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Experimental implementation of a spectral refractive index sensor based

on a reflection interferometer
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Experimental study of the sensor in the Kretschmann optical scheme, in which the sensitive element is a

reflection interferometer (RI) for the oblique incidence of light, is presented for the first time. A brief theory of

RI is given. The experimental sample was used to measure the refractive index of the residual atmosphere in a

vacuum chamber during its pumping. The high Q-factor of the RI resonator made it possible to obtain a fairly

narrow spectral maximum with a width of 1.7 nm. The spectral sensitivity of the sensor was 1000 nm/RIU and

the quality parameter was 529RIU−1, it was also demonstrated that resolution of 6.5 · 10−8 RIU can be achieved.

Proposals for further improvement of the sensor characteristics are formulated.
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1. Introduction

Sensors based on the effect of frustrated total internal

reflection (FTIR) are used for the study of biomolec-

ular interactions, detection of biological, chemical ana-

lytes and in other applications [1]. Sensors based on

the Kretschman scheme, in which the probing radiation

is coupled to the sensitive layer through a prism, are

one of the variants of the FTIR sensors and are most

often used in practice. The Kretschman’s scheme is

bulk with all the disadvantages that follow from this

(massiveness of the structure, temperature and vibration

instability). These parasitic effects are significantly less

susceptible to fiber/waveguide sensors, which are currently

actively developing [2]. However, among the advantages

of Kretschman’s bulk scheme is its lower technological

complexity compared to fiber. Assuming the basic principles

of the functioning of sensors in the volumetric and fiber

versions are the same, the study of the bulk type of

sensor based on the FTIR is carried out in order to further

optimize the implementation of this sensor in the fiber

version.

Sensors based on the Kretschman scheme can be divided

into two types. These are, firstly, standard schemes in

which the signal reference point is the spectral (or angular)
minimum intensity of reflected light generated by absorption

during plasmon resonance in the sensitive layer. Secondly,

schemes where the reference point is the maximum intensity

resulting from a decrease in absorption in the sensor

structure. In literature, the latter type of sensors is

called inverted [3,4]. In this paper, the second type

of sensors is investigated and the possibility of obtaining

ultra-high characteristics using the reflection interferometer

(RI) method is experimentally demonstrated [5,6]. The

method allows the sensor to be manufactured using the

standard technology of multilayer dielectric coatings and

base metal.

The main objectives of this work are experimental

verification of theoretical assumptions and evaluation of

the characteristics of the proposed method for sensor

applications.

2. RI theory for inclined light incidence

Fig. 1 shows the structure of the sensor under study. It

consists of a Prism, a substrate with a refractive index of

ns , a metal layer (Me) with a complex refractive index of

nMe deposited on the face of the substrate, and a dielectric

multilayer coating based on two materials — with high (for
example, TiO2) and low (SiO2) refractive coefficients. In

this case, the layers adjacent to the metal film go in pairs,

alternating with each other, and thus form an RI front mirror

M1, which has a reflection coefficient of R1 on the side of

the substrate and R2 — on the reverse side facing the base

layer (Base). The base layer with a refractive index of nb

determines the free spectral range of RI, and also forms a

highly reflective mirror M2 with a reflection coefficient of

R3 at the boundary of the base and the analyzed medium

(Analyte) with a refractive index na . A more general theory

of RI as applied to this problem can be found in [5]. We

give formulas describing the reflection coefficient R of such

a system under conditions when the angle of incidence

is greater than the FTIR angle (sin θb > na sin θb/nb) for

Base —Analyte media, i.e. when R3 = 1:
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Figure 1. a — Kretschmann optical scheme based on RI:

Prism — prism, Substrate — plane-parallel substrate, Me —
metal thin film, L, H — layers of dielectrics with low and high

refractive index, respectively, Base — RI base layer, Analyte —
analytical medium, M1, M2 — front and rear mirror RI, R1, R2 —
reflection coefficients M1, R3 = 1 — mirror reflection coefficient

M2 (interface); b — design base reflection coefficients RI for two

polarizations R [S] and R [P] in a wide spectral range; c — the same,

but in a narrow spectral range, the dotted line shows the spectral

rearrangement of the maximum R [S]′ .

