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Abstract 

Luminescent semiconductors are the key material in a host of optoelectronic devices including 

solar cells, light emitting diodes and x-ray scintillators, and have been discovered at an 

increasing rate over the last decades. A luminescent semiconductor’s photophysics must be 

understood and its loss processes minimized to optimize any device. Several accessible 

spectroscopic techniques exist which, together, can give all relevant photophysical information, 

namely UV-Vis spectroscopy, photoluminescence quantum efficiency and time resolved 

photoluminescence. However, these measurements are often poorly used, incorrectly fitted or 

important information is missed. Here we present best practices in applying these techniques to 

characterize luminescent semiconductors with unknown photophysical properties. We highlight 

which information can be obtained from each measurement, when it is appropriate to apply 

different mathematical models and give examples from a range of semiconductors. This work will 

help standardize and streamline the characterization of luminescent semiconductors, in turn 

enabling more efficient devices. 

 

Main 

Luminescent semiconductors are being developed for a host of optoelectronic applications 

including solar cells, light emitting diodes and x-ray scintillators [1–3]. Promising material 

families being researched significantly include halide perovskite, bismuth-based and organic 

semiconductors [4–6]. Understanding the nature of excited states in these materials – whether 

they are excitonic (bound electrons and holes) or free charge-like, how much energy loss occurs 

before radiative recombination, and identifying intrinsic material properties – is key to 

minimizing non-radiative processes and realizing high quality devices.  
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In any semiconductor, excited species are generated following absorption of light. Here we 

define a semiconductor to be a material which absorbs photons above a bandgap, with the 

bandgap being useful for the desired application. Species excited in a semiconductor can 

include free electrons and holes, excitons, filled traps (both surface and bulk), phonons and 

polarons. An experimenter’s aim is to identify the simplest physical model which explains all 

observations. For example, bulk GaAs at room temperature is described as having rapidly 

diffusing free electrons and holes; while exciton formation must occur within the material, 

typically this process is not necessary to explain spectroscopic data [7].  

A host of advanced optical techniques exist to characterize materials, including ultrafast 

transient absorption and terahertz spectroscopy. However, most laboratories only have access 

to more generalized equipment, namely UV-Vis spectroscopy, photoluminescence (PL), 

photoluminescence quantum efficiency (PLQE) and time-resolved photoluminescence 

(TRPL) [8,9]. These simpler techniques are extremely powerful tools which, when applied 

correctly, can reveal similar levels of information on such semiconductor systems to more 

advanced experiments. We restrict our text to fully optical measurements, though we note that 

other accessible measurements, for example photoconductivity, can also provide important 

information. 

Here, we discuss how to characterize new luminescent semiconductors with readily available 

experimental apparatus and no prior material knowledge to identify a reasonable model. We 

present examples from a range of semiconductor material families that have varied 

spectroscopic behaviors. Our only assumptions are that material properties are sufficiently 

homogeneous across the illuminated region for these techniques to be applicable (i.e. lateral 

diffusion and local sample heterogeneity can be ignored, or, measurements are done on a 

macroscopic single crystal) and that the sample is either free standing or deposited on, or 

encapsulated between, glass or other only weakly spectroscopically and electronically passive 

materials; we discuss the case of full device stacks at the end. We emphasize that measurement 

repeatability (including on samples fabricated in different batches, and on different spots on 

the sample) and measuring the spectroscopic and electronic reference characteristics of 

substrates is key for rigorous characterization of a semiconductor. These guidelines will enable 

rigorous characterization and rapid sample screening (when compared to, for example, pump-

probe measurements), allowing for deficiencies in material properties to be identified, the types 

of excited species present within their material to be understood, and initial quantifications of 

sample stability to be made. Adoption of such approaches will increase the speed and 
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development of the next generation of luminescent semiconductor-based devices for a variety 

of applications. 

