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Abstract 

Compact and broadband spectrometers are very useful in various application domains such as 

agriculture, food, health and security. In minimally-invasive image-guided procedures spectral 

tissue sensing helps for screening and diagnostic purposes aiming at discriminating between 

healthy and tumorous tissue at point-of-care locations and outpatient centers. We designed a 

compact spectrometer based on a three-segment diffraction grating which operates from 300 

nm to 1700 nm. The first two segments of the grating cover spectral ranges from ultraviolet to 

visible and near infrared (UV, VIS/NIR), whereas the third segment covers the short-wave 

infrared (SWIR) region from 830 nm to 1700 nm. The spectrometer has a resolution of 6 nm in 

the UV-VIS/NIR ranges and 10 nm in the SWIR range. The smallest signal-to-noise ratio 

(SNR) of the spectrometer achieved in the VIS range is 650 and in the SWIR range 9300. 

Afterwards, the designed three-segment grating was fabricated in-house with ultra-precision 

diamond tooling followed by hot embossing and quantitatively characterized. The experimental 

results show that the three-segment grating improves the diffraction efficiency in the NIR-

SWIR wavelength range by at least a factor of 2 compared to a Richardson grating which only 

operates from 300 nm to 1100nm. This result paves the way towards a new approach for making 

compact and low-cost spectrometers which could be integrated with hand held devices such as 

tablets and smartphones.  

Key words: Three-segment diffraction grating, broadband spectrometer, spectral tissue sensing, 

VIS-NIR-SWIR spectrometer, open-arms Fastie-Ebert configuration, diffraction efficiency 

 

1. Introduction 

Minimally-invasive image-guided procedures are becoming increasingly important in clinical 

practice. In a variety of procedures physicians lack reliable feedback on the type of tissue at the 

tip of their interventional device (needle, catheter, endoscopic or laparoscopic probes, etc.…) 

to ensure they are at the right position before effecting the actual diagnosis or treatment and 

taking biopsy. Spectral tissue sensing using compact photonic probes has the promise to be a 

valuable tool for screening and diagnostic purposes, e.g. for discriminating between healthy 

and tumorous tissue. Real-time tissue characterization feedback to the physician during an 

intervention can significantly improve the outcome of a diagnosis and treatment, and ultimately 

reduces the cost of the medical treatment [1-5]. Diagnostics by means of spectral sensing is 

being used in a variety of point-of-care healthcare applications, such as photoplethysmography 
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(PPG) sensors, capnometers and pulse oximeters. It can also be used for detection purposes, for 

example, for the detection of skin melanoma [6], for localizing tumors using fluorescent 

markers [7], or for the detection of tumor margins during surgery [8]. Spectral tissue sensing, 

and screening rely on spectroscopic monitoring of a wide wavelength range, simultaneously 

covering both the visible and infrared part of the spectrum. Since spectral fingerprints of many 

molecules relevant for diagnostics and screening extend towards the shortwave-infrared, 

spectroscopic instruments are required that are capable of measuring the full UV, visible, near-

infrared and shortwave-infrared region of the electromagnetic spectrum. Nowadays the major 

clinical trend is the gradual transition of screening, diagnosis and treatment from hospital to a 

point-of-care setting. Where traditionally screening and diagnostics was always performed 

within the radiology department, in the future mobile, cost-effective imaging and sensing 

solutions will enable physicians outside of the radiology department to diagnose and treat at 

the patient’s bedside, in the general practitioners’ office or day-clinics, or even in a home 

setting. This will enable earlier detection of diseases and treatment outside of expensive clinical 

infrastructures and thus reduce the overall financial burden on the healthcare system [9]. 

However, here, the enabling factor is the availability of small, affordable and easy to use 

devices.  