R(ϕ) = R1 + 2T1

√
R1

cos(ϑ + 2ϕ) −
√

R2 cos(ϑ)

1 + R2 − 2 cos(2ϕ)
√

R2

+
T 2
1

1 + R2 − 2 cos(2ϕ)
√

R2

, (1)

ϑ = 91 + 92 − 281,

ϕ(θb, λ) =
2πnbhb cos θb

λ
− 92(θb, λ) + 93(θb, λ)

2
, (2)

where λ — wavelength, θb — angle of light incidence on

mirrors inside the resonator, i.e. in the base layer, hb —
physical thickness, nb — refractive index of the base RI,

R1,2, T1 = T2 — energy reflection coefficients of the mirror

M1, 91,2 and 81 = 82 — their phases respectively, R3,

93 — the same is true for the mirror M2. The ratio (1) for

R(ϕ) is valid for S- and P-polarizations with substitution of

the corresponding coefficients R1,2, T1 and their phases for

these polarizations. In conditions of total internal reflection

at the boundary of the base and analyte, the dependence on

the parameters of the mirror M2 is manifested only through

the Fresnel phase 93(θ, λ) in (2), which depends on the

refractive index of the analyte na .

When using an absorbing metal film in the structure

M1, the reflection coefficients R1 6= R2. In the case of

quarter-wave dielectric layers for oblique incidence, i.e.

when the physical thickness of the dielectric layers is

h j = λ0/(4n j cos θ j), j = L, H , where L — dielectric index

with low refractive index, H — with high, λ0 — central

wavelength, nL < nH , θ j — the angle of incidence in the

jth layer, it is possible to analytically express the energy

coefficients of the mirror M1 for two orthogonal linear

polarizations (notation [S, P]):

R[S,P ]
1 =

(us − ξ1 − ub(uL/uH)2N)2 + ξ22
(us + ξ1 + ub(uL/uH)2N)2 + ξ22

, (3)

R[S,P ]
2 =

(us + ξ1 − ub(uL/uH)2N)2 + ξ22
(us + ξ1 + ub(uL/uH)2N)2 + ξ22

, (4)

T [S,P]
1 = T [S,P]

2 =
4(uL/uH)2Nus ub

(us + ξ1 + ub(uL/uH)2N)2 + ξ22
, (5)

where 2N — the number of dielectric layers of the mirror

M1, ξ
[S,P] = ξ

[S,P ]
1 + iξ [S,P]

2 , which are expressed in terms of

the thickness of the metal film hm and its complex refractive

index nMe = nm − iχm:

ξ [S] = 2khmnmχm + ikhm
(

(n2
m − χ2m) − n2

s sin
2(θs )

)

,

ξ [P] = 2khmnmχm + ikhm(n2
m − χ2m), (6)

u j =

{

u[S]
j = n j cos θ j (S — polarization),

u[P]
j = n j/cosθ j (P — polarization),

(7)

j = s, L, H . From (3)−(6) it follows that for us = ξ1,

ones can get R1 ≪ R2 and in the formula (1) only the

third term remains significant, which is proportional up

to the constant of the transmission function of the Fabry-

Perot interferometer. We note that u[S]
L /u[S]

H < u[P]
L /u[P]

H and

therefore R[S]
2 > R[P]

2 , i.e. the Q-factor of the resonator for

S-polarization will be higher than for P . For this reason, the
maxima for S-polarization will be much narrower and more

suitable for high-precision measurements of the refractive

index of the analyzed medium, although at the same time

d9[S]
3 /dna < d9[P]

3 /dna .
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It is possible to determine the main characteristics of the

sensor. Finess of the F [S,P] interferometer bands:

F [S,P] = π
R[S,P]1/4

2

1− R[S,P]1/2

2

. (8)

The free spectral range of the interferometer:

1λ ≈ λ20
2nbhb cos θb

[nm]. (9)

Spectral width δλ of intensity maxima:

δλ[S,P] =
1λ

F [S,P]
[nm]. (10)

Spectral sensitivities S[S,P]
λ are expressed in terms of phase

change 9
[S]
3 :

S[S]
λ ≈ −1λ

2π

∂9
[S]
3

∂na
=

1λ

π

na
√

f b

n2
b − n2

a

1√
f a

[nm/RIU], (11)

S[P]
λ ≈ −1λ

2π

∂9
[P]
3

∂na
=

1λ

π

n2
bna

√
f b

(n4
a f b + n4

b f a)

1√
f a

[nm/RIU],

where f a = (ns sin θs )
2 − n2

a , f b = n2
b − (ns sin θs )

2.

