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AN IMPROVED TARGET METHOD TO QUANTITATIVELY MEASURE
THE LATERAL RESOLUTION OF THE CONFOCAL RAMAN MICROSCOPE
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The lateral resolution is one of the most important hallmarks for evaluating the imaging performance of
a confocal Raman microscope (CRM). A method based on the resolution test chart for testing the lateral
resolution of the CRM was proposed. The test imaging target comprised a polished silicon substrate coated
with a thin metallic pattern, which provided a high contrast and negligible edge effects. By using a single-
bar target instead of a conventional three-bar target, quantitative measurements of the lateral resolution of
the CRM were possible. Single-bar targets with different widths were used to test a CRM with a nominal lat-
eral resolution of approximately 1 um. The response of the CRM to the single-bar target was studied further
with a theoretical model, and the relationship between the Michelson contrast of the response function and
the lateral resolution was investigated. Finally, the method used to calculate the lateral resolution was de-
scribed and tested and shown to have a relative repeatability of only 5.6%, which is ideal for resolution test-
ing. Overall, our experimental results showed excellent agreement with simulation results and proved that
the single-bar target method was capable of measuring the lateral resolution of CRMs with high accuracy,
efficiency and reproducibility.
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IIpeonooicen memoo npogepxu 1amepanbHo2o paspeuwienus kongoxanvnozo KP-wuxpockona (CRM) na
OCHOBe Kanubposounou mabauyvl paspewerus. Muuiens 013 mecmogozo u300padiceHus COCMoaNa U3 noau-
POBAHHOU KPEMHUEBOU NOONONHCKU, NOKPLIMOU MOHKUM MEMAITUYECKUM PUCYHKOM, KOMOpblil obecheuusa
8bICOKUII KOHMPACM U He3HaYumenvhole kpaegvle s¢hgexmol. Mcnonvzosanue Muwienu ¢ 0OHUM CMEPICHEM
8MeCcmo 0ObIYHOU MUWEHU C MPeMs CIEPAHCHAMYU NO3BOIULO KOTUYECHBEHHO UIMEPUMb TAmMepaIbHOe pa3-
pewenue CRM. Oonocmepoicrnesbie MutleHU pasiuyHol WUpUHsbl UCNOIb308ANUCH 015 mecmuposanus CRM
¢ HOMUHATIbHBLIM nonepeuHbiM paspewieruem ~I mkm. C nomowvio meopemuyeckoli MoOenu u3yieH OmKiuK
CRM Ha muwenv u3 00HO20 CMEPICHS U UCCLe008AHA 83AUMOCEA3b Medcdy Koumpacmom Maiikenvcona
@yHKYUYU OMKIUKA U AAMEPATbHBIM paspewienuem. [Ipednazaemulii Memoo nposepku 1amepanvpho2o paspe-
WweHus1 umeent OMHOCUMENbHYIO ROgmMopsaemMocms 5.6 %, umo udeaivHo 015 KOHMPOJs paspeweHus. JKcne-
PUMEHMATbHbIE Pe3VIbmamvl OeMOHCHPUPYION OMIUYHOE CO2lacue C pe3yibmamamu MOOeIuposanus u
noomeepHcOaiom, 4mo Memoo 0OHOCMEPIHCHEBOU MUUIEHU NO3BOJIAEM USMEPAMb NAMEPATbHOe pa3peuieHue
CRM c 8bicokoli mouHoCmb10, 3¢PeKmusHOCMbIO U BOCHPOUIBOOUMOCTHDIO.

Knrwoueswie cnoea: KP-suzyanusayus, ramepanvroe paspeuienie, KOHMponvHas yev, gyukyus Pepmu,
KOHmpacm.
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Introduction. Confocal Raman microscopy (CRM) is a powerful instrument used in a wide range of
fields such as archeology, chemistry, geology, criminal investigation, and pharmacy [1—-4]. CRM combines
Raman spectroscopy with confocal laser scanning microscopy to enable the acquisition of Raman spectra
and their spatial distribution within a sample simultaneously. The spatial resolution, especially the lateral
resolution, is one of the most important parameters for evaluating the instrumental performance. It is deter-
mined by both instrumental configurations and characteristics of the sample, such as thickness, opacity, and
homogeneity [5].

