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Gallium indium phosphide (Ga0.51In0.49P), lattice
matched to gallium arsenide, shows remarkable
second-order nonlinear properties, as well as strong
photoluminescence due to its direct band gap. By mea-
suring the second-harmonic generation from the GaInP
microwaveguide (0.2 x 11 x 1300 µm) before and af-
ter stimulating intrinsic photobleaching, we demon-
strate that the photoluminescence could be strongly
suppressed (-34 dB), leaving the nonlinear properties
unchanged, making it suitable for low-noise applica-
tions. © 2019 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

INTRODUCTION

Gallium indium phosphide (GaxIn1−xP) is well suited for
several applications, including biomedical imaging [1], light-
emitting diodes (LEDs) [2, 3], transistors [4, 5] and photovoltaic
cells [6–8], because of its typically high carrier mobility and its
direct band gap (for certain alloy compositions [9]).
Additionally, Ga0.51In0.49P shows interesting properties for non-
linear applications, such as large nonlinear coefficient [10] and
large refractive index [11],and a transparency window start-
ing around 680 nm. Ga0.51In0.49P is also lattice matched to gal-
lium arsenide (GaAs), which makes it attractive to fabricate
free-standing/substrate-free waveguides and membranes by se-
lectively etching of GaAs.
In spite of these interesting characteristics, the use of this mate-
rial for nonlinear optical applications has been mainly limited
to the so-called telecom wavelengths (1260 - 1625 nm) [12–15].
One of the issues to overcome about using this material in the
visible wavelength range (380 to 700 nm) is the strong photolu-
minescence (PL) of the material at around 1.9 eV [16]. Indeed,
the intensity of the PL can supersede other possible effects if
appropriate precautions are not applied, and becomes critical
when spontaneous parametric down-conversion (SPDC) has to
be measured.
In this work, we show how the suppression of PL in GaInP mi-
crostructures can be achieved using a continuous-wave (CW)

laser excitation in the visible (405 nm) and we demonstrate
that the nonlinear optical properties of the material remains un-
changed, by evaluating the behaviour of the second-harmonic
generation (SHG) in the microstructures.
A deeper comprehension of PL behavior and photobleaching
can be beneficial when using this material for other uses, such
as LEDs and photovoltaic cells.

FABRICATION OF THE MICROSTRUCTURES

Fig. 1. Schematics of the fabrication steps: (a) the starting layer
configuration. (b) the lithography step, (c) GaInP wet etching,
(d) wet etching of the GaAs sacrificial layer, (e) release of the
GaInP microstructure and (d) transfer on to glass.

The microstructures were fabricated based on a top-down
approach using the wet etching of high quality epitaxially grown
Ga0.51In0.49P layers on a GaAs (100) substrate, with a lattice mis-
match ∆a/a ≈ 1.8 · 10−3, where a is the lattice parameter. A thin
film of GaAs (50 nm) was used below the top GaInP layer (200
nm) in order to obtain substrate-free waveguide structures (Fig.
1(a)).
A thin layer of a positive photoresist was spin-coated onto the
GaInP 200 nm thick top layer, and then exposed to UV light
through a mask-less photolithographic tool; the light exposure
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transfers the pattern containing the microstructures on to the
photoresist. The photoresist is also used as a mask for the fol-
lowing wet etching process (Fig. 1(b)).
Thereafter, a wet etching process based on a mixture of hy-
drochloric acid (HCl) and phosphoric acid (H3PO4) with a 1:1
ratio was used to etch the GaInP, whereas a combination of
H3PO4, hydrogen peroxide (H2O2) and DI water (H2O) with a
ratio of 3:3:20 was used to etch the GaAs sacrificial layer to make
the substrate-free waveguides (Fig. 1(c-d)).
The structures were submerged in DI water, resulting in the
floating of the microstructures due to the still present resist mask
(Fig. 1(e)); this enabled to transfer the microstructures to a silicon
dioxide (SiO2) substrate (Fig. 1(f)). Before proceeding with the
cleaning process, it is necessary to verify that the microstructure
adhere to the substrate. A drop of acetone is used as a first step
to dissolve the resist and then the microstructures are left to dry.
Finally the structures were carefully cleaned in an acetone bath
in order to remove the photoresist mask followed by rinsing
with isopropyl alcohol and DI water and dry blown with a nitro-
gen flow.
Fig. 2 shows a representative microscope image of the fabricated
microstructures, having a width of ∼ 11 µm wide at the base
and ∼ 1.3 mm long.
These microstructures can be used as optical waveguides and we
estimated an attenuation coefficient of α ≈ 12 dBcm−1 for CW
laser with wavelength λ = 780 nm, which includes scattering
and transmission losses, a value that can be improved by further
reducing the scattering due to the sidewall roughness [17].

Fig. 2. (a) Representative optical microscope image of a GaInP
microwaveguide on glass (SiO2). Inset: schematic of the cross
section of the microwaveguide on glass. (b) Cross-sectional
profile of the microwaveguide measured using an atomic force
microscope (AFM).