The sensor quality parameter FOM (Figure of Merit):

FOM = CR
Sλ

δλ
= CR

1λ

πδλ

dϕ
dna

, (12)

where CR = 1− Rmin/Rmax — contrast of the interference

pattern.

Fig. 1, b shows the design base reflection spectrum

of two polarizations for the parameters corresponding

to the experimental ones: λ0 = 1550 nm, hm = 11 nm,

nMe = 3.44−6.74i RIU (Ni@1550 nm), nL = 1.46,

nH = nb = 2.4RIU, L = 371.9 nm, H = hb = 178.3 nm,

N = 4, ns = 1.57RIU, na = 1.02RIU, θb = 40.7◦ in

a wide spectral range. In Fig. 1, c, the dotted line

shows the peak offset when dna = −0.02RIU changes,

which corresponds to a shift of 19.7 nm or sensitivity of

985 nm/RIU. The sensitivity of the sensor depends on the

angle of incidence, and the closer to the TIR angle, the

higher it is (since it increases d9[S,P]
3 /dna).

3. Experimental setup

For the experimental study, an optical circuit was as-

sembled, including a quartz rectangular prism, a substrate

made of BK10 glass, conjugated with a prism using an

immersion liquid (glycerin). A sensitive structure was

applied to the face of the substrate by magnetron sputtering

using the VSE-PVD-100-2 installation (Vacuum systems and

electronics), consisting of a thin nickel film, four pairs of

dielectric layers SiO2 and TiO2 and a base layer of TiO2.

The thicknesses of the dielectric layers were chosen taking

into account the multiplier 1/cosθL,H . Thus, in this structure

Vacuum
pump

Pressure
gauge

Vacuum chamber

SMF

WLS OSA

PC

Polarizer

Collimator1 SMF
Collimator2

Figure 2. Experimental setup: WLS — white light source,

SMF — single-mode fiber type SMF-28e, Collimator 1, 2 —
fiber collimators, Polarizer — polarizer, OSA — optical fiber

spectroanalyzer, PC — computer, Vacuum chamber — vacuum

chamber, Vacuum pump — pre-vacuum pump, Pressure gauge —
pressure meter.

there were not quarter-wave layers for normal incidence.

The optical control method was not used in the manufacture

of the structure, the layers were applied according to time

stamps, i.e. the application rate was previously determined

by measuring the thickness of the reference layer using the

XE15 atomic force microscope (Park Systems). The metal

was sputtered at a buffer gas pressure of (Ar) 1.5 · 10−3 Torr

in the voltage stabilization regime of 1 kV and a current

of 0.3 A, while for 4 s, the voltage was applied to the

magnetron by pulses with a frequency of 27 kHz and a

fill factor 10%. When sputtering the dielectric layers, a

mixture of gases Ar (75%) +O2 (25%) 3.6 · 10−3 Torr was

used, voltage — 1 kV; TiO2: current — 1.57A, time —
262 s/layer; SiO2: current — 1A, time — 200 s/layer, with

a frequency of 100 kHz and a fill factor of 36%.

As is known, the refractive index of air with a high degree

is linearly proportional to pressure according to the law

na(p) = na0 − c p at pressures less than atmospheric [7],
where na0 = 1.0002926 RIU, c = 2.8 · 10−9 RIU/Pa, p —
pressure. There are optical methods for measuring pres-

sure — for example, based on a change in the phase shift in

interferometers due to a change in the refractive index [8,9].
A similar method of optical control was used in this work,

but on the basis of the sensor under study.

To determine the main characteristics of the sensor, the

circuit shown in Fig. 2 was assembled. As an illuminator

(WLS), a broadband white light source FYLA SCT1000 was

used (a source of a supercontinuum of 470−2400 nm, pulse

duration < 200 ps), the radiation of which was coupled

to a single-mode fiber of the SMF-28e type (SMF), the

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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cut-off wavelength of the higher modes of which 1260 nm.

Then the light was collimated using Collimator 1 (Thorlabs
F220FC-1550), passed through the Polarizer (Thorlabs LP-

NIR050), prism and substrate, reflected from the sensitive

layer and coupled to SMF using Collimator 2 (Thorlabs
PAF-7-X-C). The spectrum of the reflected signal was

measured by an OSA fiber spectrum analyzer (Yokogawa
AQ6370) and stored automatically on a computer (PC). To
check the sensor response, the atmosphere was pumped out

of the chamber using an oil-free forevacuum spiral pump

Vacuum pump (Anest Iwata ISP-250C). The pressure in

the chamber was controlled using a Pressure gauge (Granvill
Phillips 275 Mini-Convectron).

