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Micro-structuration by etching is commonly used in integrated optics, adding complex and costly processing steps which
can also potentially damage the devices performances due to the degradation of the etched sidewalls. For diffraction
grating fabrication, different strategies have been developed to avoid etching, like layer deposition on structured surface
or grating deposition on top of active layers. However, etching remains one of the best process for making high aspect
ratio diffraction grating. In this work, we have developed fully structured diffraction gratings (i.e. like fully etched
gratings) using lift-off based processing performed in pulsed laser deposited layers since the combination of both
techniques is of great interest for making microstructures without etching. We have first studied the influence of the
lithography doses in the lift-off process, showing that (1) micrometric spatial resolution can be achieved and (2) sidewall
angle can be controlled from 50 to 150° in 0.5 pm thick layers. Using such optimizations, we have then fabricated Er-doped
Y203 uniaxial diffraction gratings with different periods ranging from 3 to 8 pm. The fabricated devices exhibit emission
and reflectivity properties as a function of the collection angle in good agreement with the modeling with a maximum
luminescence enhancement of x15 compared to an unstructured layer at a wavelength of 1.54 pm. This work highlights
thus the lift-off based processing combined with pulsed laser deposition as a promising technique for etch-free practical
applications such as luminescence enhancement in Er doped layers.

for quantum photonics [27,28] due to the lanthanide high
1. INTRODUCTION coherences[29] allowing to realize many quantum functions like
sources[16], spin readout[17,24], memories[22], microwave
transductors[23] and so on. Therefore, developing diffraction gratings
with rare earth emitters without etching is of great interest to control
the light emission of such layers for different applications like laser
integration[20,30] with grating, signal processing[31], quantum
optics[27,28], and so on.

In this work, we have fabricated Er3+ rare-earth-doped gratings by
Pulsed Laser Deposition (PLD) and lift-off processing without etching.
Lift-off processing is usual in microelectronics but is limited to low
thermal budget layers[32,33] and can also induce high sidewall
roughness[34]. Since PLD deposition can provide high quality films at
low temperature deposition due to the high kinetic energy of the atoms
during deposition[35], it is thus a compatible technique with the lift-off
processing to fabricate thicker micro-devices without etching[36].
However, low roughness and high-resolution patterning in thick layer
are relatively challenging with lift-off processing. For that purpose, we
have firstinvestigated the lithography dose influence in the shape of the
microstructure to determine the minimum resolution size. We have
then fabricated diffraction gratings with different periods and measured
their emission and reflection properties as a function of the wavevector.
Structured layers exhibit a controlled angular-dependence in emission,
in good agreement with theory and a strong luminescence
enhancement at certain angles. This work thus shows that the lift-off

Material etching is a standard process in photonics for the fabrication
of a large variety of micro-devices like waveguides, lasers, photo-
detectors gratings, and so on. It consists of the ablation of a surface
trough a micro-structured mask (e.g photoresist). Such a processing
step remains complicated, expensive and potentially detrimental for
practical applications since it can also induce extra-losses due to the
degradation of materials along etched sidewalls[1,2] as well as
undesired roughness. For instance, grating devices are widely spread in
photonics for light coupling [3], filters [4], mirror definitions [5] and so
one. Furthermore, luminescence enhancement by diffraction grating is
also very interesting to increase the spontaneous emission, to control
the light direction or to increase the pump absorption[6-11]. For that
purpose, different strategies have been developed to avoid etching in
the emissive layer like using diffraction elements below[6-8,12] or
above the active layer[9,10], but these methods cannot be used to fully
structure the emitting layers (like the fully etched gratings compared to
the shallow etched gratings). For rare earth doped materials, etching is
also commonly used in photonics[13-17]. Other methods have also
been studied for integration but with millimetric resolution[18,19],
without structuration[10,20,21], using ion beam[22-24], or by layer
deposition on pre-structured substrates[25,26]. Indeed, rare earth
emitters have recently growing as a very interesting emerging platform
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processing combined with PLD is a relevant approach for etch-free
fabrication of practical photonic devices like diffraction gratings as
future building blocks in many applications in integrated optics like
rare-earth ions based quantum nanophotonics.[27]

