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Abstract: An electron-beam-fabricated subwavelength grating coupler for direct side
coupling of light emission from a high-power laser diode array (LDA) was studied theoretically
and implemented experimentally. A gold-embedded silica-based design for grating coupler
was employed to minimize the thermal expansion caused by the accumulated heat from light
absorption by metal part of the grating coupler. In addition, with the consideration of the
backward diffraction loss and the groove wall nonverticality caused by fabrication distortion,
the grating pitch and groove width were optimized for the highest coupling efficiency.
According to the experimental results, the grating coupler is capable of coupling light power
up to 21 W from a 976-nm continuous-wave-operated LDA into the inner clad of a 400-�m-
diameter double-clad fiber with an overall coupling efficiency of 50%. Furthermore, an LDA
side-pumped ytterbium-doped DCF laser by using the grating coupler was demonstrated. By
fine tuning the slow-axis collimation lens array, the laser-pumping scheme can easily be
switched between bidirectional pumping and unidirectional pumping. Compared with the
unidirectionally pumped fiber laser of the same gain fiber length, the laser slope efficiency of
the bidirectionally pumped fiber laser was increased by 18% because of a better gain
distribution over the fiber length. Finally, the signal output power of 10 W with a slope
efficiency of 61% was achieved for the bidirectional side-pumped fiber laser.

Index Terms: Diode-pumped lasers, gratings, diffractive optics.

1. Introduction
High-power diode-pumped fiber lasers have been advancing rapidly in recent years [1]. It is worthy
of noting that the dramatic success in high-power fiber laser technology began from invention of the
double-clad fiber (DCF) [2]. The inner cladding supports high capability of pump wave and the
doped single mode core induced signal can be diffraction-limited; therefore, the fiber lasers can
produce high brightness output using broad area laser diodes (LDs) or laser diode arrays (LDAs) of
even higher power [3]–[7]. Among the clad-pumping techniques by LDAs, two basic arrangements
have been successfully developed. The first one elaborates on the use of mode-shaping optics to
transform the line-shaped LDA optical beams into square or circular shaped modes for launching
the light into DCF clad and has become the mainstream technology, such as the beam twister
coupler [8], microstep mirror [9], M-block [10], and T-bar [11] methods. The second one utilizes butt-
coupling of the individual LDA emitting element to fiber array, followed by a tapered fiber bundle
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coupler to side launch the optical power into the DCF. Based on such an arrangement, two types of
tapered fiber bundle couplers, the nonfused angle-polished fiber coupler [12], [13] and the fused
angle-polished fiber coupler [14], [15] have been proposed. In this paper, a more compact and highly
efficient clad-pump configuration is implemented. Through a grating coupler, the emission form LDA
was directly side launching to DCF clad through a set of brightness preserved focusing/collimating
optics. The advantage is that the line-shaped LDA mode is maintained all the way into the DCF clad
without reshaping it. In terms of the grating coupling technique for direct coupling of the light from a
high-power LDA into a DCF, the difficulties are in the grating fabrication, the physical dimension of
the LDA, and the light absorption of the grating coupler; these issues may cause additional problems
and need to be considered. It is found that there are two crucial factors to achieve high coupling
efficiency for a commercial 1-cm-wide LDA: 1) the thermal expansion caused by the accumulated
heat from the light absorption by the metal part of the grating coupler and 2) the backward diffraction
of the light which is internally reflected at the fiber boundary. Therefore, a structure of gold-embedded
silica was suggested to overcome the thermal problem. Besides, the optimization of grating design
parameters is performed to compensate the effect of the lithographic errors, such as the
nonverticality of the sidewalls of the grating grooves, results in a coupling efficiency of 50% for
high-power operation. Additionally, a side-pumped ytterbium (Yb)-doped DCF laser was also
implemented by using the grating coupler. Without using any wavelength-division multiplexing
(WDM) couplers, the grating coupler can work as a bidirectional pumping or a unidirectional pumping
mechanism by slightly shifting the collimation lens array. Finally, a better laser performance of
the symmetrically bidirectional pumping scheme was also observed and compared with the
unidirectional pumping scheme.

