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We investigate infrared detection at room temperature using non-degenerate two-photon absorption

in a nanostructured indium phosphide photodiode. We designed the detector structure to achieve a

good nonlinear absorption by combining three major ideas: first, we use the non-degenerate two-

photon absorption process, which is known to be more efficient than the previously used degenerate

two-photon absorption. Second, we ensured a correct spatial overlap of our pump field with our sig-

nal field. Third, we optimized the nanostructuration to increase the signal field amplitude locally

within the active medium of the device. The resulting device consists of a PIN junction embedded

between a back-reflecting gold mirror and a top grating. We experimentally characterized our diode

with regard to reflectivity and two-photon absorption generated photocurrent for a continuous-

wave pump and a nanosecond pulsed signal of around 3.39lm. Owing to the nanostructuration, the

generated photocurrent shows a gain of 24 with respect to the bulk response of InP. Published by

AIP Publishing. [http://dx.doi.org/10.1063/1.4996369]

Two-photon absorption (TPA) is a third order nonlinear

process that relies on the quasi-simultaneous absorption of

two photons. Therefore, it has proven to be an interesting

tool to measure ultra-fast correlations1 or to design all-

optical switches;2 yet, due to the intrinsically low efficiency

of the nonlinear processes, these applications rely upon high-

peak power light sources, such as femtosecond and picosec-

ond pulsed lasers. However, TPA has also been noticed as an

appealing alternate scheme for quantum infrared detection.3,4

Indeed, typical quantum detection of IR radiation is based on

small gap semiconductors that need to be cooled down to a

cryogenic temperature to achieve sufficient detectivity. TPA

enables the absorption of IR photons by wide gap semicon-

ductors when pump photons are provided to complete optical

transitions across the gap. Still, the low efficiency of TPA

represents a difficulty to detect usual infrared photon fluxes.

To tackle this issue, we combined three strategies to improve

the detection efficiency. First, it has been proven theoreti-

cally and experimentally that using different pumps and sig-

nal photon energies, which is known as non-degenerate TPA

(NDTPA), helps to increase the TPA efficiency by several

orders of magnitude.5 Thus, we decided to work with differ-

ent pumps and signal wavelengths. Second, since TPA is a

local quasi-instantaneous process, both pump and signal pho-

tons must be temporarily and spatially co-localized within

the active medium. We made sure that the overlap of the

fields inside our device was maximized. Finally, it is well

known that TPA has a quadratic dependence with the signal

electric field modulus, so we designed a specific nanostruc-

ture to enhance the signal field within the active medium of

the detector.

In this letter, we report the experimental demonstration

of enhanced non-degenerate two-photon absorption in an

indium phosphide (InP) PIN diode. We have nanostructured

the front electrode, so that the pump and the signal waves are

confined and overlap within the intrinsic zone of the diode.

We have experimentally characterized the behavior of the

photocurrent generation with respect to the signal wave-

length and polarization. Moreover, we have checked the line-

arity of the photocurrent with respect to the pump and the

signal intensities. Confinement within the nanostructure

leads to a 24 time increase of the two-photon current genera-

tion, as compared to the bulk, which is close to the simula-

tion results.

We have numerically designed the structure using the lin-

ear B-Spline modal method.3,6 The periodic 1D structure

parameters, detailed in Fig. 1, are hAu ¼ 100 nm, L¼ 700 nm,

p¼ 1780 nm, and w¼ 580 nm. The nominal thicknesses of the

p-i-n junction are 50 nm for the p-layer, 480 nm for the i-

layer, and 50 nm for the n-layer. The n(p)-layer is doped with

a density of 1 � 1018 cm�3, while the i-layer has an n-type

residual doping with a density of about 1 � 1016 cm�3. For a

TE polarized wave under normal incidence, this structure

exhibits a guided mode resonance7,8 at the signal wavelength

(k ¼ 3.39lm), resulting in a critical coupling between free

space and the device. As it is shown in Fig. 1, the computed

reflectivity of this resonance is characterized by a decrease in

the reflectivity due to the dissipation in the metal; moreover, it

exhibits a convenient angular tolerance (up to610� of inci-

dence). Under 11� incidence, the TE-polarized pump light at
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1.06lm is coupled to a delocalized mode guided inside the

diode, which has a relatively homogeneous field distribution

inside the diode.

In order to optimize this nanostructure, we relied upon

the NDTPA theory. This nonlinear absorption is locally pro-

portional to the product of the pump and signal field intensi-

ties. Thus, in every position of the intrinsic zone of the diode,

the local charge generation jNDTPA is driven by the equation

jNDTPA ¼ b IpIs, where Ip [W/m2] (resp. Is) is the local pump

(resp. signal) intensity and b is the two photon absorption

coefficient. The nanostructure usefulness is therefore to

locally concentrate the signal field within the i-zone of the

diode. Taking into account the macroscopic charge collection,

we can write the integrated NDTPA photocurrent generation

JNDTPA as JNDTPA ¼ bGstructureI
ið Þ
p I ið Þ

s , where I ið Þ
p (resp. I ið Þ

s ) are

the incident pump (resp. signal) intensities, and Gstructure is the

gain due to the nanostructuration defined as

Gstructure ¼
hIpIsi

I
ið Þ
p I

ið Þ
s

; (1)

where h�i represent the spatial integration in the i-layer over a

period of the nanostructure. This theoretical gain is easily

computed in the BMM B-spline modal method (BMM)

method and was used as a figure of merit for the design opti-

mization. The computed spectral evolution of this gain for the

final structure is illustrated in Fig. 1(c). It reaches a maximum

of 38 at 3.39lm, meaning that we expect the photocurrent

generation to be 38 times higher due to the nanostructure.