2. GRATTING

A. Description

Our reference design consists of 0.6 pm thick Y203:Er3+ layer on SiO2
with 1.87 [37] and 1.44 [38] refractive index at 1.54 pm wavelength,
respectively. This structure corresponds to a single-mode waveguide
slab in the infrared spectral window 1.3-1.8 pm. Most of Y203:Er3*
emission radiates into this guided mode and is trapped within the slab
due to total internal reflection, while only ~8% percent of the emitted
light may escape to the air. To enhance light extraction and absorption,
a periodic corrugation of period p is introduced (see Figure 1-a). This
modulation diffracts the initial guided mode and induces a band folding
effect: each diffraction order m implements a wavevector-shift of
Km=2mm/p to the dispersion of the initial guided mode. As a
consequence, for certain values of diffraction order m, the folded guided
mode is brought above the light-line and becomes guided mode
resonances (GMR). The GMRs are out-coupling channels for Y203:Er3+
guided emission and the angular pattern of emitted light is dictated by
the dispersion of the GMRs. At first approximation, when only the
bandfolding mechanism is taken into account, the dispersion of GMRs
can be analytically calculated.

Diffracted modes

18
a b) J —k=1
) NERY -
= 14
»
S 4 —-- k=2
06 | /. v fooe ke
Fre=gmen-=-- ‘,’...l _____ 4 ...... .
FLad 4 G e 4
04 T = g
0 2 4 6 a8
Period (pm)
c) period=2 um D=5 um p=8 um
800 T T BYR |m]
| TR o
\ { {
17001 | ‘v‘ | ] 4‘
|
= |\ / [ | | \ y
& | \ 3/ . \ {
-0 3 (@R /3 |
:9 ’nw"'f‘\»wj Awefec
31500 ‘ / \ / | ‘
1400 >\ 1 Ay | 2
N E/HEe 8% 2
LA IRIIEN x
1300+
-1 0 1 1 0 1 41 0 1
NA=sinf NA=sinf NA=sin

FIG. 1: Diffraction grating modeling with (a) used parameters, (b) mode
position as a function of the period around Ag=1.54 um (top) and A,=0.532
um (bottom) wavelength and (c) calculated dispersion of GMRs.

B. Modeling

Figure 1-c presents calculated GMR dispersions for the 1.3-1.8 um
wavelength ranges, with three different periods 2, 5 and 8 pm. The red
dashed line corresponds to the wavelength at which the erbium
emission is maximal (Aer=1.54 pm for the 41132 >#1152 transition of Er3+).
The gray shading region indicates the numerical aperture in our
experimental setup (NA=0.42) studied later in this work. For a small
period of p=2um, we “only” have eight GMRs corresponding to

diffraction orders m=#1, +2, +3, +4. When limited within a numerical
aperture NA=0.42 and focusing in the vicinity of erbium emission
wavelength at 1.54pm, only two GMRs of m= +2 exists for 2 pm period
which are responsible of the extraction of erbium emission to free space.
However, for big periods, many more GMRs are present, and the light
extraction mechanism involves multi channels. Similar arguments can
be applied for the enhancement of absorption mechanisms in the visible
range (Ap=0.532 pm for the 4I15/2— 2H11/2 transition of Er3+). In that case,
the waveguide is already multimode transverse in the visible range, thus
the number of GMRs in the visible range is much more important
(bandfolding for different guided modes, with different diffraction
orders). Therefore, the mode positions have been summarized as a
function of the period at 0° on the Figure 1-b around the Er3+extracted
emission (A=1.54 pm for the #l13/2 —»*l15/2 transition) and absorption
(Ap=0.532 um for the 4li52— 2Hi3/2 transition) which will be
experimentally studied later in this work. We clearly see that the lower
period absorbs at lower diffraction mode (with different transverse
modes k=1, 2 or 3) and that the emission is mono-mode (with only one
transverse mode k=1).