2. Design of Grating Coupler
Because of the consideration of the thermal expansion of the metal grating, a structure was
suggested, which the gold film is embedded in the etched grooves on a silica substrate. The
schematic diagram of the gold-embedded silica grating coupler was shown in Fig. 1(a). The fiber used
in our experiment is a round shape fiber, and therefore, its cylindrical lens effect was considered in the

Fig. 1. Schematic diagrams of the gold-embedded silica grating coupler with (a) normal incident pump
light, and (b) an angle of incident pump light.
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design of optical path. The presence of the fiber itself gives us an additional freedom to shape the
laser beam that is illuminated on the grating. By tuning the gap between the fiber and the second fast-
axis cylindrical lens as shown in Fig. 1, the emission form the LDA can be focused down to a 1-cm-
wide and 200-�m-high line-shape beam to be illuminated on the grating in the experiment. The
grating structure was assumed to have vertical groove walls. For normal incidence, the pump light
will be diffracted into �1st orders, and the power will be symmetrically distributed for each order.
When the cylindrical lens array is slightly shifted, the incident light will become slightly deviated from
normal incidence by an angle, and the power distribution of the diffracted �1st orders will be
asymmetrical, as shown in Fig. 1(b). Therefore, most of the coupled light will propagate toward only
one direction. For the grating design, it is needed to consider the LDA wavelength and the related
grating diffraction angle first, and hence the grating pitch is determined. After the beam size is
determined, then the grating diffraction efficiency under a fixed grating pitch can be optimized. The
designed diffraction angle for the �1st orders must be larger than the critical angles both at the
fiber’s inner clad-air interface and the inner clad-outer clad interface, in order to satisfy the condition
for total internal reflection (TIR), so that the laser emission light could be coupled into the inner
cladding of the DCF and then guided along the fiber. Since the numerical aperture of the DCF is 0.46
for the cladding modes, a relatively large diffraction angle is required. Although no simple and
straightforwarddesign rule has beendeveloped so far, themaximumdiffraction efficiency of the grating
can be determined by numerical simulation, using the Rigorous Coupled-Wave Analysis (RCWA)
technique [16]. Variousmetals, such asAu, Ag,Cu, Al, Ti, Ni, andCr, were studied for their suitability as
grating materials shown in Table 1.

The simulation results show that, a metal with a complex refractive index with a lower real part
and a higher imaginary part results in more efficient diffraction of the �1st orders. Therefore, gold
(Au) was chosen as the material for the grating coupler, because it exhibited the highest efficiency
at large diffraction angles. Fig. 2(a) shows the diffraction efficiency for the gold-embedded silica
grating coupler as a function of the groove depth and groove width at a grating pitch of 680 nm. The
optimized overall diffraction efficiency (the sum of both �1st orders) is higher than 90% for the
TM-polarized incident light. However, the simulation results indicate that 7% of the incident light is
absorbed by the gold film and generates heat. The consequent thermal expansion of the grating
structure becomes significant as the power of the incident light becomes greater. For this reason, a
proper heat dissipation mechanism is essential for the grating coupler to achieve a high coupling
efficiency in high-power applications.

The 3-D visualization of the diffraction efficiency for the sum of �1st orders as a function of the
launch angles � (to the plane normal to the direction of the grating grooves) and � (to the plane
normal to the direction of the grating vector) is shown in Fig. 2(b). From the figure, it can be seen
that the overall grating diffraction efficiency varies slowly and smoothly as the incident angles of �
and � are smaller than �1� and �7�, respectively. When one looks at the diffraction efficiency of
þ1st and �1st order individually when the incident angle � is fixed at 0� and the angle � is varies
from 0� to þ1�, it can be seen that the efficiency of þ1st order increases to nearly 90%, while that of

TABLE 1

Optimized results of different metal grating at pitch of 680 nm
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�1st order rapidly drops to zero as shown in Fig. 2(c). When the launch angle � is larger than þ1�,
the þ1st order diffraction efficiency drops as the incident angle increases while the �1st order
diffraction efficiency remains zero. Accordingly, a bidirectional pumping mechanism for a fiber laser
can be achieved by aligning the pump light for normal incidence, i.e., � ¼ 0� and � ¼ 0�, while the
unidirectional pumping mechanism can be achieved by switching the launch angle of the pump light
to � ¼ 0� and � ¼ 1�. In the experiment, the switching of the launch angle required for either
bidirectional pumping or unidirectional pumping can be easily accomplished by horizontally shifting
the slow-axis collimation (SAC) lens array. The diffraction efficiencies for two pumping mechanisms
as functions of the pump wavelength were also simulated as shown in Fig. 2(d). Considering the
wavelength shift of the LDA within �5 nm around 976 nm, the influence of the central wavelength on
the diffraction efficiency was not changed a lot for both bidirectional and unidirectional pump.
However, the stability of the bidirectional pumping scheme is better than the unidirectional scheme
since it has a smoother curve around 976 nm.

