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Development and experimental validation of a low-cost CMOS
based spectrometer for optical and fluorescence applications
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This work presents the design, construction, and experimental validation of a low-cost CMOS-based spectrometer built using a 3D-printed
structure, a general-purpose webcam, and a low-cost diffraction grating. The system was calibrated using LED light sources and validatec
against a commercial Ocean HR4000CG-UV-NIR spectrometer. Results show that the CMOS-based spectrometer achieves wavelengt
detection accuracy withie=7 nm and is capable of resolving emission spectra with 1 nm resolution spacing in the visible range (440-620
nm). The device was also applied to measure fluorescence in vitamin-enriched beverages and to analyze the absorbance properties of color
filters, demonstrating its utility in both chemical and optoelectronic applications. These findings confirm the feasibility of implementing
low-cost spectroscopic tools for educational and scientific use.
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1. Introduction or

The spectrometer is an optical instrument commonly em- sina —sin f = NmA, (2)
ployed to measure the wavelength and intensity of light

sources. Its importance spans various scientific and techngthere,d space between the lines (slits) (grating periasi),
logical fields, such as disinfection, where it is used to deternumber of lines per mm (groove density),order of diffrac-

mine the optimal emission wavelength for pathogen inactivation (m = 0, +1, £2,...) and wavelength of the beam
tion [1-3]; biology, where it detects substances like chloro-[10-13]. In this context, increasing the groove density (lines
phyll, DNA, and water pollutants [4,5]; chemistry, for an- Per millimeter) of the diffraction grating results in a decrease
alyzing absorption spectra of diverse substances [1,6]; an@f the maximum achievable wavelength [14].

optoelectronics, to study the emission wavelengths and sta- In the work of E. Herrerat al, a low-cost spectrometer
bility of different light sources [1-3,7-9]. The literature high- Was built to measure the emission spectrum of smartphone
lights that spectrometer is an essential characterization instrgamera lamps and LASER pointers. They demonstrated that
ment, and due to their high cost, they are unaffordable fofhe hardware achieved similar results in wavelength measure-
many universities. Consequently, the development of lowments than visible commercial spectrometers [7]. The state
cost spectrometers has become a significant research area rthe art indicates that the manufacturing of the device re-
optical instrumentation specialists and engineers. Additionguires a specific calibration, Mattis Osterheid¢ral. also

ally, the literature indicates that spectrometer manufacturinguilt & DIY spectrometer. They employed a mercury lamp
typically involves three primary components: a CMOS sen-for calibration to observe the standard emissions of this lamp
sor, a light dispersion element (such as diffraction gratingg : 557 nm, A : 546 nm, A : 536 nm andA : 405 nm) [15].

or refractive prisms) positioned at a precise angle relativéd- R. Castellanos et al. also built a low-cost spectrometer
to the sensor, and supplementary optical elements like coRnd reported that they employed mercury, neon, hydrogen,
limation lenses or mirrors to minimize optical aberrationsand helium lamps to calibrate their hardware. They obtained
[7-9]. Light dispersion in a spectrometer occurs through 2 2% standard deviation in the results comparing their hard-
diffraction grating, typically a glass or plastic element con-ware with a commercial spectrometer [8]. However, there
taining numerous f|ne|y Spaced lines per millimeter. Wher@lé alternative |Ight sources to calibrate the hardware. In the
a beam of light passes through this grating, each small spatork of Pradip Gatkineet al they employed specific cal-
ing between adjacent lines acts as a distinct coherent sourd@ration LASER pointers X : 645 nm “red” and A : 532
These sources emit light of identical wavelengths, producingm “green”) instead of discrete lamps [9]. In this work, they
diffracted beams that appear at specific and predictable post/so employed a general purpose software for webcam-based
tions on a detection screen. This diffraction phenomenon i§Pectrometers developed by Theremino, to obtain the plots

mathematically described by the diffraction grating functionsof the observed spectrum [16]. Wenderson R. F. Sdva
in Eq. (1): al. reported on spectrometers to build a device capable of