The concept of a spectral tissue sensing device is shown in Figure 1. The device contains 

an optical fiber for broadband light delivery towards the tissue under study and collection and 

transport of scattered light from the tissue towards a measurement console. Today the 

measurement console contains a set of spectrometers capable of analyzing the scattered light in 

the 300-1700 nm spectral range. From these diffuse reflectance spectra, one is able to derive 

physiological parameters like e.g. blood, oxygenation and lipid content of the tissue that is in 

contact with the photonics needle, giving real-time feedback of the tissue characteristics to the 

physician during the intervention. In order to properly quantify these different tissue 

parameters, the UV, VIS/NIR as well as the SWIR parts of the spectrum are needed because 

they contain important molecular fingerprints that need to be subsequently recorded [10]. To 

differentiate a healthy tissue from a tumorous tissue, high sensitivity and specificity levels are 

required. Therefore, spectral tissue sensing applications require a minimum threshold of 

spectral resolution and signal-to-noise-ratio (SNR) of the device. For a good functional device, 

a resolution of 6 nm and 10 nm, and an SNR of 50 and 150 are required in the VIS-NIR and 

SWIR wavelength regions, respectively [11,12]. The spectral sensing technology is being 

investigated for real-time tissue characterization feedback in image guided procedures such as 

nerve detection in anesthesiology and as biopsy guidance in oncology. However, it can also be 

used for several other applications, e.g. food quality monitoring, agriculture, industrial 

inspection, etc.  

 

Figure 1. Spectral tissue sensing device, providing real-time feedback on tissue type, blood oxygenation, 

etc. to a physician [13]. 
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For a widespread use of spectral tissue sensing, broadband miniature spectrometer devices 

should become available at affordable cost, to make it commercially viable for also screening 

at point-of-care locations such as physicians’ offices and outpatient centers. Therefore, the goal 

of our research is to develop highly-integrated portable spectral-sensing devices covering a 

broad spectral range across the visible/near-infrared and shortwave-infrared (UV-VIS/NIR-

SWIR, 300-1700nm) part of the spectrum with state-of-the-art specifications [13].  

This paper is structured as follows. Section 2 describes our approach towards designing a 

miniature spectrometer and reviews the current state-of-the-art of compact spectrometers 

available on the market. The modelling and design of the miniature spectrometer is explained 

in section 3. Section 4 is dedicated to the sensitivity and irradiance analysis of the designed 

miniature spectrometer. Fabrication and characterization of the three-segment grating is 

discussed in section 5.  Conclusions are drawn in section 6. 

2. Miniature spectrometer based on diffractive optics 

Current state-of-the-art broadband spectrometer devices contain two fully-fledged 

spectrometers inside a unit or just a separate spectrometer which works either in the 

visible/near-infrared (VIS/NIR) range or SWIR-infrared (SWIR) range. The current most 

compact, broadband, robust and low-cost spectrometers are from Avantes, Ocean Optics 

Hamamatsu, Ibsen Photonics and BAYSPEC [14-18]. The specifications of these miniaturized 

spectrometers are given in Table 1. Among these compact spectrometers, the AvaSpec-Mini 

spectrometer of Avantes has the best spectral resolution (1nm) but has the second largest size, 

next to the BAYSPEC spectrometer family. Even if it is the largest of all compact 

spectrometers, the BAYSPEC BRZ-VIS-NIR-SWIR spectrometer can cover the widest spectral 

range (400-1700 nm) using volume phase gratings. Whereas the Pebble VIS spectrometer from 

Ibsen Photonics has the smallest footprint; its drawback is that it only operates in the VIS 

spectral range. As seen from Table 1, the size of the Hamamatsu micro-spectrometer is 

comparable to the Pebble VIS, but its spectral resolution is worse by a factor of 2.5 compared 

to the Pebble VIS. 

Table 1. Specifications of various miniaturized spectrometers from different suppliers [14-18]. 

Spectrometer name Spectral range Resolution Size Vendor 

AvaSpec-Mini 200 - 1100 nm 1 nm 95 x 68 x 20 mm3 Avantes 

STS VIS 350 -600 nm 1.5 nm 40 x 42 x 24 mm3 Ocean Optics 

STS NIR 650 - 1100 nm 1.5 nm 40 x 42 x 24 mm3 Ocean Optics 

Micro-spectrometer 340 -850 nm 15 nm 20.1x 12.5x10.1 mm3 Hamamatsu 

Pebble VIS 380 -850 nm 6 nm 17 x15x8 mm3 Ibsen Photonics 

BRZ-VIS-NIR 400 -1000 nm 6-8 nm 118x67x34 mm3 BAYSPEC 

BRZ-VIS-NIR-SWIR 400-1700 nm 7-12 nm 118x67x34mm3 BAYSPEC 

  