3. Fabrication
In the fabrication of the gold-embedded silica grating couplers, e-beam lithography was used to
define the grating pattern, in order to achieve precise control of the dimensions of the grating
grooves. Since the length of the grating coupler was designed to match the commercial 1-cm-wide
laser beam of the LDA, the cascaded e-beam exposure was necessary. A 150-�m-thick fused-silica
substrate was used as the substrate. A 300-nm-thick layer of e-beam resist ZEP520A was spin-
coated, followed by a baking at 180 �C for 2 min. Then, a layer of 20-nm-thick charge dissipating
agent, i.e., ESPACER, was spin-coated onto the resist to reduce the charging effect on the
insulating substrate surface. After the grating pattern was defined, reactive ion etching (RIE) was
used to etch the grating grooves into the silica substrate. During the dry etching process, O2 plasma

Fig. 2. (a) The sum of both �1st orders diffraction efficiency of the perfectly vertical walls grating as a
function of the groove depth and groove width. (b) The 3-D grating diffraction efficiency with launched
angle � and �. (c) The grating diffraction efficiency of �1st orders with launched angle � when � equals
to 0�. (d) The grating diffraction efficiency of unidirectional and bidirectional pumping mechanisms
versus the pump laser wavelength.
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was first used to remove the residual resist from the developed areas, and CHF3 plasma was then
used to remove the silica. After the etching process, the pattern for the silica grating was a negative of
the pattern required gold for the embedded layer, somewhat like a mold. Finally, a 300-nm-thick layer
of gold film was deposited on the silica grating mold, to form the coupler, using a thermal evaporator.
The surface of the deposited gold layer for the gold-embedded silica grating coupler was then place in
contact with the metal heat sink. The thermal conducting paste was applied at the contact interface to
provide a low-thermal-resistance path for removing the heat generated by the optical absorption in the
gold thin film. Fig. 3(a) shows the scanning electron microscope (SEM) image of the cross-sectional
view of the silica grating pattern after the RIE process. An atomic force microscope (AFM) was also
used to examine the groove profile as shown in Fig. 3(b). The results show that the groove depth and
width were close to the design parameters, with a fabrication error of less than 3%. However, the
groove walls of the fabricated grating coupler were not perfectly vertical as designed but were
trapezoidal in shape with an approximately 70� angle of the sidewall, as shown in Fig. 3(a). The
trapezoidal shape of the groove wall was then considered as a parameter in the numerical
simulations, to determine its effect on the coupling efficiency. The contour map of the diffraction
efficiency as a function of groove width and groove depth for the grating coupler with 70� groove
sidewalls is shown in Fig. 4. Compared with Fig. 2(a), the optimized groove width for the grating with
maximal diffraction efficiency has a slightly larger value (around 210 nm), and the optimal diffraction
efficiency remains greater than 90%. This indicates that a wider groove design can be used to
compensate for the effect of nonverticality in the groove wall on the diffraction efficiency.

Fig. 3. (a) SEM image of the silica grating before gold deposition. Cross-sectional view reveals the
trapezoid shape of the grating structure. (b) AFM contour picture of the grating with 679.69-nm pitch and
129.99-nm groove depth.

