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Abstract 

Bulk γ-InSe has a direct bandgap of 1.24 eV, which corresponds to near infrared (NIR) 

wavelengths (λ = 1.0 µm) useful in optoelectronic applications from biometric detectors to 

silicon photonics. However, its potential for optoelectronic applications is largely untapped due 

in part to the lack of quantitative studies of its optical properties. Here, we study the unusually 

low absorptance and high photoluminescence quantum efficiency of single-crystalline InSe 

flakes with thickness in the hundreds of nanometers. InSe emits brightly at room temperature 

from its direct bandgap with a peak photoluminescence quantum yield (PLQY) of 20 %, despite 

displaying indirect bandgap like low absorption coefficient due to the symmetry of its crystal 

structure. By performing pump-dependent PLQY measurements, we extract the radiative and 

nonradiative recombination coefficients, including the Shockley-Read-Hall and Auger 

coefficients. Finally, we demonstrate a proof-of-concept alternating current electroluminescent 

device at low temperature to show the promise of InSe in optoelectronic technology such as 

highly transparent, bright NIR light sources. 

 

1. Introduction 

Indium selenide (γ-InSe), a layered III-VI semiconductor, has attracted considerable 

interest as a material platform for electronics due to its promising electrical characteristics.[1–3] Its 

high electron mobility and relative stability have enabled high-performance transistors of 

nanometer scale.[4–8] However, its optical properties, especially in bulk, are less studied. InSe has 

a direct bulk bandgap of 1.24 eV, increasing to 2.1 eV as the thickness decreases to 

monolayer.[5,9] The rhombohedral crystal lattice of InSe is shown in Figure 1a. Its structure is 

comprised of covalently bonded layers of Se-In-In-Se, which are weakly held together by van 

der Waals forces in the ABC stacking order.  

Unusually, InSe exhibits poor absorption of in-plane polarized light while efficiently 

converting out-of-plane polarized light into bright photoluminescent emission (Figure 1b).[10] 

InSe has a direct bandgap at all except few-layer thicknesses,[11–13] therefore boasting the 

efficient emission mechanism of direct bandgap materials, while absorbing light weakly like an 

indirect bandgap material. The combination of the high mobility, effective light emission, and  

 



 

 

Figure 1. Material properties of 𝛾-InSe. (a) Crystal structure. (b) Polarized absorption and 

emission diagram. (c) Raman spectrum of a bulk InSe flake. (d) Electron diffraction pattern of 

single-crystalline InSe. Reproduced with permission.[14] Copyright  2022, Springer Nature. e) 

Powder x-ray diffraction spectrum of InSe. Reproduced with permission.[12] Copyright 2024, 

American Chemical Society. f) Atomic-resolution STEM of layers of atoms in exfoliated InSe 

crystal, with atomic model of 𝛾-InSe structure overlayed. Reproduced with permission.[12] 

Copyright 2024, American Chemical Society. 

low absorption coefficient in InSe may allow for the creation of fast, efficient near-infrared 

(NIR) photodetectors and light-emitting diodes (LEDs) that are highly transparent.  

Here, we perform a quantitative study of the optical characteristics of intrinsic 𝛾-InSe. 

The absorptance of InSe is remarkably weak even as its thickness increases to hundreds of 

nanometers. Despite low absorptance, InSe emits strongly, with peak photoluminescence 

quantum yield (PLQY) reaching 20 % at room temperature. To elucidate the effect of different 

recombination processes, we perform pump-dependent photoluminescence (PL) measurements 

and fit them to the ABC model, from which we extract the coefficients for surface, Shockley-

Read-Hall (SRH), Auger, and radiative recombination. We show that bandgap changes with 

temperature, and that at low temperature, the negligible change of PLQY with increasing pump 

power implies the suppression of SRH  recombination.  Finally, we fabricate alternating current  



 

 

Figure 2. Emission spectra of 𝛾-InSe. (a) Normalized PL spectra across different thicknesses. 

(b) PL spectra of thick bulk flake and thin 10 nm flake, showing difference in intensity. 

electroluminescence (ACEL) devices and operate them at 4 K to demonstrate the feasibility of 

electrically pumped InSe-based NIR-emitting devices.  

 

2. Results and Discussion 

 

2.1 Photoluminescence Characterization 

 

High-quality InSe was grown using the vertical Bridgman method (see, Methods). 