] _ measuring emission, absorption, and fluorescence. They re-
d(sina —sin f) = mA, (1) ported the fluorescence and concentration of quinine in tonic
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water [4]. All previous works emphasize device calibration2. Materials and methods

settings, employing spectrum references of different emit-

ting devices. This work reports the wavelength detection

accuracy, employing scanning electron microscopy (SEMJThis section describes the materials, the construction de-
for the grid structural characterization combined with refer-tails, and the calibration of the spectrometer hardware. The
ence light sources such as LEDs and LASER to calibrate th€EMOS-based spectrometer was constructed using a Logitech
low cost hardware. We designed the hardware to ensure areé?70 webcam as the CMOS detector, with a sensor size of
preserve the alignment of the optical elements after calibra3.58 x 2.02 mm, pixel dimensions of 2.8m (square), and a
tion, and developed a Python software to perform spectromresolution of1280 x 720 pixels. A diffraction grating with a
etry experiments. This software measures the fluorescenggoove density of 1000 lines/mm was selected as the disper-
of different substances (B vitamins derivatives and Quininesive element, as this specification is commonly used for scat-
hydrochloride) in commercial beverages and approximatetering light within the visible (VIS) spectrum. This type of
substance concentrations based on their signal intensity. Waptical component is widely available through online retail-
also employed the CMOS-based hardware to measure thers at an affordable price of approximately $2 USD, making
wavelength absorption of broad-spectrum white light when itit ideal for educational purposes and accessible to students
passes through different color filters (CYM cube), in Fig. 1f) and universities. The mechanical structure of the spectrom-
is shown the experimental setup utilized to measure the lightter was designed using SolidWorks CAD software and fab-
transmitted spectrum when white light passes through thecated with a FLASHFORGE Guider lls 3D printer. Poly-
color filters [27-29]. lactic Acid (PLA) was selected as the printing material due
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FIGURE 1. a) Superior view of CMOS-based spectrometer, b) Isometric view of the device, c) Final 3D printed hardware, and d) Optical
scheme of the diffraction grating model, e€) Optical Diagram of the CMOS-based spectrometer and f) Experimental setup for absorbance
measurements.
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import cv2 a)
from PIL import Iimage

import esv

import numpy as np

# Load the image to the workspace

img = cv2.imread(Tmage Directory/Image.jpg’)

# Define the region of interest (ROI), to analyze only

#the spectrum region (The crop format [y1:y2, x1:x2]) b) Cr 15 . o
x_start, y start =318, 84 # Starting point (x, y) ‘ropped spectrum region

x end, y end=497,111  # Ending point (%, y) ﬂ 6
# Crop the image to analyze only the spectrum fragment.

cropped_image = img[y_start:y_end, x_start:x_end] 179 pixels
cv2.imwrite('Tmage Directory/Cropped Image jpg', cropped image) (™

# Convert the image to a NumPy array Pixel

#(each pixel composed of 3 photodiodes (R. G. B) components ; . -
#would give the three intensity values in the matrix array) Row1 (=0 [Bss| Matrix
image_array = np.amray(cropped_image) Row 2 = < = R,G,B

# Open or create the CSV file
with open('CSV Directory/csv_file_values', mode="w', newline=") as file:

Matrix
writer = csv.writer(file) e i (R+G+B);‘3

# Write header (optional)

writer.writerow([ "Row", "Column", "Red", "Green", "Blue", "Average R+G+B (Grey scale)"])

d) Averaged R, G, B values

Grey-scale

# Iterate over each pixel and write the RGB values to the CSV A
for row in range(image_array.shape[0]): (Imensnt} levels)
for col in range(image array.shape[1]): =
r. g, b=1image array[row. col] = 36 plXEES
writer.writerow([row, col, r, g, b. (r+g+b)/3])
print("Image RGB values have been saved to "image rgb values.csv'.") 179
print("Turning off camera.")
webcam.release() | e e ) E F G
pnm("(j amera off. ) 1 [How Column Red Green Blue Average R+G+B (Grey scale)
print("Program ended.") ¢ 0 op 4 3] 9 06teseT
cv2.destroyAllWindows() gl 0 O 0| @ 0] .056666)
break

FIGURE 2. a) Image capture of the spectrum, b) Isolation of the Region of Interest (ROI), c) RGB components of Bayer matrix and d)
Horizontal cross-section of the spectrum.