The objective of our research is to develop a compact spectrometer based on diffractive 

optics that combines the functionalities of a UV, VIS-NIR and SWIR spectrometer in a compact 

housing of typically 1 cubic inch [13]. In our research, we investigate the design of a micro-

spectrometer which combines ease of assembly, cost-efficiency and excellent performance in 

a small size. Our design strategy relies on utilizing the latest developments in digital camera 

technology with CMOS and InGaAs image sensors together with a reduction of the number of 

optical components required by function integration. A minimum amount of discrete hardware 

components (“blocks”) is being used and time-consuming mechanical alignment and 

calibration procedures are taken over by software routines of which the results are stored in 
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erasable programmable read-only memory (EPROM). Figure 2 gives an overview of the 

traditional spectrometer technology (left), and the foremost compact possible spectrometer 

configuration (right), respectively.  

 

Figure 2. Left - Traditional layout of a spectrometer consisting of five separate components that must be 

accurately assembled and adjusted: 1) a narrow slit at the input, which serves as a point source, 2) a 

curved mirror (collimator) that makes the incoming beam parallel, 3) a diffraction grating that deflects 

the colors of the incoming light at different angles,  4) a curved mirror (focusing mirror) that focuses the 

color spectrum onto a linear detector, and 5) the linear CCD-detector that converts the color information 

into electrical signals.  Right - The number of components is reduced from five discrete parts to two 

"blocks" that are simply put together, namely the Detector-Grating-Module (DGM) which is the heart of 

the spectrometer and the light entrance slit. Precise adjustment and calibration of the spectrometer is 

done after mechanical assembly with standard image processing software.  

The approach of using an integrated module has the advantage of an easier assembly of the 

instrument. For a compact spectrometer, the mechanical housing and mounting slots for the 

components could easily be made by precision aluminum extrusion. Once the slots are made, 

while keeping the required tilt angles in the housing, the components, including the grating, the 

mirror and detectors could be put in place by sliding them into the premade mounting slots. The 

spectrometer components (slit, mirror, grating and detector) can tolerate an alignment error of 

0.1 mm in their XYZ positions and 1 degree in their XYZ tilt angles without compromising the 

spectral resolution. Precision aluminum extrusion is able to achieve these tolerance 

requirements. Sensitivity of the alignment to temperature changes can be ignored as the 

spectrometer is not intended to be used in extreme weather conditions as the grating is 

replicated out of polymer. The concept of integrated modules (blocks) can be realized using 

state-of-the-art two-dimensional CMOS-image sensors readily available from the camera 

industry combined with a segmented diffraction grating, optimized for the 300 nm to 1700 nm 

wavelength range. In our case, we didn’t use a curved grating configuration yet, but rather a 

flat segmented grating combined with a collimating and focusing mirror (as shown in Figure 

3(b)). By using a segmented grating, we obtain an excellent overall performance of the 

spectrometer that combines compactness with low cost, a large spectral range and high 

sensitivity. The miniature spectrometer in our approach consists of three spectrometer 

segments: a UV (300 nm to 420 nm), VIS-NIR (420 nm to 830 nm) and a SWIR (830 nm to 

1700 nm) segment, respectively. The different grating segments are chosen to maximize the 

overall diffraction efficiency of the spectrometer device.  
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3. Modelling and design of a compact UV- VIS/NIR-SWIR spectrometer 

3.1 Spectrometer configurations 

The main goal of the design task is to keep the size of the spectrometer as small as possible 

while satisfying the required resolution of 6 nm and 10 nm, and SNR of 50 and 150, in the VIS-

NIR and SWIR wavelength regions, respectively. Another important design parameter of the 

spectrometer is the numerical aperture (NA) which affects both its resolution and SNR. A large 

NA allows the spectrometer to acquire more light (or high throughput) but reduces its resolution 

due to an increase of optical aberrations. Therefore, the NA should be chosen such that a good 

balance is obtained between the light throughput and resolution of the spectrometer. The input 

fiber to the spectrometer is a standard multimode fiber with a core diameter of 200 um and NA 

of 0.22. Next to the input fiber, there is a slit to control the light throughput and spectral 

resolution. The smaller the slit, the better the spectral resolution, but the lower the light 

throughput. That is why a trade-off needs to be made and why we selected a slit width of 25 

um. The NA of the micro-spectrometer was chosen to be 0.15 which is less than the NA of 0.22 

of the input fiber. As a result, the spectrometer loses 22.34 % of light that could be collected 

by the fiber (based on equation 1), but its resolution is improved by a factor of 2 (compared to 

the resolution of a spectrometer with NA of 0.22). For a Gaussian beam, the ratio of the power 

contained within a radius (r) to the power within the beam waist at any distance (w) (where the 

intensity drops to 1/e2 of the intensity at the center) is given by equation (1). The numerical 

aperture is linearly proportional to the beam size, which means that the ratio of the numerical 

apertures is r/w [19]. The resolution improvement due to lower NA is associated with the lower 

amount of spherical and field-dependent aberrations of the optical system. 

