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Achieving High Transmission and Q Bragg Filter
via Balancing Dissipation and Radiation Loss

Yanliang Zhao , Jun Cao, Dejun Liu , Xi Shi, and Feng Liu

Abstract—Simultaneously high quality-factor (Q) and transmis-
sion (T) are highly desired in various optical, photonic, and opto-
electronic applications such as filters, sensors, photodetectors and
lasers. However, a trade-off between high Q and high T exists widely
in optical systems thanks to the different physics triggers under-
neath. Here, as an example, we experimentally demonstrate a Bragg
filter composed of niobium pentoxide (Nb2O5) and silica (SiO2)
stacks which enable high Q of 183 and high T of 91.3%. Balancing
dissipation and radiation rate of the optical system is crucial to
the performance of the device, which is validated by modulating
the absorption of material (Nb2O5) and the number of stacks.
Further, with the principle the tunable Bragg filter is able to work
in a similar way at optical wavelengths, i.e., maintaining almost
unchanged FWHM (full width at half-maximum) and T values. We
believe our work offers an efficient strategy for achieving high Q
and T optical systems to meet diversified application requests.

Index Terms—High Q and T, trade-off, dissipation and radiation
loss, niobium pentoxide, Bragg filter.

I. INTRODUCTION

IN OPTICAL systems, highQ and highT have attracted great
research interests since it is highly desired for applications

in narrow-band filters, optical switches, lasers, sensors or even
quantum information processing [1]–[5]. In general, high Q is
achieved by exploiting Fabry-Pérot interferences, whispering
gallery modes (WGM), defect modes, Fano resonances, and
recent bounded states in the continuum (BICs) [6]–[11]. High
T is obtained by matching the impedance at interfaces and
using low-lossy material synergistically [12], [13]. However,
a trade-off occurs commonly between Q and T since Q is
determined by the sum of damping and radiation of the system,
while T is dependent on the quotient of that two factors. This
imposes great limitation on the exploration of optical applica-
tions with simultaneously high Q and high T . For examples, a
typical quality factor of 102–103 was experimentally achieved
in nanocavities, while, at the expenses of the T decreasing to the
range between 0.2 and 0.7 [14].
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Dielectric Bragg reflectors (DBRs) are one of the most popular
photonic structures due to its clear physics and easy fabrica-
tions [15]. The DBRs usually act as flexible mirrors in the
Fabry Pérot cavity, reducing the radiation loss and achieving
high Q [16]. Moreover, most DBRs are composed of non-lossy
layers or materials with very small extinction coefficients, e.g.,
ZnS, MgF2 and Ta2O5 at optical wavelengths, in order to avoid
the dissipation effect on cavity Q factor [17], [18]. Numerous
optical systems based on DBR have been widely applied for
color filters, lasers, photodetectors, bio-sensors and thermal
radiators [19]–[21].

In this paper, we use the configuration of DBRs composing
Nb2O5 and SiO2 as an example to study the requirements of
an optical system with simultaneously high Q and high T . We
find the trade-off between radiation and dissipation rates of
the system is crucial to the high optical performances, which
are validated by coupled mode theory theoretically and the
individual modulation of the radiation and dissipation rate ex-
perimentally. In our study, the radiation rate and the dissipation
rate of the resonator are controlled via the number of Bragg
stacks and the variable absorption of Nb2O5 films. With the
revealed principle, we successfully fabricate a Bragg filter with
high Q of 183 and high T of 91.3% in the visible frequencies.
Intriguing, the transmission wavelength of the filter is tunable
throughout the visible range with almost unchanged bandwidth
and transmittance. We believe our results can boost tremendous
interests in various applications which demands on high Q and
high T such as Raman/fluorescence spectroscopy, photodetec-
tor, anti-counterfeiting and color filtering.

II. THEORY ANALYSES AND SIMULATIONS

We consider a resonant mode with a resonance frequency ω0,
corresponding dissipation loss rate γD, and radiation loss rate
γR. The coupled mode equation for the resonant mode amplitude
a with two ports can be written as [22]:

da
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= (jω0 − γD − γR)a+
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where d1 and d2 are the coupling coefficients of two ports.