to its ease of use and dimensional stability. The structure erdispersion and spectral efficiency of the grating, are typically
sures that all optical components remain fixed, minimizingspecified by the manufacturer [10,11]. Accurate alignment of
mechanical shifts that could lead to hardware misalignmentthe light source with respect to the grating is essential, as it di-
the optical input of the CMOS-based spectrometer consists akctly influences the resolution and position of the projected
a 1.5 mm diameter aperture located on an arm extending frorspectrum on the detector. The spectrometer calibration and
the main body of the device, where only the light from theresolution assessment were conducted by analyzing the spec-
source is addressed. Detailed views and dimensions of the firal emissions of six ultrabright LED light sources of Chan-
nal hardware and its optical scheme are illustrated in Figs. 1&on manufacturing company, with nominal peak wavelengths
- 1d). Figure 1e) presents a diagram of the optical compoat 461 nm, 452 + 534 nm (dual-peak), 605 nm, 630 nm,
nents of the CMOS-based spectrometer. The “Ray Opticd50 nm + 627 nm (dual-peak), and 593 nm. The LEDs also
Simulator” was employed using distance measurements arfthve, 3 mm lens size with a viewing angle of3hd 20 mA

a rough estimation of the camera lens geometry. To verify thef current consumption. As a reference, an Ocean Optics
optical quality of the manufacturing process for the diffrac-HR4000CG-UV-NIR spectrometer was used, offering a high
tion grating, a morphological characterization was performedpectral resolution of 0.250 nm and covering a broad wave-
using Scanning Electron Microscopy (SEM) at an acceleratength range from 195 nm to 1132 nm, encompassing the UV
tion voltage of 1 kV, assessing the type of structure employedo near-infrared regions. Finally, for the signal processing, a
in the optical scattering hardware and its characteristics, suotustom Python algorithm was developed to analyze and con-
as width, shape, spacing, and periodicity of the scatteringert CMOS-detected scattered light intensities into emission
structures. The angle at which the incident light beam enspectra. The software exports intensity values (0 to 255 in
ters the spectrometer is governed primarily by the diffractionarbitrary units) and a wavelength spacing of 1 nm in a CSV
grating’s physical characteristics namely its groove densityfile suitable for further analysis in data-processing software;
and blaze angle. These parameters, which define the angulaicommented version of this code is shown in Fig. 2.
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2.1. Code explanation discrepancies between the overlapped signal peaks, the final

. ] . distances and dimensions of the optical elements are shown in
The algorithm acquires the spectral image and processesii{e Fig. 1e). Once the spectrometer limit range was aligned,

to generate a .CSV file, enabli_ng the_da_ta to pe plotted a8dditional LEDS Qyeliow ~ 593 nm, andAorange = 605 nm)
measurement graphs. To begin, the incident light beam i§ere measured to compare their emission peaks across both
dispersed by the diffraction element into its constituent wavegeyices [34]. Calibration was ultimately validated by mea-
lengths, producing a spectral distribution that is projected anguring and overlapping the spectrum of a white LED light
recorded by the CMOS camera. The process begins by cagyyrce, which provides a broad emission spectrum and two
turing a complete image. In cases where the spectrum do&gynal peaksXye ~ 452 nm, Agreen™ 534 nm) [35,37], and

not entirely fit within the frame, as in Fig. 2a) where it ap- py ysing standard sources such as tonic water fluorescence,

pears in the upper-right corner, the image would need to bghich exhibits a characteristic peak at 444 nm as reported in
cropped to isolate the spectrum of the rest of the imagenye jiterature [21,22].

calling this secondary process a Region of Interest (ROI),

hlghllghted in red in Flg 2b) |SO|ating the SpeCtrUm from 2.3. Fluorescence experiment

the rest of image enables the algorithm to process only the

relevant region while excluding dark areas with no informa-The CMOS-based spectrometer was employed to capture flu-
tion, thereby reducing computational workflow and processorescence spectra of a UV-A LED lamp with an emission
ing time. Every pixel of the ROl image is composed by 3wavelength of 405 nm as the excitation source. Fluores-
different (RGB) values corresponding to Red, Green, andence measurements were performed on samples consisting
Blue elements as shown in the Bayer matrix represented inf 1000xL each of commercial energy soda (containing Vi-
the Fig. 2c¢). To quantify light intensity in one pixel, the al- tamin B3: 5.1 mg, Vitamin B2: 720g, Vitamin B6: 850ug,
gorithm calculates the mean of its R, G, and B componentsand Vitamin B12: 2.5.g), vitamin-enriched water (Vitamin
This process reduces the color image into a grayscale suiB3: 1.65 mg, Vitamin B5: 0.80 mg, Vitamin B6: 16%g,

able for further spectral analysis [38]. This conversion re-Vitamin B12: 0.5ug, and Vitamin C: 25 mg), and tonic
duces 3 values (R,G,B) per pixel into a single intensity valuewvater containing quinine hydrochloride. Distilled water was
per pixel, which indicates the light intensity in arbitrary units employed to reduce the concentration of commercial energy
ranging from 0 to 255. The processed data is then exportegioda at the bias concentrations (1, 0.5, 0.25, 0.125) to achieve
by the algorithm into a .CSV file, which includes the row andthe fluorescence signal intensity analysis in the function of
column corresponding to R, G, B and Intensity values of eaclenergy soda concentration.