4. Experimental results

Fig. 3, a shows the reflection spectrum normalized for

reflection from the prism face for S-polarization in a wide

spectral range with a resolution of 2 nm. As can be

seen, there is a very narrow peak in the region of about

1290 nm, comparable to the width of the fiber Bragg lattice.

The peak shape is asymmetric and has a side minimum

in the long-wavelength region, which corresponds to the

design base dependence (Fig. 1, c) and is characteristic of

the properties of a nickel film. The expected position of

the signal maximum is very different from the calculated

one (the difference is more than 200 nm). Such a strong

spectral shift cannot be obtained solely due to the angle

of incidence in the substrate, but together with a shorter

base it is quite possible. The peak offset can also be

affected by non-standard reflection phases of mirrors M1

and M2 (92, 93 6= π) due to losses in the multilayer

structure. However, most likely the reason is the incorrect

determination of the thicknesses of the layers associated

with the complexity of obtaining a step of the support layer

material on the substrate — i.e. an interference coating

designed for a different, shorter wavelength was applied.

The rate of sputtering the quarter-wave layer was checked

by optical methods and it turned out that the rate was

overestimated by about 10% for the SiO2 layers, however,

the rate was determined correctly for TiO2. The latter

means that the thickness of the base layer was applied

as expected in the calculation. In any case, modeling of

possible errors in the thickness of the layers, i.e. their

deviation from the above quarter-wave thickness for oblique

incidence, showed that for the materials used, even with

an error of about 10% in thickness, a mirror M1 with a

high reflection coefficient from the base can still be formed

(R2), but with the maximum reflection already at a different

wavelength.

In Fig. 3, b, the signal maximum is shown with a

resolution of 1 nm, its spectral width at the level of half

the intensity between the minimum and maximum values

was δλ = 1.7 nm. The spectral position of the maximum

was controlled by searching for the maximum λmax of

the approximation polynomial of the third degree (the
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Figure 3. a — experimental reflection spectrum in a wide

spectral range; b — the same in the spectral region of the sensor

peak, dashed line — approximation polynomial of the third degree.

dashed line in Fig. 3, b, almost coinciding with the solid

line) according to the intensity level of its spectral width

in the spectral range 6 nm. The receiving time of one

spectrum was relatively long and was about 30 s, that is, an

almost important part of the maximum spectrum accounted

for 9 s. This is due to the low level of the reflected

signal due to the losses on the insertion into a single-

mode fiber at the prism output and, as a consequence,

the need to set the OSA high sensitivity mode. In other

measurement schemes, for example, based on an inclined

spectral filter, the measurement time can be reduced by

orders of magnitude [10].

Fig. 4, a shows the dependence of the wavelength of the

maximum λmax on the time in the vacuum chamber during

the letting-to-air. The pressure in the vacuum chamber was

pumped out to a value of 0.7−0.8mm Hg (100 Pa). Then,
through an external valve, a stepwise letting-to-air with

intermediate pressures up to the atmosphere was carried out.

At each pressure, the spectra were measured for 5−7min,

which corresponds to 10−15 points on each step. During

the measurement at the step λmax was constantly increasing,
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of λavmax on the change in the refractive index (na − 1), circles — the

first letting-to-air cycle, crosses — the second letting-to-air cycle,

dotted lines show the refractive coefficients of several gases.

which, apparently, was due to the slow heating of the

sample due to the lack of thermal stabilization. At the same

time, for each step, the pressure gauge reading changed by

approximately 1% from the initial value in the decreasing

direction. During the letting-to-air into the volume, a

thermocouple located inside the vacuum chamber, but at

a distance from the sensor, showed a temperature change

from 21.6◦C at full pumping to 25◦C during the letting-to-

air. As can be seen from the figure, several pumping and

letting-to-air cycles were performed. A stepwise letting-to-

air was made twice, rapid pumping was carried out three

times and a rapid letting-to-air was carried out once.