The experimental setup, presented in Fig. 1(d), consists

of three elements: the signal source, the pump source, and the

reflectivity measurement arm. The signal source is an M-

Squared Firefly-IR optical parametric oscillator (OPO), deliv-

ering pulses with a duration of Dt¼ 10 ns with a repetition

rate of f¼ 150 kHz. It is coupled to a fiber, and its linear

polarization is controlled through a combination of a polarizer

and a half-wave plate. An aspheric lens (focal length: 6mm)

is used to focus the light into a spot of diameter 25lm (mea-

sured at 1
e2

by a knife-edge method) on the photodiode. The

pump light is emitted by a fibered continuous wave laser diode

(Thorlabs LPS-1060-FC) that is also linearly polarized. The

pump beam is decentered from the focusing lens in order to

achieve an 11� 6 2� incidence, as needed to achieve the over-

lap. The whole optical cage is mounted on a motorized three

axis translation stage on top of a CascadeMicrotech EP9 probe

station. The diode is connected by metallic probes to a sub-

femtoamp sourcemeter Keithley 6430, which applies a bias

voltage of �100mV and collects the generated photocurrent.

All of the photocurrent measurements were performed at

room temperature. The infrared reflectivity measurements

were performed with a thermoelectrically cooled HgCdTe

single-pixel photodetector.

We designed the confining nanostructure to have a spe-

cific linear response of the InP device at the signal wave-

length (3.39 lm). To check the optical behavior of our

device, we first measure the reflectivity of the device in the

vicinity of the signal wavelength without the pump source.

We perform a reflectivity scan of the device by translating

the optical cage in the (X, Y) plane with motorized stages.

Figure 2(a) insets show the reconstructed images in reflec-

tion at the signal wavelength. Each (i, j) pixel shows the

mean intensity for a light spot centered at (Xi, Yi). In these

pictures, one can easily identify the sample, the two lateral

pads, and one of the probes thanks to the reflection on the

sloping edges. We obtain the diode reflectivity value by

assuming that, far from the structure, the back gold mirror

can be considered as a reflectivity reference. By comparing

the images of a nanostructured diode and a naked one, we

FIG. 1. (a) On the left is a cross sectional schematic of the diode. An indium phosphide PIN diode of 480 nm non-intentionally doped zone is placed between a

back mirror and a front nanostructured electrode. On the right is an annotated picture taken with a microscope from one realization of the diode. In the center

is the nanostructured electrode of dimensions 20� 25lm. On both sides are gold pads to place the metallic tip on and to achieve one of the electric contacts.

(b) Theoretical reflectivity of the structure for a TE polarized signal light. (c) Evolution of the expected gain on the two-photon current Gstructure with the signal

wavelength for a pump at 11� incidence. (d) Schematic diagram of the dedicated bench. The sample is fixed to the table and the whole optical cage can be

translated along the three axes X, Y, and Z.
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see a decrease in the reflectivity due to the electrode structur-

ation. Using the OPO signal source, we measure the spectral

evolution of the structured diode reflectivity, as shown in

Fig. 2(a). One can note that the resonating wavelength is

actually at 3.36 lm, which represents a small spectral shift

compared to the theoretical value given previously. We attri-

bute this to the manufacturing imprecision. Indeed, this shift

corresponds to an effective width of 750 nm for the nano-

bars. We use this new value from now on. Figure 2(b) shows

the dependence of the reflectivity with the direction of polar-

ization at 3.36 lm. As expected, the reflectivity of the diode

is at a minimum for a TE-polarized light and at a maximum

for a TM-polarized light.

Having characterized the linear behavior of the cavity at

the signal wavelength, we can now study the photocurrent

generation through NDTPA. This nonlinear process is sub-

jected to the simultaneous presence and co-localization of

signal and pump sub-bandgap photons inside the intrinsic

semiconductor. With both sources turned on, the expected

photocurrent generation is a sum of three terms: (1) the lin-

ear absorption current, (2) the degenerate TPA current of the

pump, and (3) the NDTPA-generated photocurrent

Jtotal ¼ a xpð ÞhIpi þ b xp;xpð ÞhI
2
pi þ b xp;xsð ÞhIpIsi; (2)

where Ip (resp. Is) is the intensity [W/m2] of the pump (resp.

signal) beam, h�i represents the integration in the i-layer, a is

the linear absorption coefficient, and b is the TPA coefficient.

