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SPECIAL TOPIC — Quantum computing and quantum sensing

On-chip quantum NOON state sensing for temperature and humidity

Weihong Luo(® f£%%)", Chao Wu(###)", Yuxing Du(#t 5 2)7, Chang Zhao(#X#%), Miaomiao Yu(4X 11 1),
Pingyu Zhu(4FFif7), Kaikai Zhang(3kHLHl), and Ping Xu(44:F)*

Institute for Quantum Information & State Key Laboratory of High Performance Computing, College of Computer Science and Technology,
National University of Defense Technology, Changsha 410073, China
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A maximal photon number entangled state, namely NOON state, can be adopted for sensing with a quantum enhanced
precision. In this work, we designed silicon quantum photonic chips containing two types of Mach—Zehnder interferometers
wherein the two-photon NOON state, sensing element for temperature or humidity, is generated. Compared with classical
light or single photon case, two-photon NOON state sensing shows a solid enhancement in the sensing resolution and
precision. As the first demonstration of on-chip quantum photonic sensing, it reveals the advantages of photonic chips for
high integration density, small-size, stability for multiple-parameter sensing serviceability. A higher sensing precision is
expected to beat the standard quantum limit with a higher photon number NOON state.

Keywords: quantum sensing, NOON state, photonic chip

PACS: 03.67.—a, 42.50.Dv, 42.82.-m, 42.65.-k

1. Introduction

The measurement of temperature and humidity has been
widely used in various fields, ranging from biological mon-
itoring and chemical analysis to environmental observation

[1-51 Tn recent years, optical sen-

and industrial manufacturing.
sors are emerging as alternative approaches to resistance ther-
mometers and hygrometers, owing to their advantages of high
sensitivity, fast response, and immunity to electromagnetic in-
terference and mechanical shocks. The proposed fiber-based
sensing devices are mainly based on macroscale fiber Bragg
grating, [®! fiber Fabry—Pérot (FP) cavities,!”! photonic crystal
fiber, 891 etc. Thanks to the advantages of low-cost, compact
size, and complementary metal-oxide—semiconductor com-
patibility, integrated silicon waveguides based sensors have at-
tracted much interest, thus prospering various sensing struc-
tures including micro-ring resonators,'%!!1 Mach—Zehnder
interferometer (MZI),“Z’B] FP cavities,'¥ and waveguide
Bragg gratings.[!3]

The sensitivity of sensors is a crucial indicator for per-
formance evaluation. In the case of the silicon-based sen-
sors, the temperature sensitivity is typically constrained to
around 80 pm/°C due to the thermo-optic coefficient (TOC)

16-18] Consequently, substantial efforts have fo-

of silicon.!
cused on enhancing this sensitivity through techniques such as
waveguide group index engineering,!'”! leveraging the Vernier
effect with cascaded ring resonators,?%! utilizing cascaded sil-
icon photonic crystal (PhC) nanobeam cavities, >!! incorporat-
ing waveguides with large negative TOC in the cladding, ']
and exploring polymer hybrid waveguides.[!?!

Currently, photonic quantum sensing is gaining inter-
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est as attractive avenues to enhancing sensitivity and achiev-
ing super-precision measurement surpassing standard quan-
tum limit (SQL). In particular, multi-photon maximally entan-
gled states,?”) commonly known as NOON states, have gar-
nered substantial attention in this field. The NOON state is
commonly used in quantum optics and quantum information
science. Its name comes from its representation, its standard
form is

1
lI‘i\IOON = 2(|Na0>a,h+ ‘05N>u,b)a (1)

f
where N represents the number of photons either in mode a or
b,0 indicates the absence of photons in this mode. A universal
scheme for preparing three- and four-photon path-entangled
NOON states on a photonic chip has been proposed.>}! Ac-
cording to the central limit theorem from classical probabil-
ity theory, as the number of entangled particles N increases
during repetitive experiments, the estimated standard devia-
tion reduces by a factor proportional to v/N. Up to now, it has
been reported that NOON states with N = 2 photons can beat

[26] and a Sagnac bulk

the SQL in phase sensing experiments,
optics with 4-photon has exhibited quantum enhanced resolu-
tion and precision.?”) However, the on-chip quantum photonic
sensing with NOON states has not been designed, further the
performance of such integrated version for temperature and
humidity sensing which moves a further step towards practical
use is highly designed.