Structural characterization of InSe used in this study was recently reported, with some figures 

reproduced in Figure 1.[12,14] We measured Raman spectra of thick flakes, which exhibited peaks 

at 115 cm-1, 178 cm-1, and 227 cm-1, which is consistent with those of 𝛾-InSe in prior 

studies.[15,16] To perform optical characterizations, InSe was mechanically exfoliated onto quartz 

substrates to produce a variety of flakes, whose thicknesses were measured by atomic force 

microscopy (AFM) (Figure S1, Supporting Information). Micro-PL spectra were measured and 

normalized for a range of flake thicknesses from 10 nm to several hundred nanometers to show 

the shift in bandgap with thickness (Figure 2a). The PL spectrum of thick flakes has a high-

energy tail caused by a secondary contribution. InSe is known to oxidize slowly in air, with a 

few surface layers becoming In2O3 and causing PL degradation over a long period.  However, it 

remains stable for hours to days.[17,18] Indeed, PL of flakes exposed to air for 90 minutes showed 

no significant difference when compared to the PL of flakes in a nitrogen chamber (Figure S2, 

Supporting Information). Therefore, the native oxide formed on a short timescale does not seem 



 

to affect the optical properties of bulk InSe. Flakes in this work were typically measured before 

90 minutes of air exposure had elapsed.  

Bulk flakes in the hundred-nanometer thickness range exhibit PL peaks at 1.24 eV. As 

flake thickness decreases, bandgap increases, rising to 1.32 eV for 10 nm flakes. Additionally, 

the PL intensity diminishes as flake thickness falls below 100 nm. Other studies have attributed a 

sharp decrease in PL intensity as InSe flakes decrease below 7 layers in thickness to a transition 

from direct to indirect bandgap.[11–13] However, as layers have a periodicity of 0.8 nm,[19] even 

the thinnest 10 nm flakes measured in this study are over 12 layers thick and above the indirect 

limit. Instead, surface recombination is the dominant mechanism that causes decreased PL for 

bulk flakes thinner than 100 nm.[20]  

 

2.2 Quantitative Weak Absorptance and Strong NIR Emission 

 

Micro-reflectance and micro-transmittance measurements were performed in ambient 

conditions for flakes exfoliated on quartz, with a range of flake thicknesses. A source laser with a 

wavelength of 532 nm and spot size of 1 µm2 was focused on the top surface of each flake. 

Transmittance was measured by placing a photodetector below the sample and its transparent 

substrate, and reflectance was measured by moving the photodetector into the optical path above 

the flake. The absorptance is given by 

𝐴𝑏𝑠 =  1 −  𝑅 −  𝑇                                                        (1) 

where Abs is absorptance, R is reflectance, and T is transmittance. The absorptance shows a 

linear trend, expectedly increasing with thickness as more layers absorb more light according to  

the Beer-Lambert law (Figure 3b). However, the increase is slow, as even flakes hundreds of 

nanometers in thickness exhibit low absorptivity, primarily due to high transmittance. The 

absorption coefficient was extracted from the slope to be 5 × 103 cm-1
 at 532 nm. This aligns with 

values reported in prior literature, which range from 1 × 103 cm-1 to 5 × 104 cm-1.[21–24] Compared 

to the absorption coefficient of other direct bandgap semiconductors, the absorption  

coefficient of InSe is one to two orders of magnitude smaller. The weak absorption originates 

from selection rules determined by the crystal symmetry of InSe. The z → -z symmetry of 

monolayer InSe allows only transitions between states with the same symmetry across the z axis 

(even to even or odd to odd) for in-plane polarized light,[25] such as the perpendicular laser beam  



 

 

Figure 3. Absorptance of InSe. (a) Optical microscope image showing the transparency of a 

thick flake. (b) Absorptance trend of 532 nm laser across different thicknesses. 

of a PL system. However, the edge states of the conduction band and valence band are 

respectively odd and even, resulting in the bandgap transition being prohibited for in-plane 

polarized light. As more layers are added, the z→ -z symmetry is weakened, and the selection 

rules against in-plane light bandgap transitions soften but persist.[5,10,26] Therefore, even thick 

flakes absorb a fraction of incident in-plane light and display high transmittance, appearing 

optically transparent (Figure 3a). The emitted light is also out of plane, causing measurements of 