𝑃𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 = 1.15 ∗ (1 − 𝑒
−2𝑟2

𝑤2⁄ ) = 1.15 ∗ (1 − 𝑒
−2∗0.152

0.22⁄ ) = 77.66%            (1) 

 

We have investigated in detail two basic spectrometer design configurations, namely the 

Rowland circle and Fastie-Ebert. The Rowland circle configuration consists of a single concave 

grating whereas the Fastie-Ebert configuration is made up of a flat grating and a spherical 

mirror. The configurations are schematically shown in Figure 3 (a) and (b), respectively. The 

two configurations have a relatively small number of components such that a compact 

spectrometer could be realized.  

       
 

(a)                                                                  (b) 

Figure 3.  Two basic configurations for the spectrometer: (a) the Rowland circle configuration with one 

concave grating, (b) the Fastie-Ebert configuration with a spherical mirror and a flat grating [19]. 
 

The Rowland circle configuration has the least number of components but manufacturing the 

concave grating on a curved profile is very challenging. Therefore, we chose the Fastie-Ebert 

configuration for our design. Compared to the Rowland circle configuration, the Fastie-Ebert 
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configuration has one additional mirror, but the grating can be designed and manufactured on 

a planar surface which strongly eases the challenge of manufacturing. The interesting aspect of 

the Fastie-Ebert configuration is that coma aberrations can be corrected by the spherical mirror 

as the light hits the mirror surface twice: firstly, at the top part and secondly at the bottom of 

the mirror [20, 21]. 

However, with the classical Fastie-Ebert configuration, there might not be enough space 

to position all the components (the source (the slit), the grating and the detector) in a small 

volume. Therefore, this configuration was modified by moving the grating forward with respect 

to the spherical mirror to create an extra space between the grating and the source on the one 

hand and the grating and the detector at the other hand. We call this the “open arms 

configuration”. Adapting the classical Fastie-Ebert configuration to an ‘open-arm’ Fastie-Ebert 

configuration requires to increase the incidence angle at the mirror and the exit angle (from the 

mirror to the detector). In this case, the grating is positioned closer to the mirror (compared to 

the classical Fastie-Ebert configuration) and is tilted to keep the overall size of the spectrometer 

very compact. The position and the focal length of the mirror do not change, but the tilt angles 

of the grating and the detector, as well as the distance between the grating and the mirror are 

optimized to reduce the optical aberrations. As a result, there is no further increase in terms of 

the optical aberrations compared to the classical Fastie-Ebert configuration (Figure 4 (a)).This 

configuration was chosen for designing the spectrometer based on a three-segment grating. 

3.2 Design of a spectrometer with a three-segment diffraction grating  

The dimensions of the designed configuration are shown in Figure 4(a). The radius of curvature 

of the spherical mirror and the distances between the different components are optimized to 

achieve the resolution and SNR requirements, and a form factor of about one cubic inch. The 

root mean square (RMS) spot size is used as a merit function to optimize the system 

performance in Code V (a ray tracing optical design software). The spectrometer consists of 

one grating with three segments, i.e. the UV, VIS/NIR and the SWIR segments (see Figure 

4(b)). The segments have an equal footprint area, but different geometries as shown in Figure 