Excitations are generated in a semiconductor following absorption of photons. Excitations 

typically fall into two broad categories – excitonic, where excited electron and hole are strongly 

bound to each other, and free charges which can travel separately within a material (Figure 1a 

and b). Ultimately excited electrons and holes will recombine, returning the semiconductor to 

an unexcited state. There are a wide range of processes that can lead to recombination. We 

briefly introduce the most common processes here (for free charges), to give the reader a clearer 

idea of processes which can be considered. Several excellent review papers and textbooks 

discuss these processes in more detail [10–12]. 

Material imperfections result in trap-based recombination, which is commonly observed in 

semicondcutors. A trap is an electronic state between the valence and conduction bands of a 

semiconductor (typically related to defects), which excitations can transition into and out of 

(Figure 1c). In nearly all trap models rapid trapping is assumed, where traps are populated 

rapidly compared to the lifetime of excited charges (if this did not happen then traps would not 

significantly affect the semiconductor). For traps that are energetically far from the conduction 

and valence bands, termed deep traps, it is typical for one excited carrier to become rapidly 

stuck at this energy level and then the second excited charge carrier to recombine with this 

filled trap at some subsequent time (Figure 1d). This is a first order process which depends on 

the concentration of charges in only the valence or conduction band. Conversely, for shallow 

traps close to the valence or conduction band, excited charges can rapidly transition between 

trap states and the conduction/valence bands. Therefore, for recombination to occur via a 

shallow trap it requires the trap to be populated by both excited charges at the same time, 

meaning shallow trap recombination is depends on the concentration of both excited electrons 

and excited holes (Figure 1e). Other key recombination mechanisms are direct and phonon-

mediated photoluminescence (Figure 1f and g), and Auger recombination, where the energy 

from a recombination process is directly transferred to another excited charge carrier (instead 

of to phonons or photons, Figure 1h).  

From an experimental point of view, absorption measurements can provide significant 

information on the type of charge initially formed within the material and key information on 

the band structure. Photoluminescence and time-resolved measurements can fill in the detail 

regarding different recombination processes and the timescales for energy loss. We now 

discuss the best approach to apply each measurement in turn.  
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Figure 1. a) and b) present schematics of excitonic (i.e. bound) and free charges respectively. 

The typical picture for charge traps is presented in c), with deep and shallow trap processes 

within the rapid trapping approximation (see Supplemental Material note 1 for definition [13]) 

shown in d) and e). Direct and phonon-mediated photoluminescence are shown in f) and g), 

and Auger recombination is presented in h). Here VB and CB correspond to valence and 

conduction band respectively. In all plots blue arrows show the change in energy level of an 

excited electron or hole, green arrows photons, dashed blue arrows phonons and yellow arrow 

energy transfer from one excitation to a second.  

 

Absorption 

 

Absorption measurements record sample reflection (R) and transmission (T) (for example via 

UV-Vis spectroscopy). This can either be done with the sample in free space, where only the 

direct transmission/reflection spectra are recorded, or with the sample placed at the back/front 

of an integrating sphere, which records the direct and diffuse reflection/transmission. In both 

cases, for comparison with experiments and theory, it is best practice to place the sample 
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perpendicular to the incident beam and for single crystal samples polarized measurements 

should also be considered (in case of dichroism). When considering photonic or other 

anisotropic properties, exploring different angles of incidence may also be important.  Diffuse 

values can be converted to sample absorption, or absorptance, via 1-R-T (assuming R and T 

include all scattering contributions). Notably this measurement requires only a white light 

source, an integrating sphere, a diffraction grating and a detector, and only absolute wavelength 

calibration and relative intensity calibration are necessary (via a reference sample with known 

spectral response [14]).  

Absorptance is a convolution of the sample’s absorption, thickness and surface roughness. 

Typically, it is difficult to quantify the exact relationship between these values and absorptance 

except for materials with flat surfaces [15,16]. For flat films, it is possible to extract the 

absorption coefficient and gain significant information on thin film interference effects, 

especially if samples of different thicknesses are measured. We note that the absorption 

coefficient is an intrinsic material property which can also be accessed by first principles 

modelling (via joint density of electronic states [17]), so determination of its value can be 

extremely useful for theory/experiment comparison [18].  