Here, we designed and manufactured silicon quantum
photonic chips consisting of Mach—Zehnder interferometers

S,[28

(MZI) wherein quantum light sources, [?8! the sensing arm and

the control arm are integrated, and experimentally realized
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the sensitivity enhancement of temperature and humidity. For
temperature sensing, an asymmetric Mach—Zehnder interfer-
ometer (AMZI) is designed after the two-photon NOON state
is generated in the two arms of MZI. For humidity sensing,
a local opening cladding layer is required and the moisture-
sensitive materials are coated on the silicon waveguide. Com-
pared to the classical light or single photon methods, two-
photon NOON state sensing shows a solid enhancement in the
sensing resolution and precision. Furthermore, our design can
be easily extended to more photons and other integrated plat-
forms.

2. Experimental setup

As one of the prevalent interferometric designs, MZI
plays a pivotal role in various optical sensing and phase mea-
surement applications.!”®! Figure 1(a) illustrates a standard
MZI setup. Assuming symmetrical beam splitters and inter-
ference arms of equal length, the evolution of a single-photon
state through the MZI and its resulting output state can be rep-
resented as

S0 =€) i1 +e19)f7]0). @)

When single-photon detection is performed at the output
ports e and f, the probabilities of detection are given by

1 : 1
Pe:\E(l—e“p)|2:§(1—c05(p)7 3)

i » 1
Pr=|5(1+ ) = S (1 +cos ). “)

We have thus far discussed the evolution of single pho-
ton states in MZI. In our experiment, obtaining a probability
P =(1—cos@)/2 allows us to estimate ¢. Here ¢ is the rel-
ative phase between two arms of MZI and may result from
the variation of temperature or humidity, hence the MZI can
be adopted for photonic sensing. Remarkably, by generating

(a)

a c e
b d f

PR [
o >>—<:_]>—<:' ,‘[, JJ\\ pese
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a maximal photon number entangled state within the interfer-
ometer, SQL can be surpassed and even higher precision in
sensor measurements can be attained.

Considering the scenario where one photon is introduced
at each of the two inputs of the MZI, two indistinguish
noiseable photons are injected into two sides of the interferom-
eter (ports a and b), respectively, in this case of a two-photon
MZI. The resultant output state can be described as follows:

1. A
Z[i(e‘zq’ —1efe’ — (2e29 +2)e' f7

+i(1—e?)f7£77100) . ()

From this evolution, we deduce that the probability of
detecting a photon at both outputs e and f is Py = (1+
cos2¢)/2. Notably, compared to the single-photon MZI, the
two-photon version offers twice the sensitivity in sensing ¢.

Figure 1(b) depicts the schematic diagram of the chip
structure we have designed, which is a modified version of
Fig. 1(a).
pump light, the preparation of a path-entangled two-photon

It principally includes the beam splitting of the

state, a sensing unit, and the interference measurement of the
two-photon state. The pump light is fed into the chip through
the coupling of the optical fiber array and the grating coupler
located on the chip, and then bifurcates into two paths via the
MZI. The phase of the interferometer is adjusted by a thermo-
optic phase shifter integrated on one arm of the MZI’s waveg-
uide, ensuring that the pump optical power is identical in both
arms. Subsequently, the two pumped light beams enter two
bent and coiled single-mode waveguides, each with a length
of 1 cm, where a spontaneous four-wave mixing (SFWM) ef-
fect occurs and the signal and idler photon pair is generated in
either arm indistinguishably, resulting in a path-entangled two-
photon state of (1/1/2)(]20) 4]02)), so we prepared a NOON
state with N = 2.

