
1 3

DOI 10.1007/s00340-016-6483-z
Appl. Phys. B (2016) 122:208

Enhanced spectral resolution of NIR Fourier transform 
interferometer based on the dispersive property of GaAs

Y. X. Cai1 · C. G. Ming1 · X. B. Ren1 · Y. T. Qin1 · Y. D. Zhang2 

Received: 10 December 2015 / Accepted: 27 June 2016 / Published online: 12 July 2016 
© Springer-Verlag Berlin Heidelberg 2016

food safety, and petrochemical engineering in infrared 
spectral region. Conventional optical interferometers 
usually contain non-dispersive materials (typically air) 
with refractive index n, which is practically equal to the 
group index ng (defined by ng ≡ n + vdn/dv) in the con-
ventional optical materials. Therefore, the optical delay 
time (ODT) of the conventional interferometers can be 
determined by defining the optical path difference (OPD), 
and the ODT can be explained as τ = nL

/

c, where nL 
is the OPD, and c is the speed of light in vacuum. Fur-
ther, the spectral interval of the conventional FT inter-
ferometer (typically Michelson interferometer) is given 
by δvmin = 1

/

(2τmax) = c
/

(2nLmax), where v is the fre-
quency of input optical field, and nLmax is the maximum 
OPD [7]. However, the phase and the group velocity of 
light are different from each other in a slow light material 
with a large dispersion. Thus, the optical delay time of the 
slow light FT interferometer could not satisfy the relation-
ship mentioned above.

In this paper, we propose a new FT interferometer 
to realize the tunable group delay time between the two 
optical paths by continuously tuning the thickness of 
the slow light material as shown in Fig. 1. We propose a 
new method to describe the interference process of the 
FT interferometer and experimentally demonstrate that 
the spectral resolution of the FT interferometer can be 
greatly enhanced by using the large group index of slow 
light material, which is inversely proportional to the group 
delay time that can be achieved. Further, we directly 
obtain the frequency distribution of the input light from 
the interference pattern by defining a frequency transform 
factor. This enormous improvement in spectral perfor-
mances can be used to decrease the weight and the volume 
of optical instrument without degrading the instrument 
performances.

Abstract  We experimentally demonstrate that the spec-
tral resolution of Fourier transform interferometer could be 
greatly enhanced by using the dispersive property of semi-
conductor GaAs in the near infrared region and obtain the 
frequency distribution of the input light from interference 
pattern by defining a new frequency transform factor. The 
results show the effectiveness of this method in the slow 
light interference system.

1  Introduction

Recently, there has been considerable interest in develop-
ing practical applications of slow light method in many 
fields such as spectroscopy [1–4], telecommunication [5], 
and laser gyroscope [6]. In particular, recent research has 
experimentally demonstrated that slow light can be a very 
useful approach to improve the spectral performance of 
some kind of optical interferometers by using the materials 
with the large group index [1–4].

Fourier transform (FT) interferometry is a power-
ful technique which has basically high spectral resolu-
tion and excellent signal-to-noise ratio (SNR) [1, 7, 11]. 
These properties are widely applied to analyze the com-
ponent of the matters in the biomedical engineering, 
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2 � Spectral resolution theory of slow light FT 
interferometer

Usually, slow light materials have large dispersion in the 
near resonance lines, which could lead to large group index. 
Moreover, the light propagation theory shows that the 
experimental measurement of the light velocity from the 
flight time should be the group velocity, but not the phase 
velocity, which is closely related to the group index of the 
materials [7]. Therefore, optical group delay time can be 
described as τg = L

/

vg = ngL
/

c, where vg = c
/

ng is the 
group velocity of light, and L is the length of the material. 
Further, the optical group path (OGP) can be defined by the 
group index ng instead of the refractive index n in the con-
ventional method as OGP = ngL, which could be directly 
used to describe the group delay time.

Typically, the main core of Fourier transform interferom-
eter is using an optical structure to produce uniform time 
interval in the whole measurement. A Mach–Zehnder inter-
ferometer was used in this work. The setup is displayed in 
Fig. 1. The incident light is divided by a beam splitter BS1 
into two beams: The transmitted beam travels to a continu-
ously tunable slow light material to realize a tunable group 
delay time, and the reflected beam passes through a plate to 
compensate the initial optical path difference. We assume 
that a quasi-monochromatic light is used as the source of 
the interferometer, and the center frequency and linewidth 
are v0 and Δv, respectively. Consequently, the output inten-
sity of the interferometer is given by

where n(v) is the refractive index of the slow light material, 
nair is the refractive index of the air at the room tempera-
ture, c is the velocity of light in the vacuum, and ΔL is the 
lateral movement of the medium from zero to ΔLmax. We 

