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Abstract

We introduce a 3-step method to optimise a nanostructured photodetector for infrared sensing through non
degenerated two-photon absorption (NDTPA). First, the nanostructure is designed to tailor the distribution and
concentration of both pump and signal intensities within the absorbing layer, thus leading to a gain in two-photon
absorption. Second, the issue of the competition between NDTPA and other sub-bandgap transitions is tackled with a
new figure of merit to favor as much as possible NDTPA while minimising other absorption processes. Third, a refined
computation of the gain and the figure of merit is done to consider focused beams. Finally, two scenarios based on
low power infrared photodetection are investigated to illustrate the flexibility and adaptibility of the method. It is
shown that the gain is up to 7 times higher and the figure of merit is up to 20 times higher compared to the literature.
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Introduction
Quantum infrared photodetection is classically done
through direct absorption of a photon to enable an elec-
tronic transition in so-called linear light sensors. Several
photodetection technologies are currently in competi-
tion in the mid-wave (3-5 μm) and long-wave (7-12 μm)
infrared spectrum such as the bulk semiconductor tech-
nologies HgCdTe [1] and InSb [2], the quantum-well
structures (QWIP) [3–5], or the type II super-lattices
(T2SL) [6, 7]. Yet, owing to the small energy of infrared
photons and thus of the electronic transition, background
limited performances (BLIP) are only achieved at cryo-
genic temperature. The needed cooling machine limits
the operability and the mean time before failure of the
infrared photodetectors.
In parallel to the race toward higher operating tempera-

ture (HOT) of linear light sensors [8], new photodetection
paradigm using non-linearities have been proposed either
at the second [9] or third order processes [10–12]. Among
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these third order phenomenons, two-photon absorption
in higher band-gap energy semiconductors presents inter-
esting properties for room temperature infrared photode-
tection. It consists in the quasi-simultaneous absorption
of two photons [13] which makes it naturally interesting
for high frequency and heterodyne application [10, 11].
However, the low quantum efficiency of the mechanism
[14] remains a strong limitation.
In order to tackle this issue, the nanostructures have

been used for photon-harvesting [15], photon-trapping
(MIM [16], GMR [17], etc.) and to locally enhance the
electrical field [18]. In the case of infrared photodetec-
tion, these properties have proven to enhance sensing
performances [19–21], mainly thanks to the reduction of
the absorbing semiconductor volume. As well, the low
efficiency of two-photon absorption can be improved
thanks to the concentration ability of nanostructures [12]
- even in the challenging case of bi-spectral optimisation.
Indeed, an adapted nanostructuration makes it possible
to concentrate and colocalise each beam intensities, lead-
ing to a gain and consequently to greater photogenerated
currents [22].
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Discussion
In this paper, we describe our methodology to optimise
two-photon infrared photodetection in nanostructured
detectors. First, we explain and quantify how nanos-
tructures can enhance two-photon absorption (especially
non-degenerated two-photon absorption called NDTPA)
through fields concentration and colocalisation. Then,
the competition between NDTPA and other sub-bandgap
transitions is discussed, leading to the definition of a
figure of merit for the design of the diodes. This figure of
merit is then refined to tackle the issue of focused opti-
cal beams. Finally, the figure of merit is adapted to address
a selection of low power infrared applications, namely
monochromatic photodetection and infrared imaging.
Two photon infrared photodetection has been previ-

ously discussed in the literature [12, 22–24] with reason-
able success. Yet, up to now the low responsivity and
signal-to-noise ratio (SNR) have limited this technology to
either short-pulsed laser sources or elaborated lab exper-
iments. Based on one of these most recent works [22],
we will revisit the optimisation process of a nanostruc-
tured detector design in order to take full benefit of the
nanostructures for low power infrared photodetection.
We will focus on the absorption process ; the transport
and carrier collection will not be covered. The concepts
discussed here will thus be illustrated on the photodiode
characterised in [22], numerically simulated by the linear
B-Spline modal method [25]. As illustrated in Fig. 1, the
photodetector is a PIN diode made of Indium Phosphide
(InP). Since the structure is supposed infinite along the y-
direction and infinitely periodic along the x-direction, the
computation can be reduced to the PIN area L = d ∗ h.
InP is known to be transparent in the infrared spectrum

