T. 86, No 6 JKYPHAJI IPUKJIAJTHOM CHEKTPOCKOIINH HOSIEPb — JIEKABPH 2019
V.86,N 6 JOURNAL OF APPLIED SPECTROSCOPY NOVEMBER — DECEMBER 2019

A POLARIZING BEAM SPLITTING COATING FABRICATED WITH THE USE OF THE
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We present a testing method based on the use of wavelength-indirect broadband optical monitoring.
A polarizing beam splitting (PBS) coating applied at a wavelength of 1550 nm at an incidence angle of 45°
was designed. The optimized coating structure contained 59 non-quarter-wave (QW) layers. Preproduction
error analysis was used to estimate the advantages of the application of wavelength-indirect broadband
optical monitoring. Then, we deposited the PBS coating with an optimized monitoring strategy by ion beam
sputtering (IBS). Finally, reverse engineering of the produced PBS coatings was executed. The experimental
results show that a good agreement between the theoretical target and the measured transmittance is
obtained, the maximum error in the first and last two layers is about 10%, and the minimum error is only
about 0.01%.
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Ilpeocmasnen memoo KOHMPOAS MOIUWUHBL NOKPLIMUSL, OCHOBAHHBI HA UCNOLb30BAHUU WUPOKONOIOC-
HO20 CheKmpanbHo20 MoHumopunea. Pazpabomano nonspusyiouee noxpvimue, QYHKYUOHUPYIOUjee HA
A = 1550 um npu yene nadenus ceema 45°. Onmumusuposannas cCmpykmypa nokpvimus cooepicum 59 cio-
€8, He ABNAIOWUXCA Yem8epmboaHosvimu. Ha cmaouu noozomosxu 0bpasya c yenvto oyeHKu npeumyuecms
Memooa WUpOKONOIOCHO20 CHEKMPANbHO20 MOHUMOPUH2A GLINOJHEH aHanu3 nozpewrnocmei. Tonapusyio-
wee noKpvimue HAHeCeHO MemoOOM UOHHO-TYUE8020 HANLLIEHUS C UCTIOAb308AHUCM ONMUMUSUPOBAHHO2O0
memoda monumopurea. Ocywecmsien pegepc-UHICUHUPUHS U320MO8NIeHH020 nokpuimus. [lonyueno xopo-
wee coomeemcmesue UsMEPEHHO20 NPONYCKAHUSL C MeOpemudecku npeoCKA3aHHbIM, NpudemM MaKcumaibhoe
OMKIIOHEeHUe MeHCOY HUMU 8 NEPBbIX U NOCLeOHUX 08yx croax ~10%, a munumanvroe ~0.01%.

Knrwoueswle cnosa: uonno-nyyegoe pacnviienie, WUpoKOnoI0CHbIN CREKMPAIbHbIL MOHUMOPUNS, NOJIS-
pusyiowee nokpvimue.

** Full text is published in JAS V. 86, No. 6 (https://www.springer.com/journal/10812) and in electronic version
of ZhPS V. 86, No. 6 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. The successful fabrication of optical coatings with complex spectrum requirements
[1, 2], such as notch filters, multi-bandpass filters, and polarizing beam splitters [3—5], can be technological-
ly demanding. The main problem lies in accurately controlling the layer thickness. Owing to this, optical
controlling techniques having a high accuracy of thickness control are extensively applied for multilayer
deposition [6—8]. Optical monitoring can be divided into the single wavelength (SWLOM) and broadband
(BBOM) methods [9, 10]. Single wavelength optical monitoring cannot be used for controlling the ultra-thin
coating due to its intrinsic defects. Thus, the development of nanotechnologies needs an effective broadband
optical monitoring technique [11-14].

BBOM is characterized by erroneous self-compensation, higher precision, and adaptation to non-
quarter-wave film deposition [15]. However, the lack of a detector and the corresponding spectrometer in a
wide spectral range from UV to IR has always been a problem [16].

In this paper, a BBOM system with a monitoring wavelength range from 450 to 1000 nm was employed
to control the layer thickness. This means that an optical coating can be monitored only in the range from
450 to 1000 nm when being deposited. It is known that for optical coatings whose working wavelength is out
of this range (450—1000 nm), it is impossible to control the layer thickness using direct wavelength monitoring.
We propose to control such optical coatings by BBOM, which is an indirect wavelength monitoring method
differing from indirect position monitoring mentioned in other reports [9, 17].

In this paper, a PBS coating applied at a wavelength of 1550 nm at an incident angle of 45° was
designed and deposited by dual ion beam sputtering (DIBS) [3, 18-21]. The optimized structure contained
59 non-quarter-wave layers. Preproduction error analysis was used to estimate the advantages of the
application of wavelength-indirect broadband optical monitoring. Using the wavelength-indirect broadband
optical monitoring strategy, the PBS coating deposition was successfully monitored. The advantage of this
method for wavelength-indirect monitoring was demonstrated by reverse engineering.