The strength of the fabrication process presented here is that the
same process, in principle, could be implemented for any type
of substrate, with the precaution that the waveguides had the
time to dry and stick to the surface.
It is worth mentioning that the Raman spectroscopy performed
on the microstructures on SiO2 indicates a good quality material,
having an order parameter of S=0.3 [18].

MEASUREMENTS AND CONCLUSIONS

The setup used for the UV exposure and the one used for the
characterization of the nonlinearity through the SHG of the mi-
crostructures are presented in Fig. 3, (a) and 3(b), respectively.
For simplicity of representation the setup has been separated in
two schemes, but it is important to highlight that both setups are
similar and to change from one configuration to the other only
required inserting/removing filters and polarizer; the sample

location and detection area remained unaltered.
The microwaveguide is orthogonal with respect to the laser
beams, i.e. the microstructure is not used as a waveguide but as
a thin layer, excited along the z-axis as considered in Fig. 2.

Fig. 3. Schematic of the measurements setups. (a) Configura-
tion used when the PL is excited and measured. (b) Configura-
tion used when the SHG light is measured.

A CW laser with wavelength 405 nm passes through a band
pass filter for 405 nm (FWHM 10 nm bandwidth) and is focused
by an objective 50x on the microstructure after passing through
a cold mirror used as dichroic mirror, and excited the PL (Fig.
3(a)). The PL signal is collected through the same objective and
is transmitted through the dichroic mirror to the detector. Be-
fore the detector, an additional notch filter (Thorlabs NF405-13,
FWHM 13 nm bandwidth) is used to block any transmitted
source light from the laser and an attenuator (OD 4 - Edmund
Optics) is used to lower the the detection intensity. The signal is
finally launched into a multimode fiber and detected with a sin-
gle photon avalanche photodiode (SiAPD). The diameter of the
collected and incident light spots were ∼ 4 µm. The spectrum
of the recorded PL at 3 kWcm−2 before any exposure and after
5 h of exposure is shown in Fig. 4. The spectra are presented
in logarithmic scale since this allows us to show the low signal
level after the 5 h of exposure to the UV light. The average dark
counts rate is ≈ 180 counts/s. However, for a power density
of 30 kWcm−2, a red-shift of 5 nm in the PL spectrum was ob-
served. The shift is reversible, and it can indicate an increase of
the temperature [19].
The PL measurements have been recorded with a gate times

of 500 and 250 ms, triggered every 1 s by the system: during
the measurements we noticed that the different gate times did
not influence the values of the maximum PL recorded when the
values were normalized to the respective gate times. The optical
power was measured with a powermeter positioned after the
objective.
To perform the measurements of the SHG the setup in the
schematics in Fig. 3(b) was used. A pulsed Ti:Sapphire laser
with 100 fs pulses and a central wavelength of 840 nm at 82 MHz
repetition rate was used in transmission configuration. Since
GaInP has a low transmission at 405 nm affecting mainly the top
surface, the configuration chosen allows a better evaluation of
the behaviour of the SHG in the same region. The diameter of
the laser spot was ∼ 3 µm, while the diameter of the collected
light spot remained the same as for the PL measurements (∼ 4
µm). In this case, in the detection branch, only a band pass filter
(Schott BG39) was inserted to limit and allow the transmission of
840 nm and 420 nm, respectively, and where a multimode fiber
was connected to a spectrometer. In addition, one half-wave
plate in the excitation branch and one polariser in the detec-
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Fig. 4. PL spectrum recorded before (in orange) and after 5 h
(in blue) the exposure for a power density of 3 kWcm−2 after
an additional long pass filter at 600 nm. The average dark
counts rate is ≈ 180 counts/s.

tion branch allowed to record the SHG light in two different
configurations of polarization: (i) parallel to the pump and (ii)
orthogonal to the pump, which correspond to the rotation angle
ϕSHG = ϕPUMP and ϕSHG = ϕPUMP + 90o; which are shown in
blue and red in Fig. 5, respectively.
For GaInP and all the crystals with −43m symmetry, the second-
order nonlinear polarization density along the crystallographic
axis can be expressed as follows:

P(2ω)
x =2dEyEz = 2dET EzsinϕPUMP,

P(2ω)
y =2dExEz = 2dET EzcosϕPUMP,

P(2ω)
z =2dExEy = d(ET)

2sin2ϕPUMP.

where ET and Ez are the transverse (xy-plane) and the longitu-
dinal electric field of the pump respectively, ϕPUMP is the angle
between the pump polarization and the x-axis in the xy-plane, i.e.
φPUMP = 0 when the system is aligned to the crystallographic
x-axis, d is the second-order nonlinear susceptibility [20, 21]. The

Fig. 5. Polarization measurement of the SHG light for a GaInP
microstructure. The angle represented in the axis is φSHG. Red
and blue lines: orthogonal and parallel configurations, re-
spectively. (a) Before PL measurements. (b) After 20 h of PL
excitation.