3. FABRICATION

A. Processing

Figure 2 presents the used process flow for the grating fabrication.
Micro-strips were first patterned with AZ5214 photoresist previously
spin coated on top of 2 pm thick SiOz layer on Si with a laser writer using
GDS files. Different exposure doses were investigated, whereas the
development time was kept constant at 60 s. A 500 nm-thick Y203:Er3+
(1 at. %) layer was then deposited on top of the structured substrate
with a KrF excimer laser (A=248 nm, t=17 ns, Coherent Compex Pro)
operatingat 5 Hz. The laser beam was focused on the target over 2 mm?,
and the laser energy and the Y203:Er3+ substrate distance were kept
constantat 73 mJ and 6 cm, respectively. Substrate rotation was used to
obtain homogeneous layer thickness at a growth speed of 3.5 nm/min.
The film was grown at room temperature in an oxygen-gas atmosphere
(10-3 mbar). Lift-off was then performed in ultrasonic wet bench with
acetone. After the lift-off, samples were annealed for 24 h at 650 °C in
order to activate the doping and to improve the structural quality of the
film [36].

cece

FIG. 2: Process flow for the grating fabrication using a) lithography of
photoresist, b) Y203:Er3* PLD, c) lift-off and d) annealing

B. Dose influence

Figure 3-a presents the influence of the lithography dose before and
after the lift-off processing (corresponding to the process step in Figure
2-b and 2-c) with SEM (Scanning Electron Microscopy) images. SEM
images were taken at 45° angle tilt with a TESCAN SEM at 5 kV with a
secondary electron detector. Low doses were obtained with negative
photoresist and high doses with positive photoresist using
AZ5214E[Eu] reversible photoresist from micro-chemicals company, in
order to control the slope angle of the photoresist [39]. By comparing
the imaging before and after lift-off, we clearly see that the PLD layer



follows the lithography shape. Figure 3-b plots the slope 8 angle of the
microstructure and the pattern width difference Aa (see inset of the
Figure 3-b) as a function of the lithography dose. This width difference
corresponds to the absolute difference of the pattern size compared to
the theoretical width (ain the Figure 1-a), which was used in the GDS file
and sent to the laser lithography. For negative photoresist, the pattern
increases with the dose since it remains on the sample after exposure
(ie. negative mode). For positive photoresist, the dimension of the
developed pattern decreases with the dose since the exposed region is
removed from the sample after exposure (i.e. positive mode). Regarding
the shape of the devices, the obtained microstructures have a sidewall
angle ranging from 50° to 150°. For positive photoresist, the sidewall
angle is below 90° with higher roughness coming from the breaking of
the layer during the lift-off. For negative photoresist, low roughness is
observed since the deposited material is not in contact with the
photoresist, especially for the lowest dose. These behaviors come from
the reversible nature of the used photoresist AZ5214. Therefore, the
exposure dose is a primordial parameter which needs to be controlled
as a function of the targeted shape. The Figure 3-c presents two
examples of extrema for the minimum and maximum angles we can
obtain on a disk. In that case, we observe here “bowl” (for low dose with
negative photoresist) or “pancake” (for high dose with positive
photoresist) shapes which confirms that we can obtain atypical shapes
and very low roughness (for low dose) with this technique. Indeed, as it
can be seen in the SEM images after liftoff for low dose in the Figure 2-a,
the sidewall roughness is in the same order of magnitude than the
roughness of the unstructured part of the layer.
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FIG. 3: Influence of the lithography dose on the shape of the microstructure
with a) SEM tilted imaging before and after lift-off; b) sloped sidewall angle
and width difference (compared to the theoretical width of the used GDS
file); c) Examples of the disk micro-structuration at very low and very high
doses, resulting in “bowl” and “pancake” shapes, respectively.

4. GRATTING CHARACTERIZATION

A. Measurements

Different gratings have been fabricated with 0.5 pm thick Y203:Er3+ on 2
um SiO2 on Si substrate. Figure 4-a presents SEM images for 3,4.5, 6 and
8 um periods. We clearly see that high spatial resolution is obtained with
sub-micrometric trenches. Photoluminescence and reflectivity
measurements were performed on such gratings. Figure 4-b presents
the micro-reflectivity measurements performed with an infrared lamp
focused over 10 um? on the microstructures. Light was collected
through a x50 objective of numerical aperture NA=0.42 and directed to
a spectrometer with an IR InGaAs camera used as output detector with
10 ms integration time. In order to resolve the angular distribution, the
farfield image is captured in the Fourier space by projecting the back-
focal plane of the objective on the entrance slits of the spectrograph. The