The scattering matrix ejϕ
(
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describes the direct coupling

between incoming and outcoming waves. The r and t are the
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reflection and transmission coefficients, respectively. S1+ and
S2+ are the amplitude of incoming wave from port 1 and port
2, while S1− and S2− are that for outgoing waves from two
ports. To clarify the physical mechanism of Q and T , we start
with a symmetrical structure and light is incident from port 1
for simplicity. As a result, assuming S2+ is 0, the T and Q are
deduced as:

T =
1

(1 + γD

γR
)2
, (3)

Q =
1

ω0 (γR + γD)
. (4)

The above equations clearly indicate that the T of the res-
onator is determined by γD/γR and the Q is inversely propor-
tional to the total loss γR + γD. Smaller γD/γR and γR + γD
give rise to higher T and Q. Further inspection reveals that: (1)
When the γD is fixed, higher Q requires smaller radiation loss
which, on the contrary, decreases the transmission; A notable
example of the case is the WGM micro-resonator which realize
an ultra high Q (108) while low transmission (20%) [23]; (2)
When the γR remains unchanged, smaller material dissipation
leads to simultaneously high Q and T . For the dissipation loss,
it usually depends on the intrinsic property of materials and
hard to be actively modified. Thus, many articles focus on
the modification of radiation losses via changing the structures
of photonic resonators including grating, Fabry Pérot cavity,
and metal-DBR structures. In these cases, the Q and T are
manipulated but limited by varying the radiation loss only (e.g.,
grating, Fabry Pérot cavity, and metal-DBR structures can only
reach the T of 70%, 55%, and 48% and the Q of 19, 14 and
54 respectively) [21], [24]–[26]. This limitation hampers the
application implementations such as liquid crystal display [26].
The trade-off occurs inevitably even with different photonic
structures from the physics viewpoint.

To validate the theoretical conclusions discussed above, we
numerically investigate the Q and T of a dielectric Bragg filter
with different number of stacks (N ). The proposed structure
is (HL)N (LH)N , as shown in Fig. 1(a). The H stands for the
high-refractive-index Nb2O5 film which is widely used in opti-
cal devices and the L represents the low-refractive-index films
(SiO2) [27]–[29]. The optical thickness of each layer is λ0/4
(133 nm). The refractive index of Nb2O5 is interpolated from
experimental data (see Fig. 2(b)). Note that the extinction coeffi-
cient of Nb2O5 can be modulated according to the experimental
results. In our simulation, the value of extinction coefficient is
selected to be 0.001, which is one order of magnitude higher than
the reported lowest absorption of Nb2O5 [30]. The refractive
index of SiO2 is 1.43 and the extinction coefficient is zero in
the visible range. The calculated resonance frequency ω0 is
564 THz (λ0 = 532 nm) which agrees with the experimental
results. Both the dissipation and radiation losses of the filter can
be extracted from the calculated transmission spectrum by the
transfer matrix method [31]. As the number of stacks increase
from 2 to 10, the radiation loss of the filter drops rapidly from
36.00 to 0.04, and the dissipation loss varies slightly from 0.11

Fig. 1. (a) Schematic of the dielectric Bragg filter composed by Nb2O5

(orange) and SiO2 (blue); (b) Dissipation loss (red triangle) and radiation loss
(black square) for filters with different number of stacks (from 2 to 10); (c)
Q (red triangle) and γR + γD (black square) for filters with different number
of stacks; (d) The maximum T (red triangle) and γD/γR (black square) for
filters with different number of stacks. (Data in (b),(c), and (d) are retrieved
from TMM-calculated spectra).