Wilhelm et al. [6], Everall et al. [7], and Batchelder et al. [8] presented contrasting theoretical models
for estimating the spatial resolution of CRMs. However, the real resolution of CRM is always worse than
what is predicted theoretically due to the influence of the spectrum collecting system and the photon scatter-
ing effect [9]. Therefore, an experimentally-determined lateral resolution is the most accurate and useful.
Point spread function (PSF) and line spread function (LSF) methods are used to measure the spatial resolu-
tion of optical systems by imaging either a microsphere or a line, respectively [10, 11]. However, since the
feature size must be less than 1/6 of the theoretical resolution, these methods are limited [12]. Additionally,
the sample is often embedded in a matrix or on the interface between the air and an substrate, which deviates
from optimal imaging conditions and introduces further error [7]. More importantly, the intensity of Raman
signal of the object decreases dramatically with a decreasing object size, leading to low signal-to-noise ratio
(SNR) and resolution estimates with high error. The edge spread function (ESF) can be obtained by scanning
across a knife edge [13], but due to the Raman enhancement effect at edges, the ESF curve of the CRM be-
comes seriously distorted, leading to unreliable resolution estimates [14].

The resolution test chart provides a universal method for the evaluation of the resolution of microscopes
through visual observation [15]. Conventionally, the testing targets provide a qualitative assessment of reso-
lution due to the lack of comparative data obtained. However, in modern microscopic systems, the use of
CCD cameras for capturing digital micrographs opens the possibility of quantitative resolution measure-
ments.

A novel testing target method for evaluating the lateral resolution of CRM was proposed and tested. Bar
patterns with different widths were designed and used as testing target for Raman imaging. Testing targets
consist of a polished silicon substrate coated with a thin, patterned layer of metal; which provided optimal
imaging contrast and negligible edge effects. Using the designed, optimized testing targets, a simplified, sin-
gle-bar method for quantitative lateral resolution measurements was then developed. The SNR of the re-
sponse function was much higher than values obtained using the three-bar LSF method, where the bar widths
must be much smaller than the resolution. A theoretical model was established to characterize the response
of CRM to bar targets, and the relationship between the contrast of the response function to bar targets, and
the lateral resolution was investigated with both experiments and simulations. The testing targets and meth-
ods were then validated by testing the lateral resolution of a commercial CRM. Finally, the experimental re-
sults and the measurement error were assessed.

Theory. The 1951 USAF resolution test chart is widely used to analyze the lateral resolution of imaging
systems (Fig. 1a). An approximate value of the resolution is obtained by visual observation. Testing targets
for optical microscopes are usually made using etching techniques to form groove patterns with sharp edges.
These are unsuitable for Raman imaging systems as the Raman enhancement effect at sharp edges causes
distortion during imaging and, in turn, inaccurate evaluations of resolution. In this paper, optimized Raman
imaging testing target are prepared by coating a thin layer of metal pattern onto a polished silicon wafer. The
metal layer is approximately 50 nm thick, which is thick enough to block the Raman signal from the under-
lying silicon. For Raman imaging, it provides a pattern with virtual edges that do not exhibit any deleterious
edge effects, and provides maximum contrast.

Although the typical three-bar target is useful for analyzing resolution qualitatively, signals from bars in
a single set interfere with each other, severely reducing the measurement accuracy. In order to enhance the
accuracy sufficiently for quantitative analysis, a simplified single-bar target was developed (Fig. 1b).

The width of the bar must be much smaller than the resolution of the microscope to avoid systematic er-
ror in the LSF method [16]. For a bar with a certain width, it is the combination of two sharp edges, and
therefore the response function of the bar target is equal to the sum of two ESFs (Fig. 2).