(1)
Iout =

1

2

∫

Iin(v)dv+
1

2

∫

Iin(v) cos

[

2πv

c
(n(ν)− nair)�L

]

dv

assume that the initial optical path difference and the opti-
cal group delay time are zero in the optical system, which 
can be obtained by tuning the thickness of the materials. 
The output intensity of the interferometer can be described 
by the integral function with refractive index n(v) and ΔL. 
The refractive index of the material is not a constant but 
a function of the frequency of light in the spectral region. 
Therefore, the frequency of light and the optical path dif-
ference could not constitute the Fourier transform pairs 
simply, and we could not directly process the inverse Fou-
rier transform with Eq. (1). Additionally, the relative group 
delay time between the two optical paths of the interferom-
eter near v0 can be calculated by

Thus, the Eq.  (1) can be rewritten with the group delay 
time, and then, we can obtain the following inverse Fourier 
transform relationship:

where f = n(v)−nair
ng−nair

v is a transformed frequency, and the 
refractive index of the air is equal to the group index as 
nair ≅ ng,air. The frequency transform factor can be defined 
as ξ =  [n(v) − nair]/[ng − nair]. If the differentials satisfy 
the condition of df = dv, the FT pair consists of the trans-
formed frequency f and the group delay time τg in the pre-
sent optical system. Therefore, the input spectrum can be 
obtained by applying the FT and expressed with the output 
intensity as a function of group delay time τg. This method 
could avoid the problem mentioned above and successfully 
configure the FT pair similar to conventional FT interfer-
ometer. The spectral resolution of slow light FT interfer-
ometer can be obtained by measuring the largest group 
delay time, which could be obtained in each optical path 
as δv =  1/12τg,max =  c/2(ng −  nair)ΔLmax. As mentioned 

(2)τg =
ng − nair

c
�L

(3)Iout =
1

2

∫

Iin(f )df +
1

2

∫

Iin(f ) cos(2πτgf )df

Fig. 1   Schematic diagrams 
of the FT interferometer with 
a tunable slow light medium 
GaAs
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above, the non-dispersive materials are usually used in 
conventional optical system. Thus, the spectral resolution 
of the conventional FT interferometer can be achieved and 
explained by δv = 1/12τmax = c/2(n0 − nair)ΔLmax instead 
of the slow light material in Fig. 1, that is, the spectral inter-
val of the slow light FT interferometer can be enhanced 
(ng  −  nair)/(n0  −  nair) times under the same conditions, 
where n0 is the refractive index of non-dispersive material.

3 � Experiment structure parameter and optical 
property of slow light medium GaAs

A slow light Mach–Zehnder interferometer has been con-
structed to experimentally demonstrate the method as 
shown in Fig. 1. A LED-808 nm pumped single longitudi-
nal mode non-planar ring oscillator Nd:YAG laser is used 
as the light source, whose output wavelength is 1064  nm 
and the FWHM is 2 GHz approximately as shown in Fig. 2. 
A high-resistance semiconductor GaAs is used as the slow 
light material. The maximum thickness ΔLmax can be 
scanned for about 11.13 mm, and the initial thickness L0 of 
GaAs is about 2 mm. The angle between the two surfaces is 
about 12°. It could assure the transmittance of light in the 
slow light material GaAs and the change ratio of thickness 
simultaneously. According to Kramers–Kronig relation [8], 
it has large dispersion in the near band gap edge. This prop-
erty could give rise to the change in refractive index rapidly 
and obtain large group index in the near band gap edge. 
Numerically, the value of the refractive and group index 
of GaAs are 3.467 and 3.940, respectively, and the disper-
sion of group index is nearly zero near the spectral range 
of 1064 nm [9]. Further, we know the semiconductor GaAs 

is an isotropic electromagnetic medium. This is helpful for 
us to machine the material as requested. A translation stage 
with a resolution of 33 nm is used to continuously displace 
a wedge to tune its thickness and therefore to modulate 
the group delay in one arm of the interferometer. With the 
thickness increasing of the material, the optical path differ-
ence of the interferometer increases, along with the phase 
difference in the whole image area. We thus expect that the 
interference fringes will also move, and the correspond-
ing intensity change can be determined by recording the 
intensity of patterns at one record point. The near infrared 
detector is used to measure the change of the intensity of 
the fringe patterns.

4 � Experimental result and discussion

Figure  3 shows the experimental data for the variation of 
intensity Iout as a function of the group delay time τg at pri-
mary frequency of input light. Note that the output inten-
sity Iout is not convergent to zero when the optical group 
delay time achieved maximum τmax in present system, 
because the delay time is not long enough between the two 
arms, which is restricted by the size of slow light material. 
Moreover, the nonzero DC component about input intensity 
is preserved from the recorded fringes, since the thickness 
increase can enhance the absorption of the material GaAs 
and further influence the integral result of the input light. In 
Fig. 3, the interference diagram indicates a cosine function 
and meets the requirements of Fourier transform pair. The 
interference pattern is described above as shown in Fig. 3, 
and this is calculated by the FT relation of Eq. (3).