(b)
' reference arm ’ N
pump Q@ C e
b d f

sensing arm

quantum light source  sensing unit

(e)

Fig. 1. (a) Typical Mach—Zehnder interferometer structure, photons are introduced via port a or simultaneously through ports a and b, and
subsequently detected at ports e and f. (b) Sensor chip schematic, featuring a MZI for the division of the pumping light beam, a quantum light
source, and a sensing unit. (c) Design diagram of the temperature sensor chip, AL = 87.964 um. (d) Microscope illustration of temperature sensor
chip. (e) Design diagram of the humidity sensor chip, The red areas are the overburden that has been etched away. (f) Microscope illustration of

humidity sensor chip.
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The sensing unit comprises a reference arm that regulates
the initial phase difference between the two arms. The sens-
ing arm is tasked with detecting the phase change induced by
the physical quantity under measurement. As the two-photon
entangled state traverses the sensing unit, it evolves into

1
V2
where A¢ is modulated by the physical quantity and the

oy = —=(]20) + €247 |02)), (6)

thermo-optic phase shifter for a single photon. Here 2A¢ in-
dicates that the signal and idler photons sense the phase twice.
After passing through a 50:50 beam splitter interferometer, the
two-photon entangled state transforms into

R
V2

By selecting a base vector such as |11), the interference

Yy = —=(|20) —[02))sinA@ +[11) cos Ag. (7

curve of two-photon coincidence counting varying with phase
difference can be obtained as

1+ cos2A
Py = %’ )

which exhibits a twice sensing resolution of phase compared
to the single photon or classical case.

We employ Fisher information to assess the feasibility of
surpassing SQL.1*%! In two-photon NOON state sensing, when
the initial phase difference is ¢y, the Fisher information per
photon is

2V2sin® 2

Fp= 2020
7 1—V2cos22¢y

©)
The F{, depends on the interference fringe visibility V and the
initial phase difference @y, SQL corresponds to a Fisher infor-
mation of one per photon. When V = 70.7%, the peak value of
the Fisher information attains SQL threshold, indicating that
to surpass this threshold, an experimental interference fringe
visibility V must exceed it.

The pump light used in the experiment is 1549.32 nm
continuous light, while the entangled photon pairs are
1546.02 nm and 1552.52 nm, respectively. The silicon waveg-
uide’s cross-section dimensions are 500 nm wide and 220 nm
tall, with a 3 pum thick silica covering and buried layer. The
50:50 beam splitter measures 140 wm x 40.5um, and the
length of thermal phase shifter is 180 pm. The phase shifter
of the MZI is achieved by adjusting the power of a DC power
supply, thereby modifying the phase difference between the
interferometer’s dual arms. The power consumption for a @
phase shift is 25 mW, which ensures an equal distribution of
optical pump power across the two output ports of the interfer-
ometer. The silicon waveguide of the spontaneous four-wave
mixing source has a length of 1 cm, and the resultant photon
pair exhibits a full width at half maximum (FWHM) of 54 nm.

Figure 1(c) illustrates the schematic design of the tem-
perature sensor chip, whereas figure 1(d) presents the micro-
scopic image of the chip. The length discrepancy AL between
the two arms of the sensing unit is established at 8§7.964 pm.
Consequently, the phase difference A¢ between the two arms
corresponds to the variation in the overall temperature T of the
sensing unit:

2
A(p:%xRIUxALxT, (10)

where A is the wavelength, and RIU = dn/dT represents
the alteration in the effective refractive index n of the sili-
con waveguide per unit temperature change. For our silicon
waveguide configuration, the RIU is approximately 1.87 x
10~4 °C~!. So in classical case, the temperature changes by
47 °C, and the relative phase A@ between the states on the two
arms of the interferometer changes by 7, then in two-photon
NOON state, the temperature changes by only 23.5 °C, the
relative phase A@ between the states on the two arms of the
interferometer changes by 7.

The structural configuration of the optical quantum chip
for humidity quantum sensing closely resembles that of tem-
perature sensing, comprising three primary components: the
classical laser processing unit, the nonlinear processing unit,
and the sensing unit. Specifically, the classical laser and non-
linear processing units are identical to those utilized in the
temperature sensor chip design. However, the sensing unit of
the humidity sensor chip diverges from that of the temperature
sensor chip. The schematic representation of the humidity sen-
sor chip is depicted in Fig. 1(e), and figure 1(f) illustrates the
chip as observed under a microscope. Within the sensing unit,
both arms are of equal length, and the silica covering layer
of the silicon waveguide on the sensing arm is etched and ex-
posed to the ambient air. The etched length L is 300 um, to
enhance the sensitivity of the sensing arm to humidity, we ap-
plied agarose gel to the etched area. Then the phase difference
A of the two arms is satisfied with the change of the humidity
h of the sensing unit:

2
A(p:%xRIUhfoxh, 1)

where A is the wavelength, and RTUhf = dn/dh represents the
alteration in the effective refractive index n of the windowed
part of the waveguide due to a unit change in humidity. In our
silicon waveguide design, the refractive index of the agarose
gel changes due to the change of humidity, which affects the
effective refractive index of the waveguide in the etched area.
We calculated through simulation that the RIUIf is approx-
imately 4.41 x 1073 /%RH. So in classical case, the humid-
ity changes by 58.6%RH, and the relative phase A between
the states on the two arms of the interferometer changes by 7,
then in two-photon NOON state, the humidity changes by only
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29.3%RH, the relative phase A@ between the states on the two
arms of the interferometer changes by 7.

We constructed the light path according to the experimen-
tal design. The main components of the optical path include
10 mW continuous laser with the wavelength of 1549.32 nm,
ThorLabs PM100USB power meters, constant temperature
and humidity box, superconducting nanowire single photon
detectors (SNSPDs) and a silicon based optical quantum sen-
sor chip, as depicted in Fig. 2. The optical quantum chip has
been coupled with the optical array through optical packag-
ing, and the corresponding optical fiber port can be directly
connected during the experiment, without re-coupling.

==

Power Qontrol

Puls
ey Pulse FPC - pwpm

T&H chamber

Fig. 2. Schematic diagram of experimental light path construction.

Additionally, the chip is also electrically packaged and
connected to the electronic control equipment by wiring ac-
cording to the layout. The packaged optical quantum chip is
placed in the constant temperature and humidity box, the op-
tical fiber array is pulled out of the opening of the constant
temperature and humidity box, and the probe of the tempera-
ture and the humidity measuring instrument is placed near the
optical quantum chip through the opening.

3. Results

The constant temperature and humidity box was initially
set to a specific temperature value, with a temperature increase
step of 2 °C. The thermo-optic phase shifter on the MZI arm
was adjusted for both classical and quantum sensing to en-
sure they operated within the same temperature range. Subse-
quently, the relationship curve between power value and tem-
perature measured under classical sensing and the relationship
curve between coincidence count and temperature under quan-
tum sensing are drawn. Perform triangular curve fitting on
the experimental result data, as shown in Fig. 3(a). In classi-
cal case, when the temperature changes by 41.9 °C, the rela-
tive phase A@ changes by m. With two-photon NOON state,
when the temperature changes by 21 °C, the relative phase A¢
changes by 7. As a result, within a reasonable error range, the
resolution of temperature quantum sensing is about twice that
of classical case, which verifies our theory. Then we calculate
the experimentally measured RIU’ ~2.09 x 10~#°C~!. Com-
pared with the theoretical value of 1.87 x 107% °C~!, there is
an error of about 11.8%. The observed error may arise from

multiple factors, for instance, the thermal conductivity limita-
tions of the chip can hinder the sensor’s ability to accurately
detect the ambient temperature. Furthermore, there may be
inherent inaccuracies in the ambient temperature readings ob-
tained from the thermometer utilized in our experiment.

The experimental data for both classical and quantum
sensing were normalized, and the section of the trigonomet-
ric function exhibiting near-linear change was extracted. Af-
ter fitting, in classical sensing, the relationship between the
power meter reading p, and temperature ¢ is expressed as
p: =0.04¢ — 0.7, where p; € [0, 1] indicates the range of power
meter readings from minimum to maximum. In quantum sens-
ing, the relationship between the coincidence count value cc;
and temperature ¢ is expressed as cc; = 0.08¢ — 2.3, where
cc; € [0, 1] indicates the range of coincidence count value from
minimum to maximum. Figure 3(b) shows a comparison be-
tween classical sensing and quantum sensing. The differential
slopes of the curves indicate that quantum temperature sensing
achieves a twofold enhancement in phase sensitivity relative to
its classical counterpart.

In quantum temperature sensing, the interference fringe
visibility V is about 90.4%. As shown in Eq. (9), when we
take @y = /4, Fp ~ 1.63 > 1, indicating that the SQL has
been beaten in quantum temperature sensing.