The Fermi function has an approximate shape of a typical ESF, which is differentiable and often used to
fit the knife-edge curve [13]. It is expressed as

F(x) a

= +
exp((x—b)/c)+1

d, (M
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where x is the coordinate, and a, b, ¢, d are shape and position parameters of the Fermi function. The re-
sponse function /(x) of a bar target is expressed as
1 1

1(x)= exp(r/ o) 41 exp((r—1)/c)+1° @

where ¢ is the width of the target pattern.

Fig. 1. The design of (a) the three-bar target and (b) the single-bar target.
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Fig. 2. The response function of a single-bar target.

The Michelson contrast is a widely used criterion to the resolving power of optical systems, which is
expressed as

contrast = ([max - Imin )/(Imax + Imin) > (3)

where Imax and Inin are the maximum value and the minimum value of the response function. The relation-
ship between the contrast and the bar width is described by

exp((1/2¢)-1)

contrast = . 4
exp(t/2c)+3 @
If the Fermi function is used to fit the ESF curve, the LSF can be calculated as
exp(—(x—5b)/
LSF = |dF (x)/ dv| - — 2SR =0) ) 5)

c(exp(—(x -b)/ c) + 1)2 '
The lateral resolution (LR) can be represented by the full width at half maximum (FWHM) of the LSF,
which can be derived from Eq. (5):

LR =-2In(3-242)c. 6)

An expression for the relationship between the resolution, the bar width, and the Michelson contrast, Eq. (7),
can be formed by substituting Eq. (4) into Eq. (6):

LR =-2In(3-2V2)———s )

1 + 3contrast
2lIn—————
1 —contrast
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Theoretically, Eq. (7) can be used to evaluate the resolution based on sample contrast, as opposed to bar
width, provided the contrast is smaller than 1. The bar width does not need to be much smaller than the reso-
lution, as required for the LSF method. Therefore, the testing target preparation is easier and the SNR of the
response function is higher.

Simulation. The CRM imaging process was simulated using the transfer function theory. When a sin-
gle-bar target is imaged by the CRM, the image function g(x,y) is the convolution of the top-hat function
I(x,y) and the PSF #Z(x,y) of the CRM:

g(x,y)=I1(x,y)®h(x,y). (8)
The Gaussian function was used to characterize the PSF of the CRM (Fig. 3). It is often used to model PSFs

as it represents the common light distribution of the laser beam and numerous other independent factors. In
our simulation, the FWHM of the Gaussian function was set at 1 um.
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Fig. 3. The imaging process of a single-bar target.
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Fig. 4. Simulated results of single-bar targets with different width. (a) The response function curves;
(b) the fitted results of the response function curve.

Simulations of response function curves were then performed (Fig. 4). The response function was calcu-
lated along the x direction of single-bar targets of widths 0.5 to 2 um (Fig. 4a), then the response functions
were fit with Fermi functions as defined in Eq. (2) (Fig. 4b). The R-squared of all fitted curves were higher
than 99%. The relationship between the bar width and the contrasts was determined for both original exper-
imental data and simulations, and showed that the error of contrast between the original image function and
the fitted results was less than 5% (Fig. 5a). This showed that the function defined in Eq. (2) can be applied
to fit the image function to yield reliable contrast and bar width data.

Finally, the relationship between the bar width and the lateral resolution calculated from fitted functions
using Eq. (7) was examined (Fig. 5b). At a theoretical resolution of 1 um, the error between calculated and
theoretical values was less than 15%, which suggested that the methodology was satisfactory for real resolu-
tion measurements.
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Fig. 5. (a) The relationship between the target size and the Michelson contrast, the contrast calculated
from the original results (+) and from the fitted functions (), (b) the relationship between the bar width
and the LR calculated from the fitted functions.

Experiments and results. The testing target and the instrumentation. The testing target was prepared
by depositing a thin layer (~50 nm) of chromium pattern of different widths onto a polished monocrystalline
silicon substrate. Both three-bar patterns (Fig. 1a) and single-bar patterns (Fig. 1b) were prepared and tested.
The three-bar target was designed according to the 1951 USAF resolution test chart, with bar widths ranging
from 0.5 to 4 um. Silicon exhibits a strong Raman peak around 520 cm™!, but the chromium layer was shown
to completely block the stimulating laser, and thus prevent any Raman signal originating from the underlying
silicon substrate.