Experimental. Equipments. The PBS was fabricated by dual ion beam sputtering (DIBS). Ta,Os and
Si0, were used as high and low refractive index coating materials, respectively. The physical deposition rate
of Ta,Os was ~0.40 nm/s, and that of SiO, was ~0.60 nm/s. The coating machine was equipped with
a 425 mm diameter planetary fixture and a BBOM system using intermittent transmission monitoring
through the center of one of the planets. Figure 1 shows the scheme of the BBOM system [15]. As can be
seen in Fig. 1, a broadband light from the source travels through a fiber. The beam is reflected by a mirror
and transmits through the substrate from the backside. Then the beam is reflected by another mirror, travels
through another fiber, and is finally collected by the spectrometer [22]. The monitoring wavelength range is
shown in Fig. 2a. Various materials can be used as the monitoring witness substrate. In this paper, fused
silica was chosen as the substrate. The diameter of the sample substrates is 25.4 mm.
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Fig. 1. Scheme of the BBOM system. M1 and M2 are the reflection mirrors; S is the witness substrate;
OMS is the optical monitoring system operating computer.

Design. Optilayer was employed to design a PBS coating applied at a wavelength of 1550 nm and an
angle of incidence of 45°. The refractive indexes of Ta;Os and SiO, were obtained by fitting the transmission
spectrum by a well-known matrix method. The refractive indexes 7 of Ta;Os and SiO, were described by the
well-known Cauchy formula:

n(h) = Ao + A1/A2 +4:/A4, (1)

where Ao, A1, and A are the Cauchy dispersion coefficients and A is the wavelength.
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The transmittance of p-polarized light for the coating with the optimized design was more than 99.99%
(without considering the reflection of the backside) at a 45° angle of incidence. The initial design was based
on a standard quarter-wave stack, which contained 59 layers and provided enough optimizable variables to
realize high transmittance (99.99%). The theoretical transmission spectrum without the backside reflection
and the stack structure of the final optimized design coating are shown in Fig. 2. From Fig. 2c, it can be seen
that there are no thin layers. It should be easy to control the thicknesses of these layers accurately by BBOM.
However, the working wavelength of this film stack is out of the range of the monitoring wavelength as
mentioned above. The layer thickness cannot be monitored using wavelength-direct monitoring when the
monitoring wavelength is out of the working wavelength range. Thus, wavelength-indirect BBOM is pro-
posed and employed to monitor the layer thickness of the PBS in this paper.
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Fig. 2. The theoretical design results of the PBS coating; (a) the theoretical transmittance of the PBS coating,
the wavelength ranging from 450—1750 nm; (b) the theoretical transmittance of the PBS coating, the wave-
length ranging from 1400-1830 nm; the red curve represents the p polarized transmittance at a 45° angle of
incidence; the blue curve represents the s polarized transmittance at a 45° angle of incidence; the black curve
represents the average transmittance at a normal incidence; (c) the design thickness of the PBS coating.

Broadband optical monitoring method. The BBOM system is employed to control the layer thickness.
The BBOM system can obtain the real-time coating related parameters (e.g., deposition rate and refractive
index) by fitting the real time measured transmission spectrum with the help of the well-known matrix
method to calculate a stop-time prediction that most closely matches the target thickness for this layer. It
contains a variety of algorithms for controlling quarter-wave and non-quarter-wave coatings, using in-situ
measurements of the transmission spectrum of the monitoring witness. In general, the merit function (F) of
the BBOM can be described as

F= Zk[TmeasO‘«) - Ttargo\ﬂ)], (2)

where Tmeas(A) is the measured transmittance and Tiare(A) is the target transmittance.
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When BBOM is used, the transmission spectrum of each layers in situ measured by the broadband optical
monitoring system is fitted and the real-time refractive index and deposition rate can be obtained. Then the
stop time is calculated based on the chosen thickness. The deposition time is determined by the equation [15]

Istop = hfim/nev, 3)

where #op is the deposition time, /s is the optical thickness of each layer, ngy; is the fitted refractive index,
and vy is the fitted deposition rate.

Results and discussion. To estimate the potential advantage of wavelength-indirect monitoring, a pre-
production error analysis for different monitoring wavelength ranges is executed. According to [23], the fol-
lowing equations provide the algorithm for estimating the impact of random errors on the production errors
in the case when BBOM is used

. . N2
; oT’ oT’ oT’
o) = _z{xk}[%(%d’[}/z&k}(adj] > 4)
G(Bi) = *Gmeas/Z{M}(aTi/adj)l/za (5)
po=Yakn, fori=1,..j-1,p'=1, (6)
. . 1/2
o, =[ZL W)y ®)] ™

where T is the transmittance, d is the layer thickness; {\} is the wavelength grid; and Omeas is the standard
deviation.