5 (a).  They have the same groove density but different blaze wavelengths, blaze angles and 

spectral ranges, and as a result they have a different groove height. This allows the multi-

segment grating (compared to a single segment grating) to have a higher diffraction efficiency 

over a broad wavelength range. The blaze wavelengths of the three-segment gratings are chosen 

to maximize the diffraction efficiency of the grating for the broad spectral range from 300 nm 

to 1700 nm. The grating is blazed for the -1 diffraction order. Therefore,  the other (unwanted) 

diffraction orders are expected to have  low diffraction efficiency. Ray tracing simulations show 

that the 0th order and the positive diffraction orders diffract away from the detector due to the 

backward tilt of the grating. The negative diffraction orders can be blocked by using black-

painted absorbing baffles which can be placed at the bottom of the detector, and  bottom and 

top of the mirror. The profiles of the three segments are plotted together in Figure 5(b). The 

parameters of the three grating segments are given in Table 2. The grating is used in reflection 

mode to achieve a compact spectrometer without sacrificing spectral resolution of the 

spectrometer.  
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Figure 4.  “Open-arms” Fastie-Ebert configuration for the design of the spectrometer. (b) Design of the 

spectrometer based on a three-segment grating.  
 

    
(a)                                                                                        (b) 

Figure 5. (a) The footprint of the grating segments and their geometry. (b) The profiles of the three 

grating segments. 
       

Table 2. Parameters of the three grating segments 

     

Parameters UV segment VIS-NIR segment SWIR segment 

Spectral range (nm) 300- 420  420-830 830-1700 

Groove density (grooves/mm) 300  300  300 

Blaze wavelength (nm) 300 480 980 

Blaze angle (o) 2.6  4.1 8.4 

Groove height (nm) 149.9 240.6  495.4 
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4. Performance analysis of the designed spectrometer 

4.1 Power budget and sensitivity analysis of the spectrometer 

The detection of the signal coming from the tissue under investigation depends on the 

sensitivity of the spectrometer and the minimum required signal level for the spectral tissue 

sensing application. The total amount of light available for each wavelength at the detector is 

determined by several factors. The most prominent factors are the light source spectrum, the 

spectral absorption and scattering characteristics of the tissue constituents such as water and 

hemoglobin, the diffraction efficiency of the grating and the detector’s spectral response. 

Moreover, the NA of the spectrometer will also affect the spectrometer throughput. To 

determine the spectrometer NA, a trade-off between the light throughput and resolution of the 

spectrometer device needs to be made. For the power budget calculation, we assumed a standard 

halogen light source. According to health and safety regulations, the total power of the light at 

the probe end to which the tissue is exposed should not exceed 6 mW [22]. The power of the 

incident light on the tissue is 5 mW. The absorption characteristics of the tissue constituents 

such as water determine the amount of light backscattered from the tissue. The backscattered 

light from the tissue that is collected by the multimode fiber connected to the spectrometer input 

is about 10-4 of the incident light power at the probe end close to the tissue [23]. In addition, 

we have taken into account the diffraction efficiency of the grating and the quantum efficiency 

of the detectors. For the UV and VIS/NIR spectrometer a CMOS detector from CMOSIS, i.e., 

CMV 4000 (2048x2048 pixels, pixel size 5.5 µm) is used [24]. For the SWIR region, an InGaAs 

linear array (512x1 pixels, pixel pitch 25 µm, pixel height 250 µm) infrared detector is used 

[25]. As the heights of the CMOS and the InGaAs detectors are similar, they could easily be 

mounted side by side. In case alignment issues would occur due to the fact that the CMOS and 

InGaAs detectors have a different width, a blank zone (without grating structure) between the 

grating segments on the sample could be added to make sure the center of each detector is well 

aligned with the center of each grating segment. The SNR of the spectrometer is influenced by 

the absorption characteristics of the tissue, the diffraction efficiency of the grating, the emission 

spectrum of the light source and the resolution/bandwidth of each spectral region. The SNR of 

the spectrometer was calculated taking into account all the above parameters and assuming that 

shot noise is the dominant noise in the system (which means electronic readout noise is for 

example ignored). An integration time of 200 ms is considered to calculate the SNR for the 

UV, VIS-NIR and SWIR spectral regions.  Therefore, the SNR is equal to the square root of 

the number of photons/electrons generated in the detector as shown in equation (2).  