Tauc plotting can be used to measure the bandgap of the material from its absorptance, with an 

outline of the technique including its relation to a semiconductor’s band structure given in 

Supplemental Material note 2 [13,19]. The mathematical form of a Tauc fit is different for 

direct/indirect bandgap and allowed/forbidden optical transitions. We present Tauc fitting for 

direct (GaAs) and indirect (silicon) bandgap materials in Figure 1a, where the mathematical 

form of a Tauc plot is different in these cases. While in principle the direct/indirect comparison 

can be used to identify the kind of material being measured, care must be taken as both direct 

and indirect Tauc plotting can sometimes fit data well. We present this for a low-bandgap 

halide perovskite (direct bandgap) sample in Figure 2a. Temperature measurements can play a 

role here as, near the band-edge, indirect bandgap materials require a phonon to proceed (so 

their absorption strength is reduced at low temperatures). Care must also be taken to avoid 

applying Tauc fitting to below-bandgap defect states, termed Urbach tails. Urbach tails can be 

fitted by an exponential decay in energy, providing information on the defect states in a 

material, while their functional form of an exponential decay allows an experimenter to 

differentiate between these and the semiconductor bandgap [20]. Additionally, extreme care is 

needed if there is an exciton resonance peak at the bandgap, as this requires the application of 

Elliot theory [21]. Further discussion of Tauc fitting can be found elsewhere [22]. One should 

aspire to determine the bandgap as precisely as possible, for example within 10 meV, but even 
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if this is not possible Tauc fits give good estimations of sample bandgap. If an integrating 

sphere is not available, Tauc fitting can still be applied to 1-T, assuming that scattering and 

reflection contributions do not change in shape significantly around the bandgap. The only 

additional correction is that the value of 1-T well below the bandgap should be subtracted from 

all data, which removes arbitrary offsets. While Tauc plots estimate the bandgap, performing 

Tauc fitting on external quantum efficiency measurements of full devices is a more meaningful 

approach to characterize extracted charges [23]. 

 

Photoluminescence 

 

Here a sample is excited by monochromatic light and the emission, as a function of wavelength, 

is recorded. Typically, the signal is recorded by a spectrometer. Wavelength and relative 

intensity (radiometric) calibration is always necessary prior to reporting results. This can be 

carried out via calibration lamps with well known wavelength (e.g. mercury-argon) and 

emissivity (e.g. calibrated tungsten halogen lamps) calibration. Absolute radiometric 

calibration is not always necessary but can provide information regarding absolute 

luminescence efficiencies [24]. The shape of the photoluminescence is a function of the ground 

state bandstructure, changes to the bandstructure prior to photon emission (e.g. via molecular 

reorganization from excited state/lattice coupling), sample temperature (i.e. coupling of 

electronic states to phonons), defects and intrinsic and extrinsic material properties including 

diffusion lengths, sample thickness and surface roughness (which can all broaden 

photoluminescence) [25–27]. While photoluminescence is straight-forward to model in some 

materials [28–30], typically it is more complicated to theoretically model than absorption 

coefficients. For example, crystal lattices deformation goes beyond the Born-Oppenheimer 

approximation preventing the direct application of density functional theory and similar 

approaches [31]. We note that Huang-Rhys theory has been successful in modelling the 

photoluminescence of several organic molecule based semicondcutors [32].  