Fig. 4. Simulation of the sum of both �1st orders diffraction efficiency as a function of the groove depth
and groove width after considering the 70� sidewall angle.
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4. Side-Pumped Fiber Lasers
The setup of the grating side-pumped fiber lasers are shown in Fig. 5. The light emission from the
LDA was side pumped into the Yb-doped gain fiber through the grating coupler, and a pair of fiber
Bragg gratings (FBGs) with high (99%) and low (6%) reflectivity was fused and spliced at each end
of the gain fiber as the wavelength-selective reflector and output coupler, respectively. As
mentioned above, the laser-pumping scheme can be switched between bidirectional pumping and
unidirectional pumping by realign the pumping position to one end of the gain fiber and slightly
adjusting the relative position of the SAC lens array. Fig. 5(a) and (b) represents the schematic
diagrams of the bidirectionally and the unidirectionally grating side-pumped Yb-doped fiber lasers,
respectively. In the experiment, the lengths of the Yb-doped gain fibers for both the bidirectional
pumping and the unidirectional pumping setups are the same to facilitate the comparison of their
laser performances. Because of the high-power operation, it is necessary to attach the grating
coupler to a heat dissipation holder. Therefore, the massive heat generation can be rapidly
transferred to the holder to avoid heat accumulation at the grating coupler.

5. Results and Discussion
To measure the light power coupled into the fiber, a pair of power meters were placed at both ends
of the fiber to measure the total coupled power. Fig. 6(a) shows the measured overall coupling
efficiency as the function of the groove widths at 42.4 W LDA pump power. For a grating coupler
with a silica groove width of 170 nm, the coupling efficiency was only 24% with the coupled power of
10.1 W. As predicted by numerical simulation as shown in Fig. 4, the diffraction efficiency for the
grating coupler with an angle of 70� side can be optimized by increasing the groove width, and the
maximum efficiency occurs when the groove width is 210 nm. The black solid circular points in
Fig. 6(b) represent the overall coupling efficiency against increased LDA pump power for the grating
coupler with a 210-nm groove width. In this case, a total coupled power of 21 W, coupled from an
LDA operated at 42.4 W, was measured, which corresponds to a coupling efficiency of
approximately 50%. At a lower pump power, the coupling efficiency can even reach 66%. The
temperature influence of the grating coupler was also observed while measuring the coupling
efficiency as shown in Fig. 6(b). The red hollow circular and triangular points represent the
temperature of the grating coupler attached on the heat dissipation holder with and without fan
cooling, respectively. For the grating coupler attached on the holder without fan cooling, the
temperature increases rapidly from 21 �C to 53 �C, while the pump power increases from the laser

Fig. 5. Schematic diagram of side-pumped Yb-doped fiber laser. (a) Bidirectionally pumped Yb-doped
fiber and (b) unidirectionally pumped Yb-doped fiber. FAC represents the fast-axis collimation lens, and
SAC represents the slow-axis collimation lens.
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threshold to over 40 W. At this moment, the overall coupling efficiency drops by almost 50% as the
black solid triangular points as shown in Fig. 6(b). Hence, the rapid heat removal from heat
dissipation holder to the surrounding environment is still important. Besides, the efficiency peaks at
the laser power of approximately 2 W, as shown in Fig. 6(b). This may be caused by a change in the
spatial mode profile of the LDA. Because the LDA is a multiemitter and multimode light source, it
has fewer transverse modes when the current is just above the lasing threshold. As the current
increases, it abruptly evolves multiple transverse modes, because of spatial hole burning. Such an
abrupt change of mode can, in turn, change the slow-axis divergence angle of the output beam, and
thus change the coupling efficiency, because the diffraction efficiency of the grating is sensitive to
the incident angle. Since the typical thermal expansion coefficient of silica, is approximately
5:5� 10�7=�C, which is quite low compared with that of gold, the relatively thermally insensitive
silica mold may constrain the thermal expansion of the gold nanostructure and thus maintain the
grating pitch and shape during the thermal expansion, and therefore, any decrease in coupling
efficiency should be negligible.