 

𝑆𝑁𝑅(𝜆, 𝛿𝜆, 𝜏) = √
𝑃

𝛥𝜆
⋅

𝜆

ℎ ⋅ 𝑐
⋅ 𝜏 ⋅ 𝛿𝜆 ⋅ 𝜂𝑠𝑐𝑎𝑡. ⋅ 𝜂𝑡ℎ𝑟 ⋅ 𝑊𝜆 ⋅                                (2) 

Where 𝜆 is the instantaneous wavelength, 𝑃 is the total power the tissue is exposed (5 mW), 

𝛥𝜆 is the spectral range (which is 1400 nm -from 300 nm to 1700 nm), 𝛿𝜆 is the line width of 

each wavelength (which is 6 nm in the VIS range and 10 nm in the NIR-SWIR), 𝜂𝑠𝑐𝑎𝑡. is the 

diffused reflectance of the tissue (which is 10-4  as given in reference 23), 𝜂𝑡ℎ𝑟 is the light 

throughput of the system (which is 77% as calculated in equation (1)), 𝑊𝜆 is a weighting factor 

for each wavelength, which represents the cumulative effect of the tissue absorption, the 

spectral response of the detector, and the diffraction efficiency of the grating, 𝜏 is the 

integration/exposure time of the device (which is taken as 200 ms), and ℎ is Planck’s constant 

(which equals 6.626.10-34 J s). The SNR of the spectrometer is shown in Figure 6. The minimum 

SNR calculated in the UV and VIS spectral range is 650, and in the NIR-SWIR it is 9300. These 

values are significantly larger than the threshold value of the SNR required  for spectral tissue 

sensing which is 50 and 150 in the VIS-NIR and SWIR, respectively. The SNR requirement of 
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the spectrometer is therefore fulfilled. The SNR in the NIR-SWIR region is higher than in the 

VIS region because of on the one hand the tissue absorption is higher in the VIS region and on 

the other hand the emitted power of the halogen source in the VIS region is lower than in the 

NIR-SWIR region. Moreover, the resolution in the VIS is 6 nm whereas in the SWIR region it 

is 10 nm, which in turn contributing to the higher SNR in the NIR-SWIR region.  

 

  
Figure 6. SNR of the spectrometer is higher than the minimum requirement for spectral tissue sensing. 

4.2 Irradiance analysis of the spectrometer 

The irradiance analysis helps us to evaluate if the resolution requirement of the spectrometer is 

met or not. The resolution of the spectrometer is determined by the full-width at half-maximum 

(FWHM) of the irradiance at the detector. The irradiance is used to visualize the distribution of 

the light over the image sensor of the spectrometer. To do so, the different influencing factors 

(diffraction efficiency, quantum efficiency of the detectors, tissue absorption) are combined to 

calculate the weighting coefficients for different wavelengths or the amount of light power 

received at each pixel.  

After performing an irradiance analysis in Code V, we take the cross-section of the detector 

in the dispersion direction (vertical direction in Figure 7 (a)) to see how the light is distributed 

over the different wavelengths within the spectral range. For the irradiance analysis we assume 

that the slit acts as a light source having a Gaussian profile. The slit has a width of 25 µm and 

height of 200 µm. The source is assumed to have a Gaussian beam profile with a full-width at 

half -maximum (FWHM) of 200 µm and a NA of 0.15 (corresponding to a divergence half-

angle of 11.54o) using a multimode fiber of diameter 200 µm and NA of 0.15 to collect the light 

scattered from the tissue and bringing it to the input port of the spectrometer. The cross-section 

of the irradiance is shown in Figure 7(b). We took two wavelengths separated by 6 nm (e.g. 

300 nm and 306 nm) for the UV and VIS/NIR spectral range and 10 nm spectral spacing for 

the SWIR range (1090 nm, 1100 nm…). We then run the irradiance analysis and see if these 

adjacent wavelengths which are separated by respectively 6 nm (UV and VIS/NIR) and 10 nm 

(SWIR), are resolved as individual peaks at the detector. The analysis shows that the different 

colors are well separated, which means they are spectrally resolved. In Figure 7(a) we see 

separated lines in the different regions of the detector indicating that the 6 nm (UV and 

VIS/NIR) and 10 nm (SWIR) resolution are achieved. Also, from the cross-sectional plot in 

Figure 7(b), it is seen that the different peaks are well distinct which assure us that the 6 nm 

(UV and VIS/NIR) and 10 nm (SWIR) resolution have been achieved with simulation.  
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(a)                                                                         (b) 

                                                                                                   

Figure 7. (a) Irradiance plot for the spectrometer consisting of a three-segment grating operating in the 

UV, VIS/NIR and SWIR spectral range. The plot shows that wavelengths which are 6 nm (UV and 

VIS/NIR) and 10 nm (SWIR) apart are well resolved. The color bar shows the irradiance value. (b) 

Vertical cross-section of the irradiance plot along the red line in Figure 7 (a) shows that the different 

wavelengths have separated peaks which confirms that they are well resolved.  