PL on wrinkled flakes to be enhanced as the emission is at an angle from the vertical.[9,27]  

Pump-dependent PL measurements were conducted by taking the emission spectrum of a 

variety of InSe flakes at a series of increasing pump powers measured by a power meter at the 

sideport. The pump power was subsequently converted to generation rate. PLQY was derived by 

integrating the measured spectrum and comparing it to the calculated generation rate. The results 

were plotted in Figure 4a. Although InSe is often considered to be an excitonic material, 

especially at low temperature and nanoscale thickness,[21] extrapolating measured and calculated 

exciton binding energies to hundred-nanometer thicknesses results in bulk binding energies that 

are below the thermal energy, indicating free-carrier behavior dominance in bulk.[13,28] 

Additionally, the pump-dependent PLQY curves for the thicknesses measured at room  

temperature display the rise, peak, and droop expected of free-carrier recombination dominant 

systems. Therefore, the resulting data was fitted to the ABC model for free carrier 

recombination, a simplified model for capturing recombination physics. This model considers  

 



 

 

Figure 4. PLQY and recombination. (a) PLQY of flakes of different thicknesses across 

increasing pump power, fitted with the ABC model for carrier recombination. (b) Schematic of 

different recombination processes modeled. (c) Comparison of absorption coefficients and peak 

PLQY of various semiconductors. 

Shockley-Read-Hall (SRH) ,[29,30] surface,[31,32] bimolecular radiative,[33] and Auger 

recombination processes (Fig 3b).[34,35]  Generation rate is calculated as 

𝐺 = (𝐴 +
2𝑆

𝑑
)

𝑛2−𝑛𝑖
2

𝑛
+ 𝐵(𝑛2 − 𝑛𝑖

2) + 2𝐶𝑛(𝑛2 − 𝑛𝑖
2)                              (2) 

where G is generation rate, n is carrier concentration, ni is intrinsic carrier concentration, and A, 

B, C, and S are respectively SRH, radiative, Auger, and surface recombination coefficients. 

These recombination pathways are summarized in Figure 4b. PLQY is calculated as 

           𝑄𝑌 =
𝐵(𝑛2−𝑛𝑖

2)

𝐺
                                                            (3) 

The measured data aligns closely with this model (Figure 4a), which assumes that the dominant 

recombination pathway is highly dependent on the number of carriers required for each process, 

and the generation rate. At low generation rates, PLQY increases with generation rate, indicating 

the dominance of single-carrier trap-assisted SRH recombination.[36] Additionally, in the low 

generation regime, the PLQY is sensitive to thickness. Flakes above 100 nm in thickness exhibit 

similar PLQY curves, but thinner flakes show decreased PLQY. Flakes of 20 nm are nearly an 

order of magnitude less efficient than bulk flakes. This points to the presence of surface 

recombination, another form of trap-assisted recombination, which begins to affect the PLQY 

characteristics more strongly as the thickness decreases, and surface area becomes more 

dominant. The PLQY peaks at intermediate generation rates, where radiative recombination is 

dominant. As generation rate continues to increase, PLQY is lowered by the rising dominance of 



 

three-carrier, nonradiative Auger recombination.[37] The data was quantitatively fit by first 

calculating B to be 4.2 × 10-9 cm3 s-1 from 

B =
1

τr ni
                                                                 (4) 

using previously reported values of 8 ns for radiative lifetime (τ𝑟) and 3 × 1016 cm-3 for as-grown 

carrier concentration (𝑛𝑖)
[38,39]. Then, A, C, and S were determined by fitting to be 4 × 108 cm-1, 

4 × 10-25 cm6 s-1, and 4 × 103 s-1 respectively. The SRV coefficient S is an order of magnitude 

lower than that determined by previous work,[23] while quantitative values for the other 

coefficients has not been established for InSe. A, B, and C consistent with other common 

semiconductor systems.  

InSe has high PL efficiency for an unpassivated, unencapsulated semiconductor, peaking 

at 20 % PLQY for thick flakes above 100 nm. This quantum efficiency is enabled by several 

factors. First, as a 2D van der Waals material, InSe lacks surface dangling bonds that enhance 

nonradiative recombination pathways.[40,41] The high quality of the grown InSe source also 

results in a low density of defects that can lower PLQY. Finally, InSe maintains a direct bandgap 

at bulk thicknesses unlike other commonly studied 2D materials such as transition metal 

dichalcogenides (TMDs),[42,43] allowing efficient radiative recombination at higher thicknesses 

not dominated by surface traps as shown by the increase of PLQY with thickness in Figure 4a. 