The first term of the photocurrent comes from a linear

absorption of sub-bandgap photons from the pump light. This

phenomenon has been studied in several materials (silicium

and gallium arsenide) and is explained as a photo-assisted

Shockley-Read-Hall process.9,10 The second term is the

degenerate two-photon absorption of the pump.3 Since these

two contributions are related to the absorption of the pump

only, using the usual hypothesis of an undepleted pump, we

perform a calibration step by measuring the current inside the

junction without any signal photons. The NDTPA-generated

photocurrent is then obtained from the difference between the

generated photocurrent due to the pump light alone and that

generated under both the pump and signal illumination JNDTPA
¼ Jtotal � a xpð ÞhIpi � b xp;xpð ÞhI

2
pi. We show in Fig. 3 the

spectrum of the NDTPA-generated photocurrent and its

dependence with the direction of polarization of the signal at

3.36lm, which shows a maximum efficiency for the TE

polarized signal. For this configuration, we measured a signal-

to-noise ratio higher than 15 for mean incident powers of 1.4

mW for the signal and 1.3 mW for the pump [see Fig. 3(c)].

In the same configuration, no signal above the noise was mea-

surable for a diode without the top grating. As expected, the

spectrum of the NDTPA-generated photocurrent follows that

of the nanostructure except for the re-bounce at 3.4lm that

we partially attribute to the numerical aperture of 0.53 of the

focused beam and the angular response of the nanostructure.

Finally, we characterized the NDTPA-generated photocurrent

evolution with either the pump or the signal incident power

for a TE-polarized signal at 3.36lm. The plots in Fig. 4 show

the linear behavior of the generated photocurrent with respect

to the pump and signal intensities confirming its NDTPA

nature. From these data, we derived a linear fitting parameter

of 776 5lA/W2. Theoretically, the NDTPA-generated photo-

current inside the structure can be expressed as3

JNDTPA ¼ b xp;xsð Þ
ge

�hxs

Gstructurehi�layer

Sdiode
PpPs; (3)

where g is the charge extraction efficiency, Sdiode ¼ 500

� 10�6 mm2 is the surface of the diode, hi-layer ¼ 480 nm is

the height of the intrinsic zone of the diode, and Pp (resp. Ps)

is the mean power of the pump (resp. signal) beam. Gstructure

is the NDTPA gain coefficient due to the cavity. We can thus

obtain beff ¼Gstructure b(xp, xs)¼ 29506 200 cm/GW. We

were unable to find any similar non-degenerate coefficient in

the literature to compare with our measurements. However,

using the validated TPA coefficient theory11 [see Eq. (4)]

and the latest values of TPA for InP,12,13 we have derived an

approximate NDTPA coefficient

FIG. 2. (a) Spectral characterization of the diode reflectivity for a TE polarized signal beam at normal incidence. The dotted line is the computed reflectivity,

as obtained by modal calculations. The diamonds are experimental data. The resonance is shifted to 3.36lm as compared with the theory, due to the

manufacturing imprecision. The insets represent the reconstructed reflectivity images of two diodes at 3.36lm. On the left, the diode is nanostructured, and the

scan shows a clear decrease in the reflectivity at the position of the structure. On the right is a naked diode (i.e., without the top grating) showing no decrease

in the reflectivity. (b) Characterization of the reflectivity with respect to the incident direction of polarization at 3.36lm. The diamonds are experimental data,

and the dotted line is a sinusoidal eye-guide. As expected, the reflectivity of the diode is at a minimum for a TE-polarized light and at a maximum for a TM-

polarized light.
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b xp;xsð Þ ¼
Q

ffiffiffiffiffi

Ep

p

np ns E3
g

F2

�hxp

Eg

;
�hxs

Eg

� �

with F2 x1; x2ð Þ ¼
x1 þ x2 � 1ð Þ

3
2

27 x1 x
2
2

1

x1
þ

1

x2

� �2

; (4)

where Q is a material-independent constant of typical value

3100 cm eV5=2

GW
; Ep ¼ 21 eV is almost material independent,

Eg¼ 1.344 eV is the bandgap, and np and ns are the refractive

indices of InP at xp and xs, respectively. We obtain a value

of b(1.06 lm, 3.36 lm) ’ 122 cm/GW. If we compare the

value of b with the effective coefficient that we measured in

our sample, we can calculate the NDTPA gain due to the

nanostructure: Gstructure ¼
beff
b
¼ 2461:6.

In summary, a nanostructured infrared photodetector

through non-degenerated two-photon absorption has been

designed, manufactured, and characterized. We demon-

strated the detection of a 3.39 lm nanosecond pulsed signal

at room temperature inside a thin indium phosphide PIN

junction with a signal-to-noise ratio of 15. We proved that

the electrode nanostructuration creates a gain on the NDTPA

efficiency of 24. By enabling a clear increase in the NDTPA

responsivity, the nanostructuration of wide-gap semiconduc-

tor based photodiodes paves the way toward continuous

wave infrared detection at room temperature. To further

improve the device responsivity, we can imagine a bi-

resonant nanostructure at the signal wavelength and at the

pump wavelength which would improve the overlap of the

two fields and would decrease the PASRH photocurrent.
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