5. Fabrication of the three-segment diffraction grating and its performance in 

comparison with a single-segment Richardson grating 

 

5.1 Fabrication of a three-segment diffraction grating and Richardson grating  

After the design of the spectrometer and the three-segment grating, we fabricated the grating 

as well as a single-segment Richardson grating having the same groove density for 

benchmarking. The Richardson grating and the three-segment gratings were fabricated using 

the same technology such that a fair comparison of their performances could be made. The 

reference Richardson grating has 300 grooves/mm and a blaze wavelength of 300 nm [26]. First 

the grating molds were made in metal using our in-house 5 axis ultraprecision diamond tooling 

machine [27,28]. The ultraprecision diamond tooling machine is a 350FG from Moore 

Nanotech. The 5 axes of these machine is shown in Figure 8. A ruling technique is used to make 

the grating in the mould material which is a Nickel Phosphate (NiP) coated steel. With this 

technique, the diamond cutting tool is fixed and the workpiece moves vertically in the YZ plane 

to remove material, thus making the grating profile. In order to control the blaze angle of each 

segment, the B-axis of the machine is rotated. A diamond tool with an end cutting edge angle 

of 2o12’ has been used for this ruling process.  
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Figure 8. Mould with segmented gratings is made using a 5-axis ultra-precision diamond tooling 

machine from Moore Nanotech. 

Afterwards several copies of the gratings were produced in poly-methyl methacrylate 

(PMMA) through hot embossing [28]. As the grating is used in reflection mode, a 150 nm gold 

coating was applied through evaporation. We tried two approaches for coating the grating. The 

first one consists of applying the gold coating on the PMMA substrate before the hot embossing 

process. The disadvantage of this approach is that it is difficult to press a mold on a substrate 

with a thick coating (300 nm) as it requires high pressure which rips off the gold layer during 

the demolding stage of the hot embossing process. A thick coating is necessary to have high 

reflectivity for the grating.  The second approach is applying the gold coating through sputtering 

after the grating segments have already been replicated. The problem with this approach is that 

the sharp edges of the grating become flat and consequently the grating profile becomes 

sinusoidal instead of triangular. For making the final samples we used the first approach of 

coating in combination with plasma treatment of the PMMA surface prior to coating. Treating 

the surface of PMMA with high energy plasma increases adhesion of gold to its surface [29]. 

After the replication and coating step, the profiles of the fabricated gratings were measured 

with an atomic microscope (AFM), see Figure 9 (a). The cross-sectional profiles (along the red 

line in Figure 9 (a)) of the fabricated grating segments and the reference Richardson grating are 

given in Figure 9 (b). The fabricated grating has an average roughness of 36.6 nm and an RMS 

roughness of 41.3 nm, when measured over a length of 587nm. 
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(a)                                                                                                  (b) 

Figure 9. AFM measurements of the fabricated three-segment grating (a) UV segment (top-left), VIS-

NIR segment (top-right), SWIR segment (bottom-right) and Richardson grating (bottom-left). (b) 

Overlay of the extracted profiles along the cross-sectional line. 

           

5.2 Performance analysis of fabricated diffraction gratings 

Once the profiles of the gratings were measured, the measured data were used in VirtualLab 

(physical optics design software) to evaluate the performance of the fabricated gratings before 

being tested in a spectrometer setup. Basically, the diffraction efficiency of the fabricated 

grating with three segments was simulated and compared with that of the single-segment 

Richardson grating which is used as a benchmark for performance comparison.  

 

                                                 (a)                                                                        (b) 

Figure 10. (a) Simulated diffraction efficiency using the profiles of a fabricated Richardson grating and 

the fabricated three-segment grating. (b) Measured signal level at wavelength of 900 nm collected by 

the spectrometer using the three-segment grating and the Richardson grating. 