For the preproduction estimation of errors in the layer thickness, Optilayer is employed to simulate the
random errors. As mentioned above, only the wavelength range from 450 to 1000 nm can be employed to
monitor the layer thickness during the deposition process in this paper. Thus, wavelength-indirect BBOM is
employed to monitor the layer thickness instead of wavelength-direct BBOM, whose working wavelength
range is covered by the monitoring wavelength range. In addition, considering the refractive index dispersion
of the witness substrate in the range from 450 to 600 nm, the wavelength range from 600 to 1000 nm is also
discussed. Preproduction estimation of errors in the layer thickness was performed under the assumption that
Omeas Was 0.2% [23]. It was assumed that BBOM preproduction estimations of errors were performed at
501 evenly distributed wavelengths points in the spectral regions 450-1000, 600-1000, and 1400-1830 nm.
The thickness errors are calculated using the 0.2% level of random errors in the transmittance data [23].
Figure 3 shows the expected levels of errors in the thickness of layers of the PBS coating. As can be seen,
for both three monitoring strategies, the influence of random errors on the accuracy of the thickness monitor-
ing is quite small. However, the wavelength-indirect monitoring method generates fewer errors. Combined
with the discussion above, the wavelength range from 600 to 1000 nm is chosen as the monitoring wave-
length range.
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Fig. 3. The expected levels of errors in the thickness of layers of the PBS coating. The green columns
represent indirect monitoring in the range 450—1000 nm; the blue columns represent indirect monitoring
in the range 600—1000 nm; the red columns represent direct monitoring in the range from 1400 to 1830 nm.
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Figure 4 shows the in sifu monitoring results of the comparison between the theoretical transmittance
and the real time measured transmittance of the PBS coating, which is obtained just after the deposition. As
can be seen, the theoretical transmittance, real time measured transmittance and real time fitting transmit-
tance agree well. The real time measured transmittance indicates that the PBS coating is successfully and
critically deposited by the monitoring wavelength range from 600 to 1000 nm. However, the monitoring
range from 600 to 1000 nm is out of the working range from 1400 to 1830 nm. Thus, the capability of the
wavelength-indirect BBOM monitoring of the PBS coating requires further discussion.
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Fig. 4. The theoretical target, the in situ measured and fitted transmittance of the PBS coating
in the range from 600 to 1000 nm; the black curve represents the theoretical target profile;
the red curve represents the in situ measured profile; the blue curve represents the fitted profile.

Broadband light from the source travels through the substrate vertically. This means that the layer moni-
toring can be performed only for the normal incidence. However, the coating designed in this paper can only
be used at a 45° incident angle. On the basis of this, for further study, a spectrophotometer is employed to
measure the ex situ transmittance of the PBS coating. Figure 5 shows the real measured transmittance of the
PBS coating at a 45° angle of incidence in the range from 1400 to 1830 nm. Both the p- and s-polarized PBS
coatings exhibit good performance.
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Fig. 5. The measured transmittance p polarized light (red line) and s polarized light (blue line)
of the PBS coating (AOI = 45°) in the range from 1400 to 1830 nm
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Fig. 6. The measured transmittance (solid curve) and the fitting model transmittance (red crosses)
when the model with random errors in the thicknesses of all layers was applied (a) and the relative
thickness errors of the PBS coating determined by the reverse engineering procedure (b).

As mentioned above, the IBS method was employed to fabricate the PBS coatings because of its stable
deposition rate, which can significantly reduce the defects of the coating, such as the refractive index inho-
mogeneity. We fulfilled reverse engineering of the produced PBS coatings using OptiRE software to clarify
the relative errors in each layer [23]. Figure 6a displays the measured transmittance of the PBS coating at a
normal incidence and the fitting model transmittance when the model with random errors in the thicknesses
of all layers was used. Relative errors in all layers were obtained and shown in Fig. 6b. It can be seen that the
errors vary. It seems that the error in the first and last two layers is about 10% and much larger than those in
the other layers due to less signal obtained at the beginning and end of the deposition process. The minimum
error is about —0.01%, and the negativity means that the real thickness of the third layer is thinner than ex-
pected.

Conclusion. A polarizing beam splitting coating applied at a wavelength of 1550 nm at a 45° angle of
incidence was designed by Optilayer and deposited by DIBS. Wavelength-indirect broadband optical moni-
toring was employed to monitor the layer thickness during the deposition process. The results showed that a
polarizing beam splitter can be successfully fabricated by IBS using wavelength-indirect BBOM. Finally,
good agreement between the theoretical target and the measured transmittance was obtained; the maximum
error in the first layer was about 10%, and the minimum error in the third layer was only about —0.01% based
on the results of the reverse engineering analysis.
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