(b). After the SiN layer, a thin layer of SiO, was deposited using PECVD,
for which a final thickness of 100 nm was achieved using CMP [Fig. 3(c)]. Finally, large trenches
were etched on the die borders for fiber coupling. After the wafers were diced, the Al,O3:Er**
gain medium was deposited as a back-end process [Fig. 3(d)], using the techniques described
above.

The laser was designed using the fundamental modes for both the pump and signal, in order
to achieve maximum overlap within the gain medium, and to avoid any potential losses that
would be observed by any higher order modes. The goal of the segmented SiN design detailed in
Fig. 4 is to achieve high confinement and overlap of the fundamental transverse electric (TE)
signal and pump modes within the gain medium. Compared to a single wider segment, multiple
segments of SiN allow the fundamental TE modes to achieve good overlap with the gain medium,
while still being laterally confined. These confinement and overlap factors are optimized with
the design shown in Fig. 4(a), where the width of each SiN segment is wgin = 450 nm, and they
are separated from each other by a gap of gsin = 400 nm. The thickness of the SiN layer and

(@) (b)

Quarter-Wave
Phase Shift

-

M Si Sio, M SiN

ALO,Er*

Fig. 3. Fabrication procedure for quarter-wave phase shifted DFB laser where the grating is
defined in the buried SiN, and the A1203:Er3+ is blanket-deposited as a back-end-of-line
CMOS-compatible process.
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M SiN waveguide  Z4SiN grating SiO, SiN segments

Fig. 4. (a) Cross-section of laser cavity showing the buried SiN waveguide and grating
segments (not to scale). Fundamental TE modes of (b) 980 nm pump and (c) 1550 nm signal
in the laser cavity.

the vertical spacing from the gain medium are Agiy = 200nm and hg,, = 200nm, as dictated
by the CMOS fabrication process. The nominal thickness of the deposited Al,O3:Er** layer
was 1.2 um, with a radial variation of approximately 5 % from the center to the edge of the
200 mm substrate holder. Using these design parameters, the field profiles for the fundamental
TE modes at the pump and signal wavelengths are simulated, as shown in Fig. 4(b) and 4(c).
The gain medium confinement of the pump and signal modes are calculated to be I}, = 0.841
and Iy = 0.828 respectively. The intensity overlap of these two modes in the gain medium is
y = 0.903. This high overlap is enabled by the segmented SiN design, as it allows the shorter
wavelength pump mode to expand into the gain medium, which is otherwise mainly confined
in the nitride layer in a single segment design. The pump-signal overlap y is reduced when
using the transverse magnetic (TM) mode for either the signal or the pump. Also, since the TM
modes in this design can potentially suffer from coupling to substrate modes, more cavity losses
would be expected. Therefore due to their larger overlap factor and reduced in-cavity losses,
fundamental TE signal and pump modes can provide the largest possible gain per unit length.
Feedback is provided by the buried SiN grating of width wg = 300 nm on either side of the
waveguide segments. The grating is separated from the adjacent waveguide segment by a gap
of gorr = 300 nm. The grating strength is determined by how strongly the signal mode interacts
with the grating, and is calculated as x = 7.56 cm ™! between the forward and backward traveling
modes in the 1.5 cm long laser cavity. Grating duty cycle was chosen to be 50 %. The grating
period is calculated from the Bragg condition given by A = Ay/2n.g at the signal wavelength
of 1p = 1550 nm. Considering the Al,O3:Er** thickness variation, the period was varied from
A =490 nm to 496 nm, in order for the laser to operate within the 1530 nm - 1565 nm C-band.
The integrated laser is characterized using the setup shown in Fig. 5(a). 976 nm fiber-coupled
pump diodes were used with polarization controllers to pump the on-chip laser from both sides.
Single-mode cleaved fibers were used to couple the pump and signal light on and off chip. The
laser emission was collected by a fiber wavelength division multiplexer, and recorded using an
optical spectrum analyzer. Using 220 mW of total on-chip pump power, a single-mode signal
output of 2.6 mW is recorded at 1552.98 nm, where the emission spectrum is given in Fig. 5(b).
The output here is measured with a spectral resolution of 50 pm, the smallest available on a
Yokogawa AQ6375 optical spectrum analyzer. No output above the noise floor is measured at
any other wavelengths, as expected from the quarter-wave phase shifted DFB design. Moreover,
the output wavelength matches well with the design target of 1550 nm for the TE signal mode,
indicating the single-mode TE output from the fabricated laser. This performance was achieved
with an Er’* doping concentration of Ny = 1.2 x 10 cm™3. Next, the laser performance
is evaluated by measuring the output power at the signal wavelength as a function of pump
power. The response plotted in Fig. 5(c) was recorded with the optimum pump polarization,
corresponding once again to the maximum intensity overlap y expected with TE pump and
signal modes. The pump threshold was measured to be Py, = 24.9 mW. With increasing pump
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Fig. 5. (a) Experimental setup for characterizing the on-chip laser pumped using a polar-
ization controller (PC), a wavelength division multiplexer (WDM), and measured with an
optical spectrum analyzer (OSA). (b) Laser emission spectrum as measured by the OSA. (c)
Laser performance characterization as a function of pump power.

power over the threshold, the laser operated with a slope efficiency of s = 1.3 %. These results
indicate similar performance to lasers whose gain media are fabricated at temperatures over
550°C [34, 35], demonstrating the functionality of the newly developed 250 °C fabrication
process for the Al,03:Er** gain medium. Potential improvements in both the threshold and the
slope efficiency can be achieved by improving pump coupling losses, or by recycling the residual
pump back into the laser cavity.

4. Conclusion

We have demonstrated a substrate-bias-assisted sputtering method for the fabrication of undoped
and rare-earth-doped Al,O3 thin films. The substrate bias allows for backend CMOS-compatible
deposition temperatures as low as 250 °C. This makes it possible to integrate amplifiers and
lasers with other active silicon photonic devices such as modulators, filters, and detectors that
rely on low-resistance metal contacts and vias for high speed operation. Additionally, other
rare-earth-dopants such as neodymium, ytterbium, thulium, or holmium can also be co-sputtered
with the 250 °C Al,O3 film. These dopants can be used in creating amplifiers and lasers at
various near-to-mid infrared wavelengths for new applications. This marks an important step
towards electronic-photonic integration for communications applications.
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