According to the data of two-step letting-to-air cycles, the

average wavelength λavmax was calculated within each stage

and compared with the refractive index calculated from

the measured pressure. Fig. 4, b shows the dependence

of λavmax (from na − 1), where circles show the first cycle,

and crosses — the second. It can be seen that the

dependencies are repeated with good accuracy, but they

are shifted vertically, which is probably due to the lack

of thermal compensation. In addition, the dependencies

have a break of about 0.05 RIU, which may be due, for

example, to the non-linearity of the response of the pressure

meter (insufficient compensation for non-linearity in the

pressure measurement program). Nevertheless, even such a

dependence can potentially be calibrated by two quadratic

polynomials. Also in the figure, the vertical dotted lines

show the refractive coefficients of several gases — helium,

neon, argon and carbon dioxide. When performing thermal

compensation, it is possible to distinguish between helium

and neon.

From the given experimental data, it is possible to

estimate the main parameters of this sensor. If we subtract

the temperature drift λmax during one letting-to-air cycle

at 50 pm, then the full spectral interval of the maximum

offset was 1λ = 0.3 nm. Then the sensitivity of this

sensor can be estimated in Sλ = 1λ/1n ≈ 1000 nm/RIU

(1n = 2.9 · 10−4 RIU). Hence the sensor quality parameter

FOM = 529RIU−1, with the contrast of the interference

pattern CR ≈ 0.9. The resolution of δn was estimated by

the following method. Approximation polynomials λ
appr
max of

the third degree were calculated for each step Fig. 4, a under

the assumption that the temperature effect within each step

is smooth and monotonous. This polynomial was taken as

a systematic part of the error. To calculate the stochastic

part of the error, which was taken as an estimate of δn,
the standard deviation σλ of the difference λmax − λ

appr
max

was calculated for each step. Among all the values of

σλ , the smallest was chosen, it was σmin
λ = 0.068 pm. If

we correlate this value with 1λ and 1n, we can get the

resolution of this system δn = 1nσmin
λ /1λ = 6.5 · 10−8 RIU.

It is worth noting that the theoretical work [11] describes
a sensor made in a diffraction pattern with a signal minimum

width of 0.17 nm, which, apparently, is a record value at

a sensitivity of 1544 nm/RIU, comparable to the sensor

studied in this work. The RI method makes it possible to

reduce the spectral width of the signal maximum simply by

increasing the number of layers of the multilayer coating

of the mirror M1, i.e. by increasing the FOM sensor,

which makes it possible to reduce σmin
λ . To obtain a peak

width of about 0.1 nm, two more pairs of layers (LH)2

will be required. Ones can increase 1λ by increasing

the sensitivity when approaching the angle of total internal

reflection. Thus, the potential resolution of this sensor can

be significantly increased if precision thermal compensation

is carried out. The limiting factor of the constant increase in

the Q-factor of the resonator may be, in addition to losses in

the layers for absorption and scattering, the drift of the beam

due to an oblique incidence, which, apparently, will have a

significant impact in the fiber version, when the mode size

is small in tens of microns. To reduce the drift factor, it is

more profitable to use dielectrics with the highest refractive

index contrast both in the mirror M1 and in the base layer,

for example, at a wavelength of 1550 nm — Si and SiO2.

However, ultimately it is necessary to take into account the

specifics of the application for which the sensor is being

Optics and Spectroscopy, 2022, Vol. 130, No. 12



Experimental implementation of a spectral refractive index sensor based... 1633

manufactured, in terms of the required thermal sensitivity

and chemical resistance.

As the experiment has shown, in order to obtain a

maximum in a given spectral range, it is necessary to use

optical control in the manufacture of a sensitive layer in

order to automatically take into account all the amplitude

and phase features of the multilayer structure.

5. Conclusion

The RI method for the oblique incidence of light used

to create a sensitive layer of the refractive index sensor in

the Kretschmann scheme is experimentally demonstrated.

A theoretical description of the sensor parameters is given.

It has been experimentally demonstrated that this sensor

can have a spectral width of the signal reflection maximum

comparable to the reflection spectrum of a fiber Bragg

lattice in a single-mode fiber. It has been shown, that

the test sample can be used to determine the air pressure

up to 10−3 bar. When performing thermal compensation,

it is possible to distinguish gases close by refractive

index, such as helium and neon. The spectral sensitivity

was 1000 nm/RIU, the resolution of the sensor in this

configuration (without precision thermal compensation) is

estimated as 6.5 · 10−8 RIU and the quality parameter —
529RIU−1. Proposals for further improvement of the sensor

characteristics are formulated.
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