Fig. 2. (a) Transmission spectra of the glass substrate (blue square), 330 nm
Nb2O5 films deposited on glass (yellow triangle), and the fitting result (red
line) with normal incidence; (b) Extinction coefficient (red circle) and refractive
index (black square) of Nb2O5 film; (c) X-ray photoelectron spectroscopy of
Nb2O5 films; (d) The roughness of the film detected by stylus profiler.

to 0.13 (see Fig. 1(b)). These results show that the radiation loss
of the filter is dominantly affected by the number of stacks and
the dissipation loss is mainly determined by materials in this
system. As expected, with the number of stacks increases, the Q
increases from 14 to 3000 owning to the decreasing total losses
(γR + γD) (see Fig. 1c), however, the T decreases from 1 to
near 0 as the ratio of dissipation loss to radiation loss(γD/γR)
increases from 0.003 to 3.800 (see Fig. 1(d)). As a result, the
trade-off between high Q and high T requires the number of
film stacks to be 5 or 6 in this system.
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III. EXPERIMENTAL RESULTS

The Bragg stacks composed by Nb2O5 and SiO2 are de-
posited on the glass substrate by Ion-beam assisted electron
beam coating system (Leybold Ares-1110) with the chamber
pressure less than 8.0× 10−6 mBar. The evaporation rate is
set to 0.2 nm/s for Nb2O5 and 0.5 nm/s for SiO2. During the
evaporation of Nb2O5, different oxygen fluxes of 0, 10 and 30
sccm are injected into a 4-kW ion source in order to modulate
the extinction coefficient of films. The chamber’s temperature is
kept at 160 ◦C during deposition. Before evaporation, the glass
substrates are ultra-sonicated in 99.9 % alcohol for 15 minutes,
then rinsed with deionized water.

The transmittance of 330 nm thickness Nb2O5 films with
30 sccm oxygen flux is measured by the UV-visible spec-
trophotometer (MAPADA UV-3200) is shown in Fig. 2(a). The
highest transmittance is 91.4%, close to the substrate (glass).
The refractive index and extinction coefficients of the Nb2O5

films fitted by the envelope method are shown in Fig. 2(b) [32].
The refractive index of Nb2O5 films is 2.26 at 500 nm. The
extinction coefficient of the film is about 0.001 in the visible
range. Fig. 2(c) shows the X-ray photoelectron spectroscopy of
Nb 3d from Nb2O5 films. The spectrum reveals 3d 5

2
and 3d 3

2

peaks at about 207 and 210 eV, according to Nb5
+

. These results
illustrate that the prepared film is Nb2O5 without any incomplete
oxide [33]. In addition, the Nb2O5 film’s roughness is less than
3 nm in a large area (5 mm × 5 mm). The above properties
indicate that Nb2O5 has great potential in the fabrication of
dielectric Bragg filters with high Q and high T .

With the Bragg filters composed of well-controlled Nb2O5

and SiO2 films, we experimentally investigate the effects of
γR and γD on the Q and T . Firstly, we study the influence of
radiation loss rate by varying the number of stacks of the Bragg
filters. With the given extinction coefficient of Nb2O5 0.001, the
Q and T of the Bragg filters with 2, 5 and 8 stacks are shown in
Fig. 3(a) and 3(c), respectively. The T decreases from 92%, 41%
to 5%, and the Q increases from 11, 114 to 297 as the number of
stacks increase from 2, 5 to 8, respectively. These results clearly
show the trade-off between Q and T induced by γR. Secondly,
we study the influence of dissipation loss rate γD on Q and T by
varying the extinction coefficient of Nb2O5. For the given stack
number of 5, Fig. 3(b) and 3(d) show both the T and Q of the
filter decrease as the extinction coefficient of Nb2O5 increases
from 0.001 to 0.100. All the experimental results are in good
agreement with the aforementioned theoretical discussion and
results. To summarize, the strategy to obtain high Q and high
T device is to use either material with smaller dissipation or
balance the radiation and dissipation of the system if the material
dissipation is fixed.

IV. APPLICATIONS

Understanding the above strategy, we fabricate a dielectric
Bragg filter with both highQ and highT by choosing the number
of stacks 5 and the Nb2O5 with the extinction coefficient of
0.001. A SiO2 defect layer is inserted into the DBR structure,
which induces a narrow passing band [6], [34], [35]. As shown

Fig. 3. (a) The transmission spectra of filters with different number of stacks
(N = 2, 5, 8); (b) The transmission spectra of filters composed of Nb2O5 films
with different extinction coefficients (k ≈ 0.001, 0.01 and 0.1); (c),(d) The
comparison between simulations and experiments of Q (black square) and the
T (red cycle) (the lines are the numerical results and the dots are the experiment
results).