results reported in Fig. 5(a) show the typical 4-fold symmetry
of a −43m material in the orthogonal as well as in the parallel

configuration, where both Ex and Ey contribute to P(2)
z . P(2)

z is
responsible for the stronger signal, almost twice, in the parallel
configuration.
After 20 h-long exposure of the GaInP microstructure to 405 nm

laser at 8 mW (corresponding to a power density of 64 kWcm−2),
the PL reduces significantly (-34 dB). To examine the effect of
this process on the non-linear properties of the material, SHG
measurements under identical condition as in Fig. 5(a) are per-
formed. As clearly visible in Fig. 5(b), the same symmetry and
intensities are maintained. This result confirms that the non-
linearity does not change after the exposure to UV light of the
microstructure. A slight shift in the alignment between t = 1
s and t = 20 h could have caused a modification of the polar
profile for t = 20 h with respect to the one measured before the
exposure.

Fig. 6. PL decay, shown in a time window of 300 s, for several
representative excitation powers due to UV excitation. Both
the horizontal and vertical axis are presented in the logarith-
mic scale. The solid lines and dotted line are used to distin-
guish the measurements made in air and nitrogen atmosphere,
respectively.

In Fig. 6, it is possible to observe the evolution of the PL in
time (first 300 s) for several laser powers at the excitation wave-
length of 405 nm. The PL data show a linear-like decrease in the
logarithmic scale. However, the recorded PL at t = 1 s is not
always proportional to the laser power. This can be explained by
the fact that the PL measured at high powers decreases already
during the first sub-seconds period of illumination. It can be
derived from Fig. 6 that the maximum PL was recorded for 1.4
mW excitation power (corresponding to ∼ 11 kWcm−2 power
density).

In Fig. 7, the behaviour of the PL during the exposure for
different laser powers (varying from 20 µW to 8.6 mW) at the
time t = 1 s (a) and t = 300 s (b) can be observed. The PL is
normalized to the power of the 405 nm laser. In Fig. 7 (a) the PL
increases for lower powers and reaches the maximum PL signal
for a excitation power of 0.5 mW and then for higher powers
decreases exponentially (linearly on the logarithmic scale). How-
ever, in Fig. 7 (b), the PL increases for the lower powers until the
maximum PL signal is obtained for a power of 0.125 mW and
then decreases for higher powers, but with different relation if
compared with Fig. 7(a). This observation is consistent with the
data presented in Fig. 6. This behavior can be associated to two
effects that have already been reported for other materials, e.g.,
chalcogenide glasses [22]. In Fig. 7(a), photodarkening is the
dominant effect, where a laser power of 0.5 mW (corresponding
to ∼ 4 kWcm−2) can be seen as the threshold value. In Fig. 7(b),
the dominant effect is photobleaching. However, the results
shown are not the result of the photobleaching alone but is the
combination of the two processes.
Furthermore, initial tests in nitrogen atmosphere were per-
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Fig. 7. Normalized photoluminescence vs. 405 nm pump
power. The solid dot and pentagram are used to distinguish
the measurements made in air and nitrogen atmosphere, re-
spectively. Power is color coded. (a) Normalized PL measured
at the initial time t = 1 s. (b) Normalized PL measured at the
time t = 300 s of excitation.

formed (reported in Fig. 6 by a dotted line and in Fig. 7 by
a black pentagram) to investigate the influence of the oxygen at-
mosphere in the processes. The data show that the behaviour be-
comes significantly different in the slow photobleaching regime,
which suggests that oxidization contribute to the process as re-
ported for other materials [22, 23].
An other aspect to take into account is the risks of damaging
the microstructure due to the high excitation intensity. For the
microstructures used in this work, a power up to ∼ 10 mW (cor-
responding to ∼ 80 kWcm−2) could be applied without causing
any damage to the microstructure, for an observation time span
and illumination of 100 s. For larger powers, after 1-3 s of illumi-
nation, structural damages in the material were observable.
Moreover, considering the power density limitations of the
GaInP microstructures, an alternative approach was investi-
gated: a power of 10 mW was used for a few seconds and then
decreased to 7 mW, in order to speed up the lowering of the PL
but not critically damaging the material. We observed that in an
equal period of time the PL counts were 20% larger than in case
of constant illumination with a stable 8 mW power, although the
PL counts were lower at the start.
Finally, by keeping constant the laser power to 8 mW, the PL on
this microstructure was reduced below -30 dB after 30 min and
up to -34 dB after 20 h, due to the persistent photobleaching.
In conclusion, the presented process can be implemented as a
solution to limit the PL in case of localized and relatively small
microstructures. Moreover, a proper automated setup that guar-
antees a uniform exposure of the more complex structures can
be considered, as well as modifying the shape of the laser beam
used in the photobleaching process. However, using the intrinsic

photobleaching of the GaInP microstructures widens its use as a
nonlinear material for optical applications that require low-noise
level, such as parametric down-conversion, in an energy range
of significant interest, just above the bandgap.
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