The testing target was imaged with a commercial CRM (Renishaw inVia) with a lateral resolution of
approximately 1 um. The stimulation laser had a wavelength of 532 nm. The magnification factor of the mi-
croscopic objective was 100x, and the numerical aperture was 0.85. The grating in the spectrometer was
2400 1/mm. The environmental temperature was 20 + 1°C.

Experimental results. Experiments with the three-bar target. The three-bar targets were imaged with
the CRM, where the intensity of the Raman peak of the silicon was normalized and used to calculate the gray
value of the Raman image. Data obtained from bar patterns with widths 0.5, 1, 2, and 3 um showed that the
contrast increased as the bar width increased (Fig. 6). According to the principles of the 1951 USAF resolu-
tion test chart, the lateral resolution is defined by line pair per millimeter (Ip/mm). The bar width of 0.5 pm
corresponds to 1000 Ip/mm, which represent a line pair of 1 um. The patterns with widths of 1, 2, and 3 um
were resolved easily and clearly, while the pattern with a width of 0.5 pm could only just be resolved. The
lateral resolution of the CRM was therefore shown to be approximately 1 um. The results indicated that a
three-bar target based on metal layer pattern on the silicon substrate can be used to analyze the lateral resolu-
tion of the CRM. Although the three-bar target method is intuitive and easy to use, accurate quantification of
the lateral resolution is difficult. Furthermore, the difficulty in fabricating the targets increases dramatically
as the bar width decreases.
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Fig. 6. The Raman image of the three-bar targets. a) 0.5, b) 1, ¢) 2, and d) 3 um.
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Experiments with the single-bar target. The single-bar target was scanned by the CRM in the perpen-
dicular direction to the long edge of the pattern, and the normalized Raman intensity profiles of the silicon
peak at 520 cm ™! were plotted in both x and y (Fig. 7) directions. The modelled curves showed a satisfactory
fit with raw data, which suggested that the Fermi function, as defined in Eq. (2), was suitable for characteriz-
ing the response function of the CRM to a bar target. The lateral resolution as calculated from the response
functions was then compared to bar targets with different widths (Fig. 8). The determined lateral resolution
measurements were consistent across the whole range of bar widths, as predicted by theoretical simulation.

The lateral resolution varied from 0.68 to 0.77 pwm, and the standard deviation of relative repeatability was
only 5.6%. The results of simulations and experiments indicated that the improved, simplified method based

on the single-bar target enabled the quantitative measurement of the CRM lateral resolution.
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Fig. 7. The results of single-bar targets in the x direction. a) 0.5, b) 1, and ¢) 2 um
and y direction: d) 0.5, ¢) 1, and f) 2 um.
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Fig. 8. The lateral resolution in the x direction (#) and the y direction (e).

Conclusions. An improved target method for quantifying the lateral resolution of a CRM was designed,
tested, and validated. The testing targets were prepared by coating a thin layered metal pattern on a polished
silicon wafer substrate. Edge effects that occur from conventional groove patterns were avoided. Both three-
bar targets and single-bar targets with bar widths ranging between 0.5 to 4um were developed, used, and
evaluated on a commercial CRM. The ability of the three-bar target method to evaluate the lateral resolution

of the CRM was demonstrated experimentally. Although the three-bar method was easy to use, resolution
measurements were qualitative and inaccurate. In contrast, the single-bar target method was used to measure
the lateral resolution quantitatively and accurately. The theoretical model of the response function to single-
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bar targets was established, and showed excellent agreement with experimental results. The measured lateral
resolution of the CRM was between 0.68 to 0.77 um with a standard deviation of relative repeatability
of 5.6% when the bar width ranged from 0.5 to 4 pm. The combination of simulation and experimental re-
sults validated the use of the single-bar target method as an efficient, accurate, and quantitative method for
the evaluation of the lateral resolution of a CRM.
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