pixel that is in the ROI. Spectrometers by defect export this

.CSV as data file to construct emission curves employing datg.4. Absorbance experiment

processing software; to obtain the graph is necessary to ploth
in the y axis the intensity values of one row of pixels of the | "€ CMOS-based spectrometer was employed to measure

image representing a horizontal cross-section of the spectruffi¢ @Psorbance characteristics of coatings deposited on the
represented by the green line in the Fig. 2d) [30]. faces of a CYM (Cyan, Yellow, Maglenta).transm|ssmn fil-
ter cube. A broad-spectrum LED emitting in the wavelength

2.2. Calibration of the emission signal range of 400 nm to 635 nm was utilized as the light source to
identify and analyze the wavelengths absorbed by each filter

The calibration process is the final step to build the CMOS-<oating.
based spectrometer. However, in the spectrometer opera-
tslon, many vanabl_es m_ake_callbratlon an empirical tas_k_ [1_%0].3. Experimental results

pectrometer calibration is commonly performed utilizing
standard emitting sources, such as calibration LEDs or chai 1. Diffraction grating characterization
acteristic line-emitting lampse(g, mercury-argon), to gen-
erate a calibration curve for the detector [30-32]. For theThe characterization of the diffraction grating was performed
CMOS-based hardware, the process began with preliminarp know the morphology details of the diffraction grating,
measurements of red and blue LED light sources using theuch as the kind of structure employed to scatter light and
commercial Ocean Optics HR4000CG-UV-NIR spectrome-the exact separation of these structures in the grating. SEM
ter, to identify their precise emission peaks,{e ~ 461  analysis Figs. 3a) and 3b) show that the scattering device is
nm and\q =~ 630 nm), which lie near the limit range of built employing parallel lines with an approximate width of
the diffraction grating. These initial references are recorded00 nm and a separation ofdm between structures. The
by the CMOS-based, the emission signal peaks measured Ipgriodic separation and the size of the lines help to determine
both instruments, the CMOS-based and the Ocean commethe wavelength range in which the light is decomposed when
cial spectrometer were overlapped to match the signal pealggssing through the device, making the device suitable for
[33], in this process, the diffraction grating was heuristically scattering light in the region between 440 nm and 625 nm
adjusted relative to the sensor (closer or further) to minimizg14]. Figure 3c) also revealed the presence of defects with
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FIGURE 3. a) SEM surface analysis x6,000 magnification, b) SEM surface analysis x12,000 magnification, c) SEM posterior analysis
x60,000 magnification.

average size of 150 nm on the back surface of the transmised (623.97 nm) LEDs, indicating better performance in the
sion grating, fortunately the defects size does not coincidéonger-wavelength region compared to the blue range. These
with incident wavelengths and does not cause unintenderesults confirm that the CMOS-based system is capable of
scattering of light in the VIS range [13], defects could causemeasuring electroluminescence with a wavelength resolution
unwanted scattering in shorter wavelengths because each iof +1 nm and achieving an accuracy ©#f7 nm when com-
perfection would act as a coherent light source [17-20]. pared to the commercial OCEAN spectrometer. However,
an inaccurate measurement was observed in the red emis
sion component (615 nm) of the dual-emission violet LED,

. , . which exhibited an unexpected attenuation of the red signal,
Figures 4a) - 4h) presents a comparative analysis of thgg highlighted in the pink region of Fig. 4f). This discrepancy

