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Quantum key distribution (QKD) system based on passive silica planar lightwave circuit (PLC) asymmetric Mach–
Zehnder interferometers (AMZI) is characterized with thermal stability, low loss and sufficient integration scalability. How-
ever, waveguide stresses, both intrinsic and temperature-induced stresses, have significant impacts on the stable operation
of the system. We have designed silica AMZI chips of 400 ps delay, with bend waveguides length equalized for both long
and short arms to balance the stresses thereof. The temperature characteristics of the silica PLC AMZI chip are studied. The
interference visibility at the single photon level is kept higher than 95% over a wide temperature range of 12 ◦C. The delay
time change is 0.321 ps within a temperature change of 40 ◦C. The spectral shift is 0.0011 nm/0.1 ◦C. Temperature-induced
delay time and peak wavelength variations do not affect the interference visibility. The experiment results demonstrate the
advantage of being tolerant to chip temperature fluctuations.
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ibility
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1. Introduction
To eliminate the potential threat to existing cryptographic

systems from the emergence of quantum computers based on
Shor algorithms,[1] great efforts have been focused on imple-
menting large-scale or even global quantum key distribution
(QKD) networks.[2–4] QKD establishes a key by transmitting a
single photon over a quantum channel, and its security is based
on the physical laws of quantum mechanics combined with the
one-time-pad encryption protocol.[5] Since Bennett and Bras-
sard proposed BB84 protocol,[6] various encoding methods
have been used to increase the system secure key rate (SKR),
such as time-bin,[7] polarization,[8] phase,[9] measurement-
device-independent (MDI),[10] and twin-field.[11] Research
has been done on optical fiber QKD in recent years,[12–14]

which is a large size and complex control system. The pho-
tonic integrated chip has lots of advantages, such as high
integration,[15–17] stable chip performance and low cost. Some
QKD experiments based on silica planar lightwave circuit
(PLC) chips have been reported,[18–20] which achieves the
generation of weakly coherent pulse pairs at the Alice and the
decoding of quantum states at the Bob. An asymmetric Mach–
Zehnder interferometer (AMZI) is used to modulate the phase
by changing the refractive index of its arm using the thermo-

optic effect. The experiment results show that temperature has
a large effect on the interference visibility, and the temperature
needs to be precisely controlled in order to achieve a higher in-
terference visibility. The interference visibility decreases ob-
viously when the chip’s temperature is changed. Nambu[18]

and Li[19] have studied classical and single-photon interfer-
ence visibility verse temperature based on silica PLC platform,
respectively, but the temperature variation range is only about
2.5 ◦C and 4.5 ◦C when the interference visibility is higher
than 95%, which does not facilitate the QKD system to adapt
to environmental changes. Although Zhang[20] has proposed
a hybrid interferometer with high visibility over 20 ◦C range,
but the hybrid integration process is more complex.

In addition, the delay time and peak response wavelength
of silica PLC AMZI chip will also change with temperature
fluctuation. In order to consider the effect of delay time on
the interference visibility and the shift of the classical peak
wavelength on the location of single-photon interference, it is
essential to study the temperature stability.

In this paper, by designing the equal bend waveguides
between the long and short arms, the influence of the bend
waveguide stress caused by chip manufacturing is reduced,
and the temperature tolerance range of the better interference
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visibility is increased successfully. In addition, the effects of
temperature on the delay time and peak response wavelength
of the silica PLC AMZI chip are analyzed.

2. Design and fabrication
The AMZI chip with refractive index difference of 2.0%

based on silica PLC platform has been designed and fabri-
cated, whose waveguide geometry is 4 µm×4 µm and foot-
print is 32.5 mm×18.5 mm. The chip’s structure is shown in
Fig. 1(a). Both the short and long arms of the AMZI have the

same four bend waveguides, and the delay line comes from the
straight waveguide length difference. Compared to the struc-
ture in Fig. 1(b), this new structure eliminates the stresses in
the bend waveguides between the two arms, and the stresses
mainly come from the straight waveguides with length differ-
ences. A thermal-optic phase modulator (TOPM) is set on one
of the arms of the MZI and AMZI, respectively. The TOPM1
is used to balance the extra loss generated by the delay line in
the AMZI, so that the powers of the output double pulses are
balanced, while the TOPM2 is used to modulate the phase.