However, the experimental result shows an appreciable slope of approximately �0.22%/W (black
solid circular points) for the case with fan cooling and �0.75%/W (black solid triangular points) for
the case without fan cooling, as shown in Fig. 6(b). It is caused by the back reflection of light at the
grating surface feeding back to the LDA through the lenses, and then interfering with the LDA,
which influences LDA output power (for either the cases with or without fan cooling), as well as the
slightly deviated position of the grating coupler at high temperature caused by thermal expansion
(for the case without fan cooling). The measured laser output power decreases when back
reflection of light occurs. The back reflected light comes from two sources: 1) the zero-order back
reflected light itself and 2) the �1st order diffraction and back reflection onto the grating coupler by
the TIR at the fiber cladding boundary, which is referred to in this paper as the Bbackward diffraction
loss.[ As shown in Fig. 7(a), part of the �1st order diffracted light (diffracted by the grating once) in
the fiber cladding is reflected back to the grating again, resulting in a �1st order twice diffracted light
(diffracted by the grating twice). The direction of this �1st order twice diffracted light is coupled out
of the fiber, so the overall coupling efficiency is consequently reduced. To verify the effect of the
loss caused by backward diffraction on the overall coupling efficiency, a numerical simulation was
performed, in which the effect of the backward diffraction caused by the internal reflection and slow-
axis divergence of the laser beam were taken into consideration. Fig. 7(b) shows the overall
coupling efficiency as a function of the slow-axis divergence angle, taking losses caused by
backward diffraction into account. The result shows that the overall coupling efficiency drops to
approximately 70%. As the slow-axis divergence angle increases, the overall coupling efficiency
drops gradually. The transition point on the curve of the overall coupling efficiency at around 6�,
shown in Fig. 7(b), corresponds to propagation of the diffracted light at the critical angle of the inner

Fig. 6. (a) Overall coupling efficiency against different groove widths of the gold-embedded silica grating
coupler. (b) Coupling efficiency of the grating coupler (black solid points) versus LDA output power and
the temperature of heat dissipation holder (red hollow points). Circular and triangle points represent the
heat dissipation holder with and without fin-type heat sink, respectively.
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cladding-air boundary. The simulation results indicate that, there are two possible ways to mitigate
the loss caused by backward diffraction. First, a customized SAC lens array must be used, in order
to collimate the laser beam and to ensure a divergence angle of less than 0.5�. Secondly, the
grating pitch of the grating coupler must be slightly less than 680 nm to increase the diffraction
angle and prevent the leaking by the grating coupler of the light already coupled in the fiber
cladding.

Finally, the side-pumped fiber lasers of bidirectional and unidirectional pumping schemes were
both implemented by using the grating coupler with 210-nm groove width. In one of the
experiments, the LDA pump light was aligned for normal incidence to form the bidirectional side-
pumped fiber laser. The power distributions of �1st order diffraction were symmetrical at normal
incidence (SAC shift equals to zero). In the other experiment, the pumping scheme was switched
from bidirectional pumping to unidirectional pumping by slightly adjusting the position of the SCA
lens array. As the SAC lens array was being shifted, the power of þ1st order increased, and the
power of �1st order decreased. Table 2 shows the pump power symmetry between þ1st order and
�1st order at different SAC positions. The total coupled power is almost the same when the SAC
shift is below 60 �m; and it starts to decrease when more SAC shift is applied. The position
adjustment stopped when the power of �1st order dropped to zero and only the power of þ1st order
was left. At this point, the unidirectional pumping was achieved. The result shows the total coupled
power for unidirectional pumping is slightly lower than that for bidirectional pumping which agrees
with the theoretical analysis.

The squares and triangles shown in Fig. 8(a) represent the measured signal output power against
the coupled pump power of the side-pumped Yb-doped fiber laser of bidirectional and unidirectional
pumping schemes, respectively. Compared with the blue dash line and red solid line for the
simulation results, it shows good agreement between the measurement results and the theoretical
values. The measured laser slope efficiencies for the bidirectional pumping and unidirectional

TABLE 2

Pump power symmetry

Fig. 7. (a) Schematic diagram of the backward diffraction loss. (b) Simulation of overall coupling
efficiency after considering the backward diffraction loss.
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pumping schemes were 63% and 45%, respectively. The signal output powers were 7.7 W for
bidirectional pumping and 5.4 W for unidirectional pumping when the same 15 W pump power was
launched. The signal output power can even reach 10.01 W for the bidirectional side-pumped Yb-
doped fiber laser while the pump power is 19.9 W. It was observed that the slope efficiency of
bidirectional pumping is 18% higher than that of unidirectional pumping. The reason for the higher
slope efficiency is because of the nearly optimal cavity length of bidirectional pumping. If the length
of the gain fiber is too short, not all the pump power is absorbed by the gain fiber, the pump
utilization is reduced. On the other hand, when the length of the gain fiber is too long, the remaining
section of the gain fiber beyond a certain length may exhibit negative gain caused by weak
pumping. For the unidirectional pumping scheme, the length of the gain fiber is longer than required
for maintaining positive gain along the entire length, and thus, the laser slope efficiency decreases.
Finally, the measured laser central wavelengths were both 1090 nm, and the laser linewidths were
well below 0.02 nm because of the use of the double-clad FBGs. Fig. 8(b) shows the laser linewidth
of bidirectional side-pumped Yb-doped fiber laser at different signal output power. The laser
linewidth is well limited by the FBGs, and the central wavelength shifts 0.04 nm when the output
power increases from 1 W to 10 W. The slight wavelength shift is reasonable for a typical fiber laser
with FBGs as the wavelength selective reflectors. The obvious side-band fluctuations in the
spectrum represents the larger amplified spontaneous emission at 10-W output power, and the
second peak near the central wavelength is coming from the imperfect FBG spectral response.