A 20 % PLQY is not unprecedented- perfectly passivated silicon and high-quality indium 

phosphide also exhibit near or above 20 % efficiency.[44,45] Figure 4c plots the PLQY and 

absorption constant of a range of unpassivated, chemically untreated semiconductor materials. 

The direct bandgap III-V semiconductors InP, GaAs, and GaSb present middling or good PLQY 

in conjunction with higher absorptivity, and are therefore used frequently for solar cells and NIR 

or visible photodetectors and LEDs. In the low absorptivity, low quantum efficiency quadrant is 

unpassivated silicon and 6H-SiC, which are poor absorbers and emitters due to indirect 

bandgaps, and more challenging to use in optoelectronic applications. Among common 

semiconductors with well-documented quantum yields, InSe alone exhibits both high PLQY and 

low absorptivity. In other words, it appears to absorb like indirect bandgap silicon and emit like a  

direct bandgap III-V semiconductor. Notably, InSe does not require perfect passivation or any 

other treatment to achieve high quantum yields.  

 



 

2.3 Low Temperature Photoluminescence and Quantum Yield Measurements 

 

Figure 5. Temperature dependence of photoluminescence of InSe flakes. (a) Comparison of 

room temperature and low temperature spectra and photon cournts. (b) Power-dependent PLQY 

of flake at room temperature and 4 K. (c) Temperature dependent spectra of a single flake. (d) 

Change in bandgap with temperature, fit with the Varshni equation. (e) Temperature dependent 

FWHM, fit with a phonon model. 

To study the effects of temperature on PLQY and bandgap, thick samples were cooled 

down to low temperatures and measured with variable pump power, with results shown in 

Figure 5. At 4 K, the PLQY of the sample remains constant across low generation rates, 

indicating suppression of nonradiative pathways. The value of the PLQY is over 60 %, triple the 

peak value at room temperature. Low temperature is known to suppress SRH recombination 

because carriers lack the thermal energy to jump to trap states where they may recombine non-

radiatively.[30,46] The finding that PLQY is strongly enhanced at low generation rates supports 

our analysis that recombination is dominated by SRH. Additionally, as the sample cools, the 

spectral peak blueshifts from 1.24 eV to 1.30 eV. This indicates the shrinking of lattice 

dimensions and decreasing of phonon-electron interactions with decreasing temperature causing 

an increased bandgap.[21] This data was fit to the Varshni equation (Figure 5d) 

𝐸𝑔(𝑇) = 𝐸𝑔(0) +
𝛼𝑇2

𝑇+𝛽
                                                        (5) 



 

where the bandgap at 0 K 𝐸𝑔 was found to be 1.30 eV, and the Varshni parameters 𝛼 and β were 

found to be 3.46 × 10-4 eV/K and 222 K respectively.[47] 

Spectral peaks also widen significantly with increasing temperature, from a FWHM of 

9.1 meV at 4 K to a FWHM of 44 meV at 293 K in Figure 5c. This is due to the increase of the 

broadening parameter with temperature, as phonon-electron interactions increase and shorten the 

carrier lifetime.[21] To further analyze phonon interactions, the temperature-dependent FWHM 

was fit with the following model 

FWHM(𝑇) = Γ0 + Γ𝑎𝑇 + Γ
op

1

𝑒𝑥𝑝(
ℏω𝐿𝑂
𝑘𝐵𝑇

)−1

                                    (6) 

where Γ0 represents the temperature-independent inhomogeneous broadening, Γ𝑎 is the acoustic 

phonon coupling coefficient, Γ𝑜𝑝 is the optical phonon coupling coefficient, and ω𝐿𝑂 is the 

energy of the longitudinal optical (LO) phonon (Figure 5e). Based on prior work, the LO phonon 

frequency was set to 199 cm-1.[48] The fitting resulted in a Γ0 of 6.9 meV, an Γ𝑎 of 0.075 meV/K 

and a Γ𝑜𝑝 of 30 meV. The low Γ0 suggests that the material is high quality with few defects or 

impurities that could contribute to temperature-independent broadening of linewidth. 