PLC chip

TOPM1

TOPM2

MZI AMZI DC

PLC chip

TOPM1
TOPM2

MZI AMZI DC

(a) (b) (c)

Fig. 1. AMZI chip. Schematic of the encoding/decoding chips that have different designs, including one MZI, one AMZI with 400 ps delay time that
(a) the short arm is made up of bend waveguides and straight waveguides; (b) the short arm is made up of straight waveguide. (c) Photograph of the
packaged chip.

The chip is fabricated by silica-based PLC technology.
The lower cladding layer is firstly obtained by thermal oxi-
dation, followed by plasma-enhanced chemical vapor deposi-
tion (PECVD) to form the core. Then photolithographic expo-
sure and inductively coupled plasma (ICP) are used to etch and
transfer the waveguide pattern. Afterwards, the upper cladding
layer is deposited by PECVD. Finally, the thin film heater
is deposited by magnetron sputtering. The input and output
facets of the chip are coupled to the single mode fibers (SMF),
then electrodes of TOPM1 and TOPM2 are connected to the
printed circuit board (PCB) by wire bonding. The photograph
of the packaged chip is shown in Fig. 1(c).

The temperature of the chip is controlled using a temper-
ature controller (TEC) with an internal thermistor to measure
the temperature with an accuracy of 0.01 ◦C and a measure-
ment range of 15.0 ◦C to 65.0 ◦C. Samples A and B have the
same structure, which are selected as encoding and decoding
chips, respectively.

3. Experimental results and discussion

3.1. Temperature characterization of single photon inter-
ference visibility

Considering the influence of temperature on the interfer-
ence visibility of the chip, the interference visibility is tested
by pulse self-interfering method.[19] The experimental setup is
shown in Fig. 2. The 1550 nm pulse source with a repetition
frequency of 50 MHz and a pulse width of 1 ns is applied. A
polarization scrambler with the scrambling frequency 2000 Hz
is inserted between the pulse source and the chip. The pulse is
attenuated to single photon magnitude with an average photon
number of 0.1 per pulse by an optical attenuator. Adjusting
the voltage of TOPM1 on the chips to keep the same power
between long and short arms, the temperature of the chip is
scanned from 20 ◦C to 60 ◦C in steps of 0.1 ◦C, and the pho-
tons with temperature are recorded.

Pulse 

laser

Polarization

scrambler
Attenuator PBS SPD1

SPD2

PLC chip

TOPM1
TOPM2

MZI AMZI DC

Fig. 2. Experimental setup using self-interfering method. Single-mode fiber (SMF) is in yellow; polarization maintaining fiber (PMF) is in red.
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The interference of chip A as the encoding chip and chip
B as the decoding chip is measured. The excess loss of
the encoding chip and the decoding chip is −10.87 dB and
−6.09 dB, respectively, and the coupling efficiency is 87.1%
(0.6 dB per facet). The interference curve versus temperature
is shown in Figs. 3(a) and 3(b), respectively. For the encoding
chip, it can be seen that the TE and TM modes are in anti-
phase and same phase in the vicinity of 22.0 ◦C and 59.5 ◦C,
respectively. For the decoding chip, the TE and TM modes are
in same phase in the vicinity of 21.8 ◦C. No anti-phase point
can be observed owing to the limited temperature range of the
TEC control.

The following analysis can explain this phenomenon. The
input pulse is decomposed into two components, TE and TM,
which are parallel and perpendicular to the base direction, re-
spectively. When the interfering part occurs in the crossover,
the photon number can be expressed as

N = N1 +N2 +2
√

N1N2 cos
(

∆φ
TM +

∆φ

2

)
cos
(

∆φ

2

)
. (1)

The interference visibility can be derived as

V =
Nmax−Nmin

Nmax +Nmin
= 2
√

N1N2

N1 +N2
·
∣∣∣∣cos

∆φ

2

∣∣∣∣ , (2)

where N1 is the number of photons in the TE modes of the
pulse through the short arm and long arm, while N2 corre-
sponds to the TM modes. ∆φ TM are the phase delays of the
pulse TM modes in both arms, ∆φ is the modal phase mis-
match between the TE and TM modes. When ∆φ = 2Nπ , the
TE and TM modes are in same phase and the corresponding
visibility is maximum. When ∆φ = (2N + 1)π the TE and
TM modes are in anti-phase and the corresponding visibility
is minimum.