The energy difference between bandgap and PL peak [33], termed the Stokes shift (Figure 2b), 

is a clear indicator of the amount of energy lost before radiative emission can occur. Materials 

with small Stokes shift (and thus significant overlap between absorption and emission spectra), 

for example III-V semiconductors, some single walled carbon nanotubes and halide 

perovskites [34–36], will have significant amounts of photon re-absorption, where many 

emitted photons cannot escape the material. Alternatively, materials with large Stokes shift, (or 

those which form self-trapped excitons), indicate significant energy loss, which can be 
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attributed to several processes which correspond to concurrent energy loss to phonons 

alongside photon emission [33,37]. In some materials, PL can be observed at higher energies 

than the bandgap. PL at slightly higher energies than the bandgap suggests misinterpretation 

of the bandgap due to strong sub-bandgap absorption (typically from defects) – here further 

measurements of sub-bandgap absorption (e.g. via photothermal deflection 

spectroscopy [38,39]) may be necessary. PL peaks being significantly higher than absorption 

can be caused by a range of up-conversion processes [40,41] – to confirm if this is the case, 

photoluminescence should be recorded while the sample is excited close to its bandgap. 

 

Figure 2. a) Tauc fit plots for GaAs (direct bandgap Tauc model), silicon (indirect bandgap 

Tauc model) and two fits for a low bandgap halide perovskite (formamidinium lead tin iodide, 

FAPb0.5Sn0.5I3) using direct and indirect bandgap Tauc models. Extracted bandgaps obtained 

are marked on the legend. The data has been scaled appropriately so it all lies on the same 

plot, but we note the y-axis is scaled differently for direct and indirect bandgap materials (see 

Supplemental Material note 2 [13]). This plot was generated using data from Papatryfonos et 

al. [42], Green [43], and Bowman et al. [44] for GaAs, silicon and low-bandgap halide 

perovskite, respectively. b) Schematic of Stokes shift between absorption and emission, 

reproduced from Sobarwiki [45]. c) absorption (black line) and emission (red line) spectra of 

tetracene in solution, demonstrating the Frank-Condon principle. We note that this reciprocity 
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is often smeared out to some extent in thin films. Reprinted from Burdett et al. [46], with the 

permission of AIP Publishing. d) Absorption and emission spectrum of Poly(3-hexylthiophene-

2,5-diyl) (P3HT) aggregates in solution and spin coated at -80 °C. Features in the film are 

broadened with respect to the solution. Reprinted with permission from Ferreira et al. [47]. 

Copyright 2012 American Chemical Society. e) the absorbance (dotted) and 

photoluminescence (solid line) of exfoliated 2D halide perovskites BA2MAn-1PbnI3n+1 where BA 

is n-butylamine (BA), MA is methylammonium and n is the number of metal-halide sheets 

(number defined in plot). Reprinted (adapted) with permission from Paritmongkol et al. [48]. 

Copyright 2023 American Chemical Society. 

 

Absorption and photoluminescence shape 

 

A transition from a filled to an empty energy level (the basis of both absorption and 

photoluminescence) results in destruction or creation of a photon at a specific energy. 

However, absorption and photoluminescence spectra are broad continuous features – this is 

due to ‘smearing’ of individual energy levels caused by hybridization into bands and 

temperature broadening, among other contributions [49] . The resulting shape of absorption 

and photoluminescence signals can be difficult to interpret, with low temperature 

measurements where broadening effects can be reduced often able to reveal key features [50].  

If vibrionic transitions have similar energies to optical transition energies then these processes 

can couple. This is seen most prominently in small organic molecules. The coupling can result 

in splitting of absorption/photoluminescence spectra into several peaks, corresponding to 

different orders of vibronic transition. In this case absorption and photoluminescence spectra 

are (ideally) mirror images of each other, following the Frank-Condon principle, as presented 

in Figure 2c for tetracene in solution. Therefore, if this is observed it is strongly suggestive of 

vibrionic transitions being important in the system. However, we note that in thin films, peaks 

can often be smeared out via sample impurities or heterogeneity over several micrometers, as 

is shown for the organic molecule Poly(3-hexylthiophene-2,5-diyl) (P3HT) in Figure 2d, so it 

is not always possible to definitively assign vibronic coupling without temperature dependent 

measurements (where population of different vibronic states can be modulated) [32]. Notably, 