'spetk:Jtrari %easur%n;ilntggz)tained fro\r?,\ll_lERD ”?ht SOUrCES Us attributed to an IR optical filter integrated into the CMOS
ing both the OC 000CG-UV- relerence Spec- -amera, commonly employed to reduce IR noise during low-

trometer and the QMOS-based _hard\{vare developed in thII?ght conditions, absorbing red-IR wavelengths and limiting
w_ork. T.he comparison is organized into three spectral Cihe ability of the CMOS-based spectrometer to read emis-
gions. V|0Iet—g_re_en (400-550 nm), green-red (550-675 nM) ;s of larger wavelengths to 623 nm accurately. In Fig. 4h)
and the full visible range (400'759 nm), the latter usedand i), an additional discrepancy in the emissions of UV light
fqr broadband sources such as white and violet LEDs. INources is shown, which arises from the limitations of the
Figs. 4a) and 4b), the pMOS-based hardware shows broad ffraction grating. In the commercial spectrometer, a 12 nm
full width at half maximum (FWHM) values for the blue eparation between the emission peaks of the UV-A LASER
and violet LED emission curves compared to those obtaineand the UV-A LED. However, the spectrum produced by the
with the commercial OCEAN spectrometer. This effect is at-~\105._pased hardware ShO\;VS 1 nm separation between peak

tributed to the lower optical quality of the components USEzdsignals, indicating that the hardware is unreliable for UV

in the developed low-cost CMOS-based setup, which lim-, 5 sis * Furthermore, the measurements obtained from the

its its ability to resolve finer spectral details in the short- ~\;5_pased hardware are shifted further into the UV spec-

wavelength region. Conversely, in Fig. 4c), 4d), and 4e), the,,, qisplaying values of 385 nm and 386 nm rather than the
CMOS-based hardware demonstrates improved FWHM reséxpected 417 nm and 405 nm

olution for the yellow (593.75 nm), orange (611.02 nm), and

3.2. Spectral characterization of LED Light sources

TaBLE |. Comparison of LED light sources measurements.

Device Forward  Ocean HR4000CG CMOS-Based FWHM Ocean FWHM CMOS-Based
\oltage -UV-NIR Diffraction grating HR4000CG-UV-NIR Diffraction grating
LED “RED” 1.902V 630.82 nm 623.97 nm 13.13 nm 14.29 nm
LED “YELLOW" 2.127V 593 nm 593.75 nm 18.15 nm 16.55 nm
LED “VIOLET" 3.123V 450 nm +627 nm 442.66 nm +615.34 nm 17.87 nm, 85 nm 30.3 nm,61 nm
LED “ORANGE” 2.012V 605 nm 611.02 nm 14.83 nm 22.44 nm
LED “WHITE” 3.189V 452 nm +534 nm  448.41 nm +533.319 nm 16.8 nm,111.3 nm 21.67 nm,101.7 nm
LED “BLUE” 2.610V 461 nm 459.93 nm 21.07 nm 33.04 nm
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FIGURE 5. a) Fluorescence emission of samples employing CMOS-based spectrometer and UV-A LED light source, b) Fluorescence
spectrum measurements of the samples (Tonic water, Energy soda, Vitamined Water), c) Normalized Fluorescence Intensity of Energy sod
as function of bias concentration: 1, 0.5, 0.25, 0.125.

Table | shows a comparative analysis of the prototypeB vitamin derivatives, which produce an intense fluorescent
CMOS-based spectrometer against the commercial Oceagiow in the green - yellow region [23-25] as it is shown in the
HR4000CG-UV-NIR spectrometer, focusing on wavelengthFig. 5a).
accuracy and the Full Width Half Maximum (FWHM) pa- In Fig. 5¢), the Normalized Fluorescence Intensity sig-
rameter. The prototype demonstrated good wavelength agal of the energy soda sample as a function of different con-
curacy, especially at intermediate wavelengtg ( yellow  centration biases is observed. The CMOS-based hardware
LED with only 0.75 nm deviation). However, greater discrep-accurately measured half of the fluorescence intensity of the
ancies were evident at shorter wavelengths (violet and blueEnergy Soda” when its concentration was reduced to half of
LEDs), likely due to the limit range of diffraction grating, the initial concentration. Subsequently, it precisely measured
which causes unwanted scattering in shorter wavelengthg. quarter and an eighth of the fluorescence intensities when
The prototype also exhibited a slightly lower spectral resoluthe concentration was reduced to a quarter and subsequently
tion compared to the commercial device, particularly notice-an eighth of the initial concentrations, thereby indicating a
able at shorter wavelengths (below 500 nm). These findinggroportional relationship between the fluorescence intensity
indicate that, although the prototype performs adequatelyin a.u) and the concentration of the sample. This feature is
for general optoelectronic purposes, further improvements imelevant where the fluorescence light intensity could be taken
diffraction grating quality are necessary to enhance its accuas a parameter to indicate the concentration of one substance
racy and resolution at shorter wavelengths. dissolved in the liquid [6,26].