corrugation direction in the sample is aligned along the spectrometer
slit, so that single-shot image taken by the camera provides directly an
angle-resolved reflectivity map [40]. The GMRs are revealed in the
reflectivity as Fano resonances in the measured spectrum. The
associated modeling (similar to the one discussed in Figure 1) have been
added as red dashed lines on the measurements with the adjusted
period pth indicated on top of the Figure 4-b. We found a very good
agreement between the measured and adjusted periods starting from 4
GMRs for the 3 pm period up to 10 for the largest period, as expected.
Micro-PL measurements were also performed on the same
microstructures with a 532 nm wavelength CW laser and the same
measurement setup (Figure 4-c). First of all, we observe the expected
erbium transition in Y203 poly-crystalline matrix with a maximum
emission at 1.54 um wavelength [41]. Secondly, we observe that the
photoluminescence intensity is highly increased at angular positions
driven by the GMR dispersions. For instance, the emission is enhanced
at two angles (+10°) for the 3 pm period, which correspond to the
diffracted modes observed by the reflectivity measurement (Figure 4).
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Fig. 4. Diffraction gratings characterization for different periods with a) SEM
tilted image; b) reflectivity and c) photoluminescence measurements as a
function of the wavelength and the angle.
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B. Photoluminescence enhancement

In order to evaluate quantitatively the luminescence enhancement, the
gratings were compared to the unstructured part of the sample. The
Figure 5-a presents the luminescence of the bulk layer with the same
measurement setup. Since the emitted signal was lower, the integration
time used was 10 times higher (i.e 100 ms). We also see a maximum of
emission at 1.54 pum. However, no preferential orientation of the
emission is observed since rare earth emission is isotropic in bulk
materials. Such emission was compared in count/s with the structured
layers at 1.54 pm as a function of the emitted angle (Figure 5-c) and at -
10° as function of the wavelength (Figure 5-d). A maximum
luminescence enhancement of 15 is reported for the 3 pm period
compared to the bulk layer at the maximum of the detected signal (i.e.
1.54 um and -10°). Such improvement results from the extraction
enhancement evaluated to be a factor 2 (by comparing the intensity
between 0 and +10°) and the absorption enhancement evaluated here
to be around 7.5 (15 divided by the extraction factor of 2). Indeed, the
absorption enhancement of the pump laser is a key factor for
luminescence enhancement in diffraction gratings [10]. As it was shown
in Figure 1-b, at 0.54 pm wavelength the coupled in-plane modes have
an order of around 15 for the 3 pm period while it is closer to 40 for the
8 pm period. According to the diffraction grating theory, the diffraction
will be more efficient with lower period since the diffraction occurs with



lower mode giving thus higher absorption. Our maximal enhancement
factor (ie. x15) could thus be further increased using lower periods.
Furthermore, the luminescence enhancement is also related to the
extraction factor. As indicated by the comparison between the reflection
measurement and the photoluminescence (Figure 4-b and c), for the 3
um period sample, we clearly see that the crossing of both Fano
resonances does not fit the maximum of the erbium emission at 1.54
um. Therefore, the previous enhancement value of 15 at A=1.54 um
could also be further improved by carefully adjusting the Fano
resonances at the maximum of the erbium emission using period
optimization. Finally, far field measurement was performed on the 6 pm
period sample using a spectral filter and a Fourier lens on the beam path.
As expected three main modes are observed only along the grating
diffraction (Figure 5-b), which confirms that we can control the
emission along different directions with such a design.
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Fig. 5. Diffraction gratings with a) photoluminescence of the unstructured
layers as a function of the wavelength and the angle; b) far field
photoluminescence measurement in the Fourier plane; Comparison of the
emission intensity for the different periods compared to the unstructured
layers c) as a function of the angle and d) wavelength

CONCLUSION

In summary, we have investigated Y203:Er3+ diffraction gratings made
by PLD and lift-off processing. The processing conditions have been first
optimized showing that the lithography dose is a key parameter to
control the sidewall angle and to reach high-resolution patterning.
Diffraction gratings have then been fabricated down to a period of 3 um.
Reflectivity and photoluminescence measurements of such devices
show a very good agreement with modeling, with a maximum
luminescence enhancement of 15 compared to unstructured layer.
Therefore, this work highlights the PLD based lift-off processing to
fabricate photonics devices. It opens thus perspectives to the realization
of new microstructures for integrated optics without etching, for future
applications in free-space communications and integrated quantum
optics.
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