in this case photoluminescence peaks at several energies can be seen. The opposite – broad 

absorption spectra but a single photoluminescence peak – is observed when all excitations 

rapidly fall to the lowest energy level following excitation. This is the case in most inorganic 

semiconductors at room temperature (e.g. silicon, GaAs) and is presented in Figures 1e for 2D 
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halide perovskites. An important additional feature for these 2D halide perovskites, which have 

strong exciton binding energies, is that each absorption spectrum has a strong peak close to the 

bandgap. This peak exists in all direct bandgap semiconductors (though is often extremely 

weak) and is typically interpreted as an exciton resonance near the bandgap at a specific energy 

(while higher energy absorption rapidly results in free charge formation)  [51]. Exciton 

resonances can be modelled via the Bethe-Salpeter approach to modelling excited states [52].  

 

Photoluminescence quantum efficiency (PLQE) 

 

PLQE quantifies the number of photons emitted relative to those absorbed [8]. It is the 

combination of two measurements recorded at the same time: sample absorption at an 

excitation wavelength, and photoluminescence. PLQE is typically recorded with an incident 

beam wider than 10 µm so carrier diffusion in samples can be ignored. Wavelength and spectral 

response calibration are again necessary while absolute quantification of the number of photons 

incident on the sample can be achieved via appropriate use of a power meter. We note that 

relative PLQE measurements (i.e. the relative intensity of two signals) also carries significant 

information and does not require absolute photon quantification. Ideally repeated 

measurements of samples should be carried out to avoid any errors due to poor sample loading 

or alignment. If possible, PLQE should be measured for each PL peak separately. We note that 

PLQE can be very sensitive to incident laser intensity, and so excitation irradiance should 

always be stated alongside any reported measurement. PLQE can also be recorded following 

pulsed laser excitation, but it is important to highlight that in this case the signal is an integral 

over a transient decay, rather than a steady-state measurement constant in time. 

If PLQE is near 100 % then radiative recombination is dominant in the material and there are 

few other loss pathways available to excitations. We note that a sample with high PLQE can 

still have high Stokes shift, so 100% PLQE does not imply there is no energy loss, just high 

conversion of photons in to photons out. Measured PLQE is typically referenced to as the 

external PLQE, 𝑃𝐿𝑄𝐸𝑒𝑥𝑡 . In materials with small Stokes shift, photon re-absorption can have 

a significant effect. Here the probability that an excited species emits a photon, the internal 

PLQE, 𝑃𝐿𝑄𝐸𝑖𝑛𝑡, can be orders of magnitude higher than the external PLQE. The precise 

relation is  

 

𝑃𝐿𝑄𝐸𝑖𝑛𝑡 =
𝑃𝐿𝑄𝐸𝑒𝑥𝑡

𝜂𝑒𝑠𝑐 + (1 − 𝜂𝑒𝑠𝑐)𝑃𝐿𝑄𝐸𝑒𝑥𝑡
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where 𝜂𝑒𝑠𝑐  is the probability that an emitted photon escapes the material [53]. We briefly note 

that 𝜂𝑒𝑠𝑐  relates properties including the sample’s surface roughness and substrate properties, 

meaning 𝑃𝐿𝑄𝐸𝑒𝑥𝑡  is not an intrinsic material property. 

When a sample is deposited on a substrate, its two surfaces are exposed to different 

surroundings. The PLQE may change significantly when the sample is excited from either front 

or back sides, indicating one surface has significantly more traps present, as has been shown 

to be the case in CdTe [54], for example. This can be further explored by measuring PLQE at 

different excitation wavelengths as longer wavelengths will typically have greater absorption 

depths and thus will generate more excitations further from the surfaces. The two surfaces 

having very different characters mean that it is unlikely a uniform excitation density is built up 

following photoexcitation. This in turn implies that TRPL fitting should not be carried out for 

theses samples, beyond first order fitting (see discussion below). Finally, we note that PL shape 

should be identical for front and back