3.3. Fluorescence results
3.4. Absorbance results

Another application of this work is the fluorescence. Fig-

ure 5a) illustrates the fluorescence of commercial tonic watedn Fig. 6a) is shown that the yellow coating absorbed the blue
vitamin water, and energy soda, employing the CMOS-basedomponent (435 nm) from the wide spectrum source, exhibit-
spectrometer as measurement instrument and a UV-A laming the same intensity of the transmitted blue component and
(405 nm) as excitation light source. Figure 5b) shows thathe yellow-green components. This absorption transforms the
the tonic water sample exhibits a fluorescence signal peak &eam in a yellow-green color as shown in the photo on the
444 nm, which generates a glowing blue fluorescent emisplot. In Fig. 6b), it is demonstrated that Cyan coating ab-
sion attributed to the presence of quinine hydrochloride, theorbed the range of orange - red components (564 - 623 nm),
compound responsible for the fluorescence at this wavelengigtting the filter transmits just the blue-green-yellow compo-
[21,22]. The spectrum does not indicate the presence of oth&@ents, coloring the beam in a sky-blue color, as shown in the
fluorescent substances in the tonic water, such as vitamins ghoto on the plot. In Fig. 6c) is shown that magenta coat-
phenolic compounds. Figure 5b) also reveals that the vitaing absorbed the range of blue-green-yellow colors (474 -
mins added to the vitamin water and energy soda sampldg69 nm), letting the filter to transmit the outer limits of the
produce a peak signal in 409 nm, likely due to the presencwide spectrum source LED, color violet (433 nm) and red
of derivatives of B vitamins in both liquids [23]. In this plot (600 nm) components, the absorption let the filter to color
is also shown that the energy soda sample fluorescence, e beam in violet color as it is shown in the photo on the
diates three peak signals at 409 nm, 514 nm, and 580 nnplot. This emission measurements exhibit a similar behavior
which may be attributed to riboflavin (vitamin B2) and other to the Violet LED described in Sec. 3.2.
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FIGURE 6. a) Transmitted spectrum intensity through the yellow filter, b) Transmitted spectrum intensity through the cyan filter, and c)
Transmitted spectrum intensity through the magenta filter.

4. Conclusions cal limitations of the diffraction grating in scattering light,

in consequence the experiments performed in the UV region
This paper reported the overview of the methodology for thewith LED-LASER light sources present higher error rates and
design and development of a low-cost CMOS-based spegnaccuracies of spectrum measurements due to those physi-
trometer, capable of performing basic spectroscopy experial limitations of the diffraction grating to scatter UV-Violet-
ments such as fluorescence, absorbance, substance concBlue wavelengths. Red detection issues were observed in the
tration and measurement of wavelength light sources emisrardware, which are attributed to the presence of an infrared
sion. The hardware required low-cost materials like 3D PLA(IR) filter deposited on the CMOS sensor to reduce noise
printed pieces, a general-purpose diffraction grating, and &om light in the red-IR spectrum. Despite this, the low-cost
CMOS camera, which required approximately 15 USD. Thesystem is capable of performing scientific experiments with
hardware allows obtaining wavelength measurement accwufficient accuracy for chemical, optoelectronic, and biolog-
racy of=7 nm. In addition, the system also measured indirecfcal applications. It is essential to consider that the hardware
parameters such as the substance proportion in the functids compact and robust, and incorporates a Python algorithm
of its fluorescence intensity. The accuracy of the CMOS+o obtain the spectrum data, similar to commercial hardware.
based spectrometer is directly influenced by the quality ofA further advantage of this hardware is that it can be taken
the individual components, particularly the diffraction grat- apart to adapt special optical instrumentation to perform spe-
ing, which had an accurate performance in the VIS regiortific experimental setups.
(440 - 620 nm), but an critical error increase in the Blue-
Violet region, affected by the wavelength scattering range
of the hardware. Another improvement of the CMOS-basedA‘Cknow'ecjgments

hardware is employing a camera with a larger image resolutne guthors are grateful to the Teobgico Nacional de
tion and smaller pixel size to obtain more precise emissionaxico for their support to develop the research.
curves, lowering the 1 nm wavelength spacing. Therefore,

a comprehensive characterization of the individual compogynging

nents such as Scanning Electron Microscope (SEM) images

of the diffraction grating and the precise emission wavelengtiThis work was supported by the SECIHTI by its National
of light sources were employed to understand these physBcholarship Program.
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