Additionally, the low Γ𝑎 compared to Γ𝑜𝑝 indicates that acoustic phonons contribute only 

moderately to FWHM increase with temperature, while optical phonons dominate the linewidth 

broadening with increasing temperature. 

 

2.4 Demonstration of Alternating Current Electroluminescence Device 

 

To demonstrate that InSe may be used for electroluminescence (EL), we fabricated a 

simple alternating-current electroluminescence (ACEL) device,[49,50] consisting of a gold contact 

evaporated over an InSe flake, on 50 nm SiO2/Si substrate. The device structure is shown in 

Figure 6a. This structure comprises a metal-oxide-semiconductor (MOS) capacitor, where InSe  

is the semiconductor, the SiO2 layer is the oxide, and the highly doped Si substrate is the metal 

gate. The evaporated gold layer serves as the top contact. Although only one gold contact is used 

per ACEL device, two are shown fabricated in Figure 6a to allow for two devices per flake, as  



 

 

Figure 6. InSe light-emitting capacitor. (a) Schematic showing device structure. (b) Optical 

image of fabricated device. (c) Voltage dependent electroluminescence (EL) spectra at 4 K. (d) 

Frequency-dependent EL spectra at 4 K.  

ACEL is tightly localized to the interface between material and contact.[50] Only one contact on 

the flake is biased during operation, while the other is left floating. Initial photolithography runs 

using a bilayer photoresist combination of LOR and Microposit S1818 revealed that thick InSe 

flakes are prone to delaminating from the Si/SiO2 substrate when the LOR underlayer was 

applied via spin-coating. Without LOR, liftoff in PG remover for evaporated layers of 5 nm Ti / 

200 nm was unclean, leading to device shorting. Additionally, PG remover also caused some 

delamination of the InSe flakes. To avoid these issues, a strategy of  e-beam lithography with 

PMMA resist, evaporating no Ti and 200 nm gold for the contacts, and liftoff in gentler acetone 

was developed. 

Briefly, to produce EL, the device is driven with an alternating voltage VGS, applied to 

one gold contact and the silicon back gate. At positive VGS, electrons accumulate in the 

semiconductor, while few holes are present. When VGS initially switches to negative, a large 

electric field is applied across the semiconductor-Au contact interface, causing significant band 



 

bending in the semiconductor. A high concentration of holes can then tunnel into the 

semiconductor before the electrons can flow out through the contact. These carriers recombine in 

the semiconductor near the interface, emitting light. This proof-of-concept device bypasses the 

need for the transport layers and very fine bandgap engineering for efficient injection of holes 

and electrons required for direct current (DC) devices.  

 At room temperature, no EL was measured upon electrical excitation with a square wave 

at several different peak voltages and frequencies, indicating that charge injection is too low at 

reasonable voltages to reach the generation regime in which emission is efficient. To achieve 

detectable emission at low generation rate, the device was cooled to 4 K. The measured EL 

intensity increases with increasing peak VGS due to more extreme band bending and thinning of 

the tunneling barrier, plateauing around 8 V when driven at 500 kHz (Figure 6c). Increasing 

frequency also enhances measured EL by raising the number of transient EL pulses in a 

collection period (Figure 6d).  

 ACEL devices have been demonstrated with other materials at room temperature. In 

contrast to our bulk InSe devices, previous studies used ultra-thin emissive layers such as 

monolayer TMDs, 12 nm Si layers, and single layers of organic dyes.[51–53] The thinness of these 

emissive materials allows for a high concentration of injected charge through the contacts, while 

the thick InSe in our devices results in a far lower charge density. To achieve detectible 

luminescence, the InSe devices were cooled to 4 K to leverage the enhanced luminescence due to 

suppression of non-radiative SRH recombination and dominance of excitonic effects at 

cryogenic temperatures. While these findings show that ACEL devices are not the optimal 

structures for creating effective bulk InSe emitters, the success of these simple low-temperature 

devices suggests that with further device optimization, InSe could serve as an efficient 

electroluminescent emitter. 