Fig. 4. (a) Comparison between experimental (red line) and simulation (black
dashed line) results for the dielectric Bragg filter; (b) Cross-section view and cor-
responding field distribution (the scale bar is 100 nm); (c) Comparison between
experimental (red circle) and theoretical (black line) results; (d) Experimental
transmission spectra corresponding to the thicknesses of different defect layers.

in Fig. 4(a), the measured transmittance of the filter shows
overall consistence with the simulation results. The vibration in
450 nm and 650 nm regions between simulation and experiment
is mainly caused by the inconsistency of the actual film thickness
with the simulated film thickness (The mean error amounts to
5%). Our devices successfully achieve high Q (183) and high
T (91.3%) simultaneously, comparable to other works and even
commercial products (see Table I) [36], [37]. Compared with the
fabricated filters enabled by other optical systems, the overall
performances of the fabricated Bragg filter are also impressive
(see Table II) [38]–[42]. The insets of Fig. 4(a) illustrate the
excellent color filtering performance. Furthermore, we note here
that the Q and T of the fabricated Bragg filter can be improved
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TABLE I
PERFORMANCES OF THE OPTICAL FILTERS BASED ON DBR

∗ The CWL stands for center wavelength. A and R represent for absorption and reflection of structure.

TABLE II
PERFORMANCES OF THE OPTICAL FILTERS BASED ON DIFFERENT OPTICAL MODES

∗ The CWL stands for center wavelength. A and R represent for absorption and reflection of structure, respectively.

to higher or more impressive level by using the Nb2O5 with
smaller extinction coefficient (e.g., 1e−4 reported in Ref [30]).
The SEM image of the stacking structure of the DBR and
the corresponding electric field distribution are shown in the
Fig. 4(b).

Furthermore, the optical filters with different thickness of
defect layers are also simulated and fabricated. It can be observed
that the filters corresponding to the defect layer with different
thicknesses have different transmission wavelengths. Benefiting
from the high ratio of two materials’ refractive indices, trans-
mission peaks can be adjusted in a wide range in the forbidden
band. As the thickness of defect layer increases from 175 to 185,
190, 200, and 205 nm, the pass band position shifts from 530 (Q:
106) to 549 (183), 573 (143), 598 (100), and 615 nm (95), which
coincides with formula λ = 2nd, where λ is the transmission
wavelength, n is the refractive index of defect layer, and d is the
thickness of defect layer (see Fig. 4(c), (d)). Also, the average
T exceeds 90%. In contrast to other kinds of filters, the FWHM
and T of our structures are almost unchanged with resonance
frequencies because of the relatively fixed radiation loss and
dissipation loss of structures [19], [25]. Thanks to the features
of the structure and the material, we can independently adjust the
dissipation loss and radiation loss rate of the resonator precisely
to achieve required Q and T of applications by changing the
coating process parameters and the number of stacks. We believe
that the fabricated Bragg filter has the potentiality to be used in
Raman/fluorescence spectroscopy, photodetector, color filtering
and anti-counterfeiting [20], [43].

V. CONCLUSION

In summary, we theoretically and experimentally investigate
the physical mechanism ofQ andT of dielectric Bragg filter. The
Q is inversely proportional to total loss, and the T is determined
by the ratio of radiation loss to dissipation loss. The Bragg
filters composed by Nb2O5 and SiO2 with different Q and T are
obtained by adjusting the radiation loss (number of stacks) and
dissipation loss (absorption of films). The narrow-band optical
filter with a high Q (189) and high T (91.3%) is fabricated with
an optimal design. It’s notable that the transmission peak of
the filter can be adjusted in the visible range without changing
the FWHM and T . Besides, by synergistically adjusting the
radiation loss and the dissipation loss of the structure, we can
design filters with different Q and T to meet diverse application
requirements. Our works pave the way to design high perfor-
mance of photonic resonators.
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