6. Conclusion
The gold-embedded silica grating side-pumping scheme in which the light from a high-power LDA
was coupled into a DCF was implemented. The experimental results show that thermal expansion
caused by high-power light absorption by the metal part of the grating coupler may limit the coupling
efficiency for high-power operation. In addition, the geometric parameters of the grating coupler,
such as the verticality of the groove wall, the grating pitch, and the slow-axis divergence angle of
the laser beam all have a significant effect on the overall coupling efficiency. The optimization of
the geometric parameters for the gold-embedded silica grating coupler, taking into account the
nonverticality of the groove wall and the loss caused by backward diffraction, resulted in a 25%
improvement in efficiency for high-power laser operation. Up to 21 W of side-coupled pump power
was coupled from the LDA into the DCF, giving an overall coupling efficiency of around 50%.
Theoretically, the gold-embedded silica grating coupler can sustain a power level much higher than
hundreds of watts as long as the pump power does not exceed the optical damage threshold for
silica and gold. In our experimental setup, a fan-cooled heat sink was used for dissipating the heat
absorbed by the metal part of the grating coupler. For a much higher pump power, the fan-cooled

Fig. 8. (a) The measured laser signal output power against coupled pump power of bidirectional
pumping (square points) and unidirectional pumping (triangular points) schemes, respectively. (b) Laser
output spectrum for bidirectional pumping at 1 W (black curve) and 10 W (red curve) output power,
respectively.
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heat sink could be replaced by a water-cooled heat sink with temperature control to maintain a
more stable temperature of the grating coupler. Furthermore, an LDA side-pumped Yb-doped DCF
laser was demonstrated by using such a grating coupler. In this kind of side-pumping scheme, the
pumping direction and the pump power can be easily switched for either bidirectional pumping or
unidirectional pumping without using any WDM coupler, which simplifies the complexity and
reduces the cost of the entire laser construction. Finally, the signal output power of 10 W with a
slope efficiency of 61% was achieved for the bidirectional side-pumped fiber laser. This preliminary
experimental result shows that a much higher coupling efficiency can be achieved through the
reduction of the loss caused by backward diffraction and improvement of the heat removal process
for the grating coupler.

The technique demonstrated in this paper would be not only an efficient way to achieve a high-
power and high-quality light source but also an possible means to construct a compact distributed
side-pumped fiber laser [17], [18] that can scale up the total coupled pump power. However, in the
multipoint side-pumping scheme, the pump light which is coupled from one grating coupler may leak
out by the adjacent grating couplers as it is propagating through a passive fiber, but if doped active
fibers (e.g., Yb-doped double clad fiber) are used instead of passive fibers and the active fiber
section between any two adjacent grating couplers is long enough to allow the coupled pump light
to be absorbed completely before being coupled out by the adjacent gratin coupler, the power
scaling can be achieved without any pump power leakage. It should also be noted that the signal
propagating in the fiber core will not leak because it is isolated from the grating coupler by the inner
cladding. Besides, the technique has the advantage of mass production if the grating coupler is
fabricated by using the nanoimprint techniques. Furthermore, by suitable selection of the focusing
lens pair, the coupling method can be used not only for a DCF but for optical fibers with different
diameters and shapes as well. Finally, the side-coupling scheme with gold-embedded silica grating
coupler also has the potential for constructing a high-brightness fiber light source with a much
higher power and a much more compact size by using one single high-power LD stack with
cascaded LDAs, which will be our next attempt in the future.
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