Based on a thorough analysis of humidity sensing prin-
ciples, the humidity sensing employed in this study utilizes
the physical adsorption between agarose material and ambi-
ent water molecules to achieve environmental water absorp-
tion and humidity measurement. After a comparative litera-
ture review, we opted to prepare agarose gel using a 0.25%
agarose solution. The constant temperature and humidity box
was set to an initial humidity value, with a humidity increase
step of 5%RH. For classical sensing and quantum sensing, the
working interval was adjusted respectively to obtain the mea-
sured power value and the coincidence count value. Subse-
quently, the relationship curve between power value and hu-
midity measured under classical sensing and the relationship
curve between coincidence count and humidity under quantum
sensing are drawn. Perform triangular curve fitting on the ex-
perimental result data, as shown in Fig. 3(c). In classical case,
when the humidity changes by 60.1%RH, the relative phase
A@ changes by m. With two-photon NOON state, when the
humidity changes by 31.4%RH, the relative phase A changes
by . As a result, within a reasonable error range, the resolu-
tion of humidity quantum sensing is about twice that of clas-
sical case, which verifies our theory. Then we calculate the
experimentally measured RTUhf' =~ 4.11 x 107> /%RH. Com-
pared with the theoretical value of 4.41 x 10_5/ %RH, there
is an error of about 6.7%. The observed error may arise from
multiple factors, for instance, inaccuracies could be present in
the concentration of the agarose solution. Additionally, the
hygrometer employed for humidity measurement during the
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experiment may also exhibit certain discrepancies. In general,
these inaccuracies fall within an acceptable range.

The experimental data for both classical and quantum
sensing were normalized, and the section of the trigonomet-
ric function exhibiting near-linear change was selected. Af-
ter fitting, in classical sensing, the relationship between the
power meter reading p; and humidity /4 is expressed as p, =
0.02h — 0.38, where pj, € [0,1] indicates the range of power

meter readings from minimum to maximum. In quantum
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|

300} !
200} |
|

|

|

I

100 \
0 X

150001

Power

51.6106 80

100001

5000

Coincidence

—10 24.0826 45.0265 80
Temperature (°C)

(c) 400

Power

|
|
|
|
¢ |
|
|
|
I

77.0796 100

1500
1000

500

Coincidence

o
0 55.1239
Humidity (%RH)

86.5398 100

sensing, the relationship between the coincidence count value
ccy, and humidity 4 is expressed as cc, = 0.04h — 2.2, where
cc; € [0, 1] indicates the range of coincidence count value from
minimum to maximum. Figure 3(d) shows a comparison be-
tween classical sensing and quantum sensing. The differential
slopes of the curves indicate that quantum humidity sensing
achieves a twofold enhancement in phase sensitivity compared

to its classical counterpart.
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Fig. 3. (a) Experimental results of temperature sensor. (b) Temperature sensing trigonometric function of the linear variation of the region of the
fitting curve. (c) Experimental results of humidity sensor. (d) Humidity sensing trigonometric function of the linear variation of the region of the

fitting curve.

In quantum humidity sensing, the interference fringe vis-
ibility V is about 94%. As shown in Eq. (9), when we take
¢o = /4, Fp = 1.77 > 1, indicating that the SQL has been
beaten in quantum humidity sensing.

4. Conclusion

In summary, we have designed a two-photon NOON state
Mach-Zehnder interferometer on a silicon chip for tempera-
ture and humidity sensing. Our findings demonstrate that both
temperature sensing and humidity sensing exhibit a twofold
increase in phase sensitivity compared to their classical coun-
terparts. Moving forward, we intend to explore the use of a
multi-photon NOON state Mach—Zehnder interferometer for

multi-parameter sensing, aiming to achieve an N-fold increase
in phase sensitivity. Additionally, the design of AMZI with
varying arm lengths can cater to different sensing sensitivity
requirements. For instance, a structure with two and three
arm length differences offers two and three times the phase
sensitivity, respectively, compared to a structure with one arm
length difference. Interferometer sensing with different arm
lengths has the potential to further enhance the sensing sensi-
tivity.
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