(bandgap energy Eg = 1.344 eV [26, 27]) and to exhibit
a high third order non-linear susceptibility [28]. For the
simplicity and generalisation of the discussion, the PIN
junction will be considered as a homogeneous absorbing
medium. The InP allows to absorb simultaneously a 3.39
μm signal photon (�ωs = 0.36 eV) with a 1.06 μm pump
photon (�ωp = 1.17 eV) since �ωs + �ωp ≥ Eg . This leads
to a local carrier generation within thematerial, which will
be swept out by the applied electric field and may partic-
ipate to the two-photon photocurrent, which writes as :

jNDTPA ∼ β(ωp,ωs)ipis (1)

with β the two-photon absorption coefficient [13], ip the
local pump intensity, and is the local signal intensity.
Nanostructured electrodes are used to tailor both the

concentration and colocalisation of the two intensities
inside the diode. The concentration of optical fields is
defined as a locally intense area of light. The colocalisa-
tion of optical fields is defined as the overlap at the same
location of several fields of different wavelengths. Then,
under the pump power non depletion hypothesis, the total
current generated through NDTPA in the surface of the
absorbing layer is :

JNDTPA =
∫
L
jNDTPAdS ∼ G β

(
ωp,ωs

)
P(i)
p P(i)

s (2)

with P(i)
p and P(i)

s incident pump and signal linear power
over one period, L the area of the absorbing region.

Fig. 1 (a). Scheme of NDTPA in a direct bandgap semiconductor. (b). Drawing of a published nanostructured photodiode designed for infrared
photodetection [22] (c). Intensity map of signal and pump colocalisation
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Finally,G is the dimensionless nanostructure gain which
is formulated as :

G =
∫
L

ip(x, y)is(x, y)
P(i)
p P(i)

s
dS =

∫
L
IpIsdS with Ip = ip

P(i)
p

and Is = is
P(i)
s

(3)

The intensity map on Fig. 1.c illustrates the capability of
the nanostructure to concentrate and colocalise the inten-
sities Ip and Is, thus increasing the TPA by a gain G =
120 for the optimal optical configuration (a collimated TE
polarised 3.39μm signal at normal incidence and a colli-
mated TE-polarised pump at 1.06μm pump with an angle
of incidence of 11.83◦). However, other pump related sub-
bandgap processes have been shown to compete with
NDTPA [29–31], leading to a higher background current
and thus a lower SNR especially for low signal intensity.
The total carrier generation given in Eq. 4 is made

of three contributions. The first one comes from the
NDTPA. The second term is the degenerated two-photon
absorption (DTPA) of the pump. The third term is the
phenomenon called Photon Assisted Shockley-Read-Hall
effect (PASRH) [30], corresponding to a two-step transi-
tion : the absorption of a pump photon into or from a
sub-gap energy level induced by the material defects com-
pleted by a thermally activated transition. This PASRH is
proportional to the pump intensity but the linear coeffi-
cient depends on a thermal absorption with many traps
involved leading to complex predictions.

Jtotal ∝
(

β
(
ωp,ωs

) ∫
L
IpIsdS + β

(
ωp,ωp

) ∫
L
I2pdS

+α
(
ωp

) ∫
L
IpdS

)
P(i)
p P(i)

s

(4)

A direct comparison of these three terms is difficult. Yet,
some broad considerations can be made. First, a complete
computation of β [32] is illustrated in Fig. 2b and the two
TPA processes (NDTPA and DTPA) are underlined. Since
β gets higher away from degeneracy (i.e. ωp � ωs ), the
NDTPA is favored.
Unfortunately, the PASRH also increases with the pump

photon energy [29], thus a balance has to be found to
increase the NDTPA while limiting the PASRH. In our
configuration, βNDTPA = 87 cm.GW−1 is almost four
times greater than βDTPA = 24 cm.GW−1 while the pump
energy represents 87% of the gap energy.
Since the structure should favor the NDTPA, the term∫
L IpIs needs to be as high as possible. At the same time,
the terms

∫
L I

2
p and

∫
L Ip must be as low as possible to

limit the DTPA and PASRH. To illustrate this concept,
the normalised pump intensity and signal intensity maps

have been depicted on Fig. 3a and b. These maps illus-
trate the intensity distribution inside the structure and are
thus related to the absorption processes that are possi-
ble at the various positions. Most importantly, the signal
intensity map illustrates the location where NDTPA could
happen and should be maximised. However the pump
intensity map is more difficult to interpret. Indeed, while
the pump intensity is needed to activate NDTPA, it also
gives way to the competitive DTPA and PASRH processes.
So we suggest to differentiate the "useful" pump intensity
that contributes to NDTPA from the rest. This leads to
the definition of the area A where Is is below a threshold
that we arbitrary fix at 20% of its maximum (see Fig. 3a).
We consider that the pump intensity located inside A
cannot contribute to NDTPA and should be minimised.
Conversely, the pump intensity located outside A can be
interpreted as useful for NDTPA and has to be max-
imised (see Fig. 3c). The fraction of Ip inside A which is
detrimental to efficient photodetection through NDTPA
is illustrated in Fig. 3d.
While only the gain G (see Eq. 3) was previously investi-

gated in the literature to optimise the nanostructures due
to its direct relation to NDTPA, we propose here to refine
the optimisation process to tackle the issue of the pump
distribution. A new figure of merit, called F, is built as the
ratio of NDTPA over the avoidable DTPA and PASRH.