 

The power received at the detector of the spectrometer is determined by the diffraction 

efficiency of the diffraction grating and the input power. The grating with the three segments 

has equal area as the Richardson grating. Therefore, the power received by each segment is 

one-third of the power received by the Richardson grating (as the area of each segment is one 

third of the Richardson). Therefore, the overall diffraction efficiency of the three-segment 

grating is the sum of the diffraction efficiency of the individual segments divided by three. The 
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overall diffraction efficiency of the three-segment grating is compared with that of the 

Richardson grating as shown in Figure 10. As seen on Figure 10 (a), the three-segment grating 

has higher overall diffraction efficiency, especially in the NIR-SWIR regime (as the Richardson 

grating is blazed at 300 nm). The diffraction efficiency of a spectrometer based on a three-

segment grating would be improved by at least a factor of 2 in the NIR and SWIR spectral 

region compared to a spectrometer based on a Richardson grating. This was further verified in 

an experiment by inserting the three-segment and Richardson gratings in the standard set-up of 

the Avantes CompactLine spectrometer and illuminating the grating at different incident angles 

[30]. The relative received signal level (at a wavelength of 900 nm) with the three-segment 

grating is about 2 times larger than the Richardson grating at the desired incident angle of 15 

degree (which is the incident angle of the light at the grating in the design) (see Figure 10 (b)). 

For the verification of our three-segment grating, we used a calibration source from Avantes 

and compared the obtained spectrum with the reference spectrum measured by an Avantes 

commercial spectrometer (AvaSpec-2048 Starline). The integration time for the measurement 

was 100 ms. The spectra of the calibration source measured with the commercial and our three-

segment grating based spectrometer is given in Figure 11 From Figure 11, it can be seen that 

the spectrum captured with the three-segment grating based spectrometer clearly follows the 

spectrum of the calibration source with the commercial spectrometer. In addition, the acquired 

signal level is even higher compared to the spectrum measured by the AvaSpec-2048 

spectrometer. By looking at the details of Figure 11 in the VIS spectral region around 400 nm 

(see Figure 12 (a)) and in the NIR region around 820 nm (see Figure 12 (b)), it is clear that the 

6 nm and 10 nm resolution requirements are achieved. As seen from Figure 12 (both a and b), 

the achieved resolution in the VIS is even as low as about 3.6 nm and in the NIR region 6 nm. 

Also the 10 nm resolution requirement in the SWIR region is fulfilled as seen from the signal 

peaks at 843 and 853 nm in Figure 12 (b). The acquired signal level with the three-segment 

spectrometer is boosted, which is an indication that the three-segment grating increases the 

amount of light received by the detector due to that fact that the diffraction efficiency is 

improved a lot. This is especially clear in the NIR-SWIR spectral region which perfectly agrees 

with the simulation analysis. Both the simulation and experimental results demonstrate that a 

three-segment or generally a multi-segment grating can significantly enhance the performance 

of a spectrometer operating over a broad wavelength range and this allows to develop compact 

and low-cost spectrometers for different applications such as spectral tissue sensing. 

 
Figure 11.  Comparison of the calibration light source spectrum as measured with the three-segment 

grating based spectrometer (blue) and a commercial spectrometer of Avantes (the AvaSpec-2048 

Starline). 
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(a)                                                         (b) 

 
Figure 12. Detail of the spectrum of Figure 11 with well-resolved peaks indicating that the resolution 

requirement of 6 nm and 10 nm of the spectrometer is achieved  in the (a) VIS region and (b) in the 

NIR-SWIR region. 

  

6. Conclusion 

We have designed a compact three-segment spectrometer which operates in the UV, VIS/NIR 

and SWIR wavelength range from 300 nm to 1700 nm. The grating segments are blazed to 

maximize the diffraction efficiency in the broad wavelength range. The spectrometer achieves 

an SNR of better than 650 in the UV and VIS-NIR, and better than 9300  in the SWIR range, 

both significantly larger than the threshold of the SNR required for spectral tissue sensing. The 

spectrometer has a resolution of 6 nm in the UV and VIS/NIR and 10 nm in the SWIR regions. 

The three-segment grating was fabricated and tested in an experimental set-up. The 

performance of the three-segment grating was benchmarked with a corresponding single-

segment Richardson grating. The three-segment grating improves the signal level acquired by 

the spectrometer by a factor of 2 in the NIR-SWIR wavelength range. This paves the way 

towards future compact and yet affordable spectrometers which can operate over a broad 

spectral range for various point-of-care diagnostic and monitoring applications. Our future 

endeavors will focus on improving the quality of fabricated gratings through alternative coating 

mechanisms. 
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