 

3. Conclusion 

Layered 2D materials are promising for a variety of applications, from high-performance 

2D transistors that challenge the silicon scaling limit, to flexible sensors. With its strong 

emission in the NIR, InSe stands out as an optoelectronic material because it is both remarkably 

transparent and an efficient emitter. This work focuses on in-plane measurements, so future work 

on optical characteristics may include a deeper quantitative study of the anisotropic PL of InSe, 



 

especially including excitation with out-of-plane photons. Our work with low temperature 

measurements and fabrication of basic devices demonstrates the potential of InSe for further 

efficiency enhancement, and for technological applications. InSe may not be the best candidate 

for applications requiring efficient absorption, but it shows promise as an electrically pumped 

emitter for transparent LEDs due to its high PLQY. Device structures and bandgap engineering 

must be investigated and the challenge of 2D scalability addressed for InSe to realize its full 

potential as a low-cost, efficient emitter with atypical characteristics.  

 

4. Methods 

 

Crystal growth: Intrinsic InSe single-crystalline ingots (1 cm diameter, 3 cm length) were grown 

by the vertical Bridgman method using pre-synthesized polycrystalline In1.04Se0.96 charge that 

was loaded in a graphitized quartz ampoule and sealed under vacuum. The melt was equilibrated 

for 3 h at 720 °C and then the ampoule was translated across a temperature gradient at a rate of 

0.5 mm/h.  

 

Device Fabrication: EL devices were fabricated by first mechanically exfoliating InSe onto 50 

nm SiO2/Si substrates. 150-300 nm thick, large flakes were identified by microscope and 

marked, then confirmed by AFM step profile. 200 nm thick gold contacts were formed on each 

selected flake by electron lithography and evaporation. Liftoff of excess gold was performed in 

acetone. The completed devices were mounted to a Montana cryostation mount with silver paste, 

and wire-bonded to electrical connections. 

 

Optical Characterization: PL measurements were carried out with a homebuilt micro-PL system 

with a 532 nm line source under ambient conditions. The 532 nm excitation beam is directed 

through a 50x Mitutoyo NIR objective by a series of mirrors and a periscope and focused on the 

sample surface with the aid of a camera. The resulting emission spectra were collected through 

the same objective and directed using another set of mirrors and a periscope to a NIR detector 

(Andor iDus InGaAs) connected to a spectrograph (Andor Shamrock 500i). The power of the 

source was measured with a Thorlabs power meter at a sideport before the objective. The 

instrument response function of the entire setup was measured by directing a Thorlabs SLS201 



 

Lambertian light source onto a Spectralon reflector, and comparing the measured spectrum with 

the vendor SLS201 spectrum. The collection efficiency was determined by focusing a 940 nm 

LED with known intensity onto a Spectralon reflector and measuring the response. Micro-

reflectance measurements were taken on the same PL system with a photodetector (Thorlabs 

PDA36A) in the reflectance path and lock-in detection. Micro-transmittance measurements were 

also performed on this setup with the photodetector moved under the sample holder. These 

optical setups are illustrated in the Supporting Information, in Figures S4 and S5. Low 

temperature PL measurements were conducted with the sample under vacuum in a Montana 

Cryostation s200. EL measurements were also conducted in this cryostation using the electrical 

connections on the sample mount. Square waves were provided by an Agilent 33522A arbitrary 

wavefunction generator. All spectra measurements were corrected for the instrument response 

function. 

 

Model Fitting: All models were fit to data in Python using Scipy curve_optimize, which utilizes 

least-squares optimization to find the best fit of a user defined model to the given data. [do we 

need to include R squared?] 
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Jamie Geng and co-workers quantitatively characterize the optical properties of 𝛾-InSe. InSe is 
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Figure S1. Representative AFM data for InSe flakes. (a) Optical microscope image of a representative 

InSe flake. Inset is the PL spectrum of this flake, taken within the red box. The peak at 1.17 eV is a stray 

reflection of a laser harmonic. (b) AFM scan of the area marked in the red box in (a). (c) Step profile of 

the flake at the line marked in red on (b). 

 

 

 
Figure S2. Effect of ambient conditions on InSe PL. PL spectra of the same flake taken first in a 

nitrogen chamber, then in air over time.  

  

  



 

  
Figure S3. Radiative lifetime. Luminescence decay of a thick InSe flake, measured by time-correlated 

single photon counting, at low power density. 

 
Figure S4. Optical setup for micro-PL. Diagram of optical components used in measurements of micro-

PL spectra. 

 



 

 
Figure S5. Optical setup for absorptance measurements. (a) Diagram of optical components used in 

micro-reflectance measurements. (b) Diagram of optical components used in micro-transmittance 

measurements. 

 