For chips A and B, the temperatures of the best inter-
ference visibility are significantly different, which could be
induced by the fabrication process resulting in the different
stresses at different locations on the same silicon wafer. Since
chips A and B are located in different positions of the same
wafer, the stress distribution of the wafer is nonuniform dur-
ing the manufacturing process. It leads to different stress bire-
fringences for chips A and B, and correspondingly different
refractive indexes for the TE and TM modes. According to
Eq. (2), the temperature points at which chips A and B meet
the in-phase and anti-phase are also different. In the future
mass manufacturing, the in-phase and anti-phase temperature
points between chips A and B can be achieved by optimizing
the process and reducing the internal stress difference in the
wafer.
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Fig. 3. (a) For the encoding chip, interference curves of TE and TM modes at 20.0–30.0 ◦C and 50.0–60.0 ◦C, respectively. (b) For the decoding
chip, interference curves of TE and TM modes at 20.0–30.0 ◦C.
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Fig. 4. Experimental setup for QKD system.
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Through the above experiments, we roughly get the op-
timal interference temperature ranges of the encoding and de-
coding chips. In the following sections, we measured the sys-
tem interference visibility by connecting in sequence a pulse
laser, a polarization controller (PC), the encoding chip, a fiber
PBS, a VOA, the decoding chip and two single photon detec-
tors (SPDs), as shown in Fig. 4. The pulse source is set at a
repetition frequency of 50 MHz and a pulse width of 50 ps.
Three time slots per cycle are obtained at the output of the de-
coding chip. The output interference photons of the middle
slot from the decoding chip are recorded by an SPD.

To precisely obtain in the same phase temperature, the
temperature of the decoding chip is scanned from 15.0 ◦C
to 25.0 ◦C in steps of 0.1 ◦C while the encoding chip is
kept at 59.5 ◦C. The curve of interference with temperature
is shown in Fig. 5(a). The maximum interference visibility is
92.02% when the decoding chip temperature is in the vicinity
of 22.7 ◦C. Then keeping the temperature of the decoding chip
constant, the temperature of the encoding chip is scanned from
55.0 ◦C to 65.0 ◦C in steps of 0.1 ◦C, as shown in Fig. 5(b).
The maximum interference visibility is 92.14% when the en-
coding chip temperature is in the vicinity of 61.9 ◦C. Because
of the instability of the attenuator during the experiment, the
curve in Fig. 5(b) shows an upward trend, both the minimum
and maximum photon counts around 65 ◦C increase. But the
same phase temperature point is still around 61.9 ◦C.

In Fig. 5, only the TE mode was tested. The reason is
that the TE and TM modes are in the same phase and the two
curves reflect the same temperature values for higher interfer-
ence visibility.
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Fig. 5. The interference curve versus temperature: (a) decoding chip;
and (b) encoding chip.

In order to obtain the best interference visibility of the
system, the temperature of the encoding chip remains at
61.9 ◦C, and the TOPM2’s voltage of the decoding chip is
scanned from 0 V to 9 V at different temperature within
18.0 ◦C–33.0 ◦C, and the photon number is recorded with
the corresponding voltage. The system interference visibility
varies with the temperature of the decoding chip as shown in
Fig. 6. It can be seen that the maximum interference visibility
at the decoding chip temperature of 24 ◦C is 98.2% (with dark
counts removed), which is higher than the measured value in
Fig. 5. One reason is that the multiple temperature scans make
both the encoding and decoding chips at the optimal temper-
ature point, and the other reason is that the phases of TE and
TM in Eq. (2) are made to be in rigorous agreement to achieve
∆φ = 2Nπ by adjusting the voltage of TOPM2. Therefore,
the interference visibility is greater than 95% in the range of
19 ◦C–31 ◦C, which is a wide temperature range of 12 ◦C.
Compared to the reference,[19] our new designed chip displays
that the temperature range of high interference visibility is
wider. It may be due to the fact that the stresses in the bending
waveguide are greater than that in the straight waveguide, the
stress is diminished in our designed AMZI where the length
difference is from the straight waveguide. When the temper-
ature changes, the mode mismatch generated by the stress is
decreased accordingly.