Figure 4(a) is the result of the directly calculated spec-
trum with obtained interference pattern. Note that the value 
of the frequency is 2.365882 ×  1014 Hz, and the spectral 
resolution is 5  GHz approximately. This result is related 
to the transformed frequency f and satisfies the theory of 
mentioned above in Eq. (3). The measured spectral resolu-
tion differs slightly from the theoretical prediction, where 
the numerical values and the measured values are 4.6 and 

Fig. 2   LED-808  nm pumped single longitudinal mode non-planar 
ring oscillator 1064 nm Nd:YAG laser. The FWHM is 2 GHz approx-
imately

Fig. 3   Iout of slow light Fourier transform interferometer as a func-
tion of group delay
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5  GHz, respectively. This is because that the analysis in 
Eq. (3) is just under the ideal case. However, the slow light 
material has large dispersion and absorption in the practi-
cal situation. Figure  3 shows that it is difficult to obtain 
an interference diagram with high symmetry, due to vari-
ous factors such as the effects of background light, errors 
of mechanical structure and optical path design, as well as 
the absorption and high reflectivity of GaAs. These factors 
further result in the noise peaks in Fig. 4 and exert a nega-
tive effect on the final experimentally measurable accuracy. 
This could make the intensity Iin changes with the thick-
ness tuning of the material and affect the result. Moreo-
ver, the effective linewidth of retrieved input light can be 
obtained as γeff = cα/4π(ng − nair) in the system, where the 
light contains only an infinitely narrow spectral line cen-
tered at v0 [1, 4]. It depends on the absorption coefficient 
α and the group index of the material. Through contrasting 
the FWHM linewidth with the experimental result, one can 
see that the FWHM linewidth is much less than the spectral 
resolution of the system. Thus, the result is determined by 
the spectral resolution of the experimental setup. Note that 
this result is different from a coefficient ξ with actual input 
spectrum (ξ = 2.467/2.94). Therefore, the actual input spec-
trum can be obtained from the transformed frequency f, and 
the result is shown in Fig. 4b. Here, the center frequency of 
actual input spectrum is about 2.819496 × 1014 Hz, where 
n(v0) = 3.467, ng = 3.94, and nair = 1. Note also that the 
frequency agrees with the light source very well, and the 
slight difference of each other is perhaps introduced by the 
influence factors such as the mechanical vibration of the 
system, the process of approximating the refractive and 
group index in the whole spectral region, and the measur-
ing inaccuracy of the experiment.

A significant part of the resolution improvement is due 
to the high refractive index of GaAs, regardless of its dis-
persion. If the resolution enhancement of the proposed 
method was to be compared with the resolution obtained 
with a non-dispersive optical material with the same 
refractive index as that of GaAs, the spectral resolution 

enhancement would be improved by a factor of about 1.2. 
However, it is worth noting that the high refractive index 
materials commonly used as optical materials are semicon-
ductors that usually exhibit significant absorption features 
at larger group refractive index regime. Furthermore, they 
also exhibit high Fresnel reflectance because of their large 
refractive index. To reduce the energy loss in the meas-
urement, non-dispersive media (such as SiO2 or K9 glass) 
with high transmissivity but lower absorption are prefer-
ably chosen. As it is difficult to find a non-dispersive opti-
cal material with high refractive index and low absorption 
features that exhibits the required conditions, we compared 
the spectral resolution of GaAs with that of SiO2 instead 
of making the comparison with a non-dispersive material 
having a refractive index around 3.48. When SiO2 (with 
a refractive index of about 1.45) is employed as optical 
material instead of the slow light material in Fig.  1 [10], 
the spectral resolution is approximately 30  GHz. Thus, 
the spectral resolution of a FT interferometer is enhanced 
approximately six times when the slow light material GaAs 
is used instead of SiO2.

5 � Conclusion

In conclusion, we proposed a new method to describe the 
slow light FT interferometer and analyzed the interference 
process in detail. A transformed frequency f and group delay 
time are introduced as the Fourier transform pairs and used 
to directly calculate the spectral resolution of FT interfer-
ometer. We have experimentally demonstrated that the spec-
tral resolution of the interferometer is closely related to the 
maximum group delay time and the frequency distribution 
of light. When compared to a system using SiO2 in the same 
conditions, the spectral resolution is enhanced by approxi-
mately a factor of six. This enhancement is limited by the 
group index of GaAs. Moreover, some slow light methods 
can achieve larger group delays, and this could conduce to 
higher gains of spectral resolution [12].

Fig. 4   Experimental results of 
slow light FT interferometer 
using slow light material GaAs 
a retrieved frequency f from 
recorded interference pattern, b 
obtained actual input spec-
trum of light source from the 
retrieved frequency f
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