F =
∫
L

∼
I pIsdS

∫
L

∼
I
2
pdS

∫
A

∼
I pdS

with
∫
L

∼
I pdS = 1 (5)

∼
I p is the normalised pump intensity in the layer that

enables the comparison between very different structures
if one assumes the non-depletion of the pump power.
Furthermore a complementary optimisation is needed

for infrared detection through NDTPA. Indeed, the opti-
cal beam is usually focused onto the detector. On the other
hand the nanocavities resonances are known to spectral
shift with the angle of incidence. As the Fig. 4 illustrates,
the structure was optimised for a collimated pump with
an incidence angle of θ ip = 11.83◦ and a collimated sig-
nal at normal incidence. The best configuration leads to a
gain up to G = 120 and a figure of merit up to F = 140
m. However, the gain and the figure of merit drop can
be drastic with a modification of any one of the incident
angles.
One can simulate the effect of a focused beam as the

pondered mean of F and G over the cone of incidence
angles - this is expected to greatly reduce both the gain
and the figure of merit. Effectively, as the Fig. 4c and d
illustrate both G and F drop for a focused pump beam
(cone of half-angle ϕp = 2◦). This observation brings the
need for a refined optimisation procedure, which is driven
by the aimed application of the photodetector.
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Fig. 2 (a). Illustration of the three competitive sub-bandgap absorption processes (NDTPA, DTPA and PASRH). (b). Evolution of the two-photon
absorption coefficient of InP with regards to the signal and pump energy

Fig. 3 (a). Signal intensity map. A white dotted isoline delimits the surfaceA where Is < 20% Imax
s . (b). Pump intensity map (c). Intensity maps of the

signal and pump colocalisation. NDTPA is mostly generated in this area. (d). Pump intensity map inA. This pump intensity is detrimental since it
mainly generates PASRH
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Fig. 4 G (a) and F (b) for different incidence signal and pump angles. Both figures depict the best configurations for the detection. The calculation
were performed for collimated beams. This structure needs a pump angle of θ ip = 11.83◦ to detect infrared light. The gaussian ponderated
integration of G and F inside the rectangle leads to their focused value. Evolution of G (c) and F (d) values for a focused configuration with the signal
half-cone angle ϕs and a fixed pump half-cone angle of ϕp = 2.0◦

We now propose to make use of our 3-step optimisa-
tion : maximisation of gain G (NDTPA enhancement),
maximisation of figure of merit F (sub-gap competition)
and optimisation of angular tolerance (use of focused
beams), in the configuration where a signal beam (around
3.39 μm) and a pump beam (1.06 μm) are both focused
on a photodiode. The methodology introduced here is
still suitable to any infrared wavelength, according to the
desired function. And thanks to the generality of this
methodology, one can straightforwardly adapt the optimi-
sation process to another specific application. To illustrate
the flexibility of our optimisation methodology, two struc-
tures tackling different infrared photodetection scenarios
are introduced.
The first structure is a nanostructured InP junction

absorbing at 3.41 μm (see Fig. 5a) for monochromatic
LIDAR or heterodyne detection. We emphasize that, for
this application, the spectral absorption bandwidth is not
a relevant feature. Moreover, since heterodyne detection
tends to operate with large pixels, the signal will not be
strongly focused and the angular stability of G or F is
not a crucial feature. Based on these principles, a guided
mode is used for the signal concentration. This resonance
seems well suited since, despite a low angular stability, it
allows a field concentration that spreads over a large area

of the junction. The signal distribution is mainly focused
under the ends of the gold bar as well as into the lower
half of the absorbing junction under the air slots. The
pump resonance is based on a vertical Fabry-Perot which
displays an interesting angular stability. The pump dis-
tribution is mainly focused as lobes under the air slots.
Thus the signal and pump distributions overlap rather
well under the air slots, leading to a great colocalisation.
The fields and concentration maps are depicted in the
supplementary materials. As illustrated on Fig. 5 and
Table 1, the optimised structure presents, for a focused
pumpwith a 2◦ half-cone angle, a gainG = 35 and a figure
of merit F = 108 m that are respectively 7 and 5 times
higher than those of the literature. The angular stability of
G and F is about 3◦ which is coherent with the application.
In addition, it is noteworthy that, contrary to the struc-
ture from literature, both pump and signal are working at
normal incidence which highly simplifies the use of such
photodetectors.
The second structure is a nanostructured gallium

arsenide (GaAs) junction with an extended absorption
band in the MWIR (3-4 μm) for imaging applications.
In this regard, the device requires both a wide spectral
absorption band and an angular stability at least up to
10◦. To this end a coupled nano-Fabry Perot (nFPc) [33]
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Fig. 5 (a). Spectral distribution of the signal intensity of the monochromatic structure (dm = 1.21μm, wm = 0.34μm, hm = 0.388μm and
h0 = 0.05μm). (b). Spectral distribution of the signal intensity of the bichromatic structure (db = 1.64μm, wb1 = 0.29μm, wb2 = 0.25μm,
wb3 = 0.21μm, hb = 0.190μm and h0 = 0.05μm). Evolution of G (c) and F (d) values under a focused configuration. The pump is at a fixed
wavelength 1.06 μm, and focused with a half-cone angle of 2◦

resonator is used for the signal concentration. The nFPc
enables to design several resonances with similar field
distribution and high angular tolerance. The signal dis-
tribution is mainly concentrated under the ends of two
side-by-side gold bars until it extends under the air gap
between them in the lower half of the absorbing junction.
The pump resonance is based on a guided mode reso-
nance. Thus the pump distribution is distributed as a lobe
along the absorbing junction. The signal and pump distri-
butions overlap very well considering the two detectable
signal wavelengths. Few signal-free pump regions are
available, which will lead to a very good figure of merit
F. The fields and concentration maps are depicted in the
supplementary materials. As illustrated on Fig. 5 and
Table 1, the angular mean values of G (3.39 μm) =
10.6 and G (3.66 μm) = 12.6 are about 4 times higher

than the angular mean value of the literature G = 2.88
[22]. As expected, the increased spectral bandwidth and
the angular stability come at the cost of 3 times lower
gain at normal incidence as compared to the one of
the monochromatic structure. With regards of the figure
of merit, the introduction of a multispectral nanostruc-
ture imposes to redefine the detrimental pump inten-
sity. Indeed, the pump intensity that is colocalised with
either signal intensity can enable NDTPA. Thus the area
A has to be defined with regards to each signal reso-
nance such as : A = A3.39μm ∪ A3.66μm. Finally, the
figure of merit F is almost constant with regard to the
signal half-cone angle which is relevant with the expecta-
tions.
Thus two structures with distinct objectives have been

depicted, based on an optimisation process through the

Table 1 Gain G and figure of merit F values depicted for all the structures

Structure Signal resonator Pump resonator G(0°) G(10°) F(0°) [m] F(10°) [m]

Literature [22] Diffraction order GMR 4.60 1.20 20.2 5.24

Monochromatic Guided mode Vertical Fabry-Perot 35.2 16.3 108 50.0

Bichromatic (3.39 μm) nFPc GMR 13.5 10.7 411 325

Bichromatic (3.66 μm) nFPc GMR 11.3 10.1 416 373

The computation is performed for a focused pump with a half-cone angle of 2◦ . The signal is either collimated (0°) or focused with a half-cone angle of 10◦
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figure of merit design. Consequently the resonator choice
is made to meet the device requirements. Many config-
urations may be possible for the desired application but
the figure of merit sets up points of comparison for every
case. Therefore this methodology is flexible and suit-
able for various devices and tunable for various spectral
configurations.

Conclusion
In conclusion, a methodology to optimise two-photon
photodetection in nanostructured detectors for low
power infrared sensors was described. Based on the
NDTPA equations and its competition with two other
sub-bandgap absorption processes, we suggested a 3-step
optimisation procedure. First comes the structure gain,
which quantifies NDTPA through the colocatisation of
the pump and the signal intensities. Second the ratio of
NDTPA over the avoidable DTPA and PASRH that can
be interpreted as a signal to noise optimisation. And third
comes the structure angular tolerance, which is required
formost applications where the optical beams are focused.
As a result, the optimisation methodology was demon-
strated for two structures aiming at distinct scenarios.
This optimisation methodology can easily be adapted to
various wavelengthes, various absorbing junctions and
various applications; it paves the way to new efficient
designs.
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