C
o
u
n
ts

 (
1
0

4
 s

-
1
)

Temperature (C)

18 20 22 24 26 28 30 32
90

92

94

96

98

100
 With dark counts
 Dark counts subtracted

V
is

ib
il
it
y
 (

%
)

0 20 40 60 80
0

2

4

6

Voltage (V2)

Fig. 6. Interference curve versus temperature ranging from 18 ◦C to
33 ◦C. Insert shows inference fringe at the optimal temperature 24.0 ◦C.

3.2. Temperature characterization of delay line

The difference in delay time between the encoding and
decoding chips is detrimental to the interference visibility.
Temperature-induced change in the effective refractive index
of the waveguide results in a variation in the delay time of
the AMZI structure. The variation of the delay time ∆t is ex-
pressed as

∆t =
l +∆l

c
·
(
ng +∆n

)
− t, (3)

where ng = 1.47449 is the group refractive index, c is the speed
of light in vacuum, ∆n and ∆l are the change of refractive index
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and length difference caused by the change of temperature,

∆n = a ·∆T, (4)

∆l = b ·∆T ·l. (5)

The parameters a = 1.02 × 10−5 K−1 [21] and b = 0.5 ×
10−6 K−1 [22] are the thermal-optic coefficient and the thermal
expansion coefficient of SiO2, respectively. When the temper-
ature rises from 20 ◦C to 60 ◦C, the variation of the delay time
∆t is calculated by Eq. (3), which is about 0.119 ps.
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Fig. 7. Output waveform from the digital oscilloscope. The delay time
of (a) the encoding chip and (b) decoding chip at 20 ◦C and 60 ◦C,
respectively.

The delay time is measured using pulse laser with a rep-
etition frequency of 50 MHz and a digital oscilloscope. The
waveforms of the encoding and decoding chips are recoded at
20 ◦C and 60 ◦C, respectively, as shown in Fig. 7.

The delay times of the encoding and decoding chips with
temperature are shown in Table 1. It can be seen that the vari-
ations of the encoding and decoding chips in delay time are
0.244 ps and 0.321 ps, respectively.

Table 1. Delay time at 20 ◦C and 60 ◦C.

20 ◦C 60 ◦C ∆t2
Encoder 405.323 ps 405.567 ps 0.244 ps

Decoder 405.585 ps 405.906 ps 0.321ps

∆t1 0.262 ps 0.339 ps –

For the encoding and decoding chips, the difference of
delay time ∆t1 and ∆t2, which is at a certain temperature and
changing the same temperature range, respectively, is caused
by different stresses at different locations on the same wafer.
The discrepancy between the experimental and theoretical
analysis is probably caused by the manufacturing process er-
rors of the chip and the thermal stresses from the mismatch in
the coefficient of thermal expansion of silica when metal and
dielectric materials are integrated to form wiring interconnects
on a silicon substrate.[22]

When the interference pulse delay time t of the encoding
and decoding chips fluctuates with the temperature, the inter-
ference phase will change, which will affect the visibility of
single photon interference. The light intensity detected by the
detector is the average over the integration time τ , and the in-
terference visibility is expressed as

V =
Imax− Imin

Imax + Imin
=

2A1A2

(
− ∆τ2

4Γ 2

)(∫ nΓ+ ∆τ
2

Γ

0
e−t2

dt +
∫ nΓ− ∆τ

2
Γ

0
e−t2

dt
)

2A2
1

∫ n

0
e−t2

dt +A2
2

(∫ nΓ+∆τ
Γ

0
e−t2

dt +
∫ nΓ−∆τ

Γ

0
e−t2

dt
) , (6)

where ∆τ is the delay time difference between the two chips, Γ is the pulse width, A1 and A2 are the amplitudes of the pulses
in the encoding and decoding chips.[23] When the intensities of the two light pulses are equal, the interference visibility can be
higher than 98% if the delay time difference between the encoding and decoding chips is less than 14.2 ps. So, the delay time
variations of 0.262 ps and 0.339 ps have no impact on the chip interference visibility.

3.3. Temperature characterization of CW wavelength re-
sponse

The interference of the single photon pulse with wave-
length 1550 nm of the middle slot at Bob occurs in the BB84
system. Because of the length difference between the two arms
of AMZI, the chip is wavelength sensitive. The peak wave-
length of the AMZI chip shifts due to the increase of the effec-
tive refractive index of waveguide after heating. To eliminate

the shift of the peak wavelength so that the interference occurs

at 1550 nm, the output response spectra with temperature are

analyzed. Since the wavelength of the pulse laser is fixed, the

CW laser is used to scan the spectrum to observe the shift. For

the AMZI, the phase difference between the two arms is

∆ϕ =
2πnl

λ
+ϕth, (7)
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where n is the effective refractive index of the waveguide, l
is the length difference between the two arms, and ϕth is the
phase difference caused by the TOPM. The light intensity can
be expressed as

I = EE∗, (8)

where E is the product of the electric vector and E∗ is the con-
jugate complex of E. The optical powers at the input and the
output ports of the AMZI are Iin and Iout, respectively. Consid-
ering a particularly narrow wavelength range, ignoring mate-
rial dispersion and the process error of AMZI in the encoding
and decoding chips, ideally the coupling efficiency k of the
two DCs in AMZI are equal, which both are 0.5. So, the ratio
of Iout and Iin is

Iout/Iin = 4k (1− k)cos2 (∆ϕ/2) = cos2 (∆ϕ/2). (9)

The effective refractive index of SiO2 varies with temperature
as[21]

n(T ) = 0.9×10−8T 2 +1.02×10−5T +1.47449. (10)

When the TOPM does not work, ϕth is equal to zero, according
to Eqs. (7) and (10), Eq. (9) can be rewritten as

Iout/Iin = cos2
[

2πl
λ

(0.9×10−8T 2

+1.02×10−5T +1.47449)/2
]
. (11)

The variation of normalized power Iout/Iin with wave-
length can be obtained by Eq. (11), as shown in Fig. 8(a). The
wavelength shift with temperature is about 0.00114 nm/0.1 ◦C.

Then the light from the C-band tunable CW laser is input
to the chip and the output power is measured by the optical
power meter. When the power of the output double pulse is
balanced by adjusting the TOPM1, the extinction ratio of the

chip achieves the maximum. The spectra of the decoding chip
are scanned in the range of 1549.05 nm to 1550.05 nm at near
24.0 ◦C, as shown in Fig. 8(b). The phase ϕth is set to zero in
Eq. (7), so the phase of the experimental result does not match
the phase of the simulation result.
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Fig. 8. For decoding chip at different temperatures near 24 ◦C, (a) sim-
ulated normalized power versus wavelength, (b) measured loss versus
wavelength.

The wavelength shifts of simulation and experiment are
shown in Table 2. The measured wavelength shift of the de-
coding chip is about 0.011 nm/0.1 ◦C, which is in agreement
with the simulated result. It can be seen from the simula-
tion and experimental figures that by fine tuning the temper-
ature, the peak response wavelength of the decoding chip can
be maintained at 1550 nm without affecting the interference
visibility.

Table 1. Wavelength shift with temperature of decoder at 24.0 ◦C.

Temperature

∆ =−0.1 ◦C ∆ =+0.1 ◦C Average ∆ =−0.2 ◦C ∆ =+0.2 ◦C Average

Simulation 0.00114 nm 0.00114 nm 0.00114 nm 0.00228 nm 0.00228 nm 0.00228 nm

Experiment 0.00093 nm 0.00129 nm 0.00111 nm 0.00195 nm 0.00245 nm 0.00220 nm

4. Conclusion

Silica PLC AMZI chips for QKD with the same bend
waveguide in the long and short arms are designed to reduce
the effect of bend waveguides stress, and the temperature char-
acterizations are analyzed theoretically and experimentally.
The interference visibility is above 95% over a wide tempera-
ture range of 12 ◦C. Because of the small thermal-optic coef-
ficient of SiO2, the variation of delay time and the peak wave-

length shift are small, which are 0.321 ps within a tempera-

ture change of 40 ◦C and 0.0011 nm/0.1 ◦C, respectively. It

demonstrates that the chips have high interference visibilities

over a wider temperature range, and the temperature has little

impact on the delay time, and the peak wavelength of the de-

coding chip can be maintained at 1550 nm without affecting

the interference visibility, which are more tolerant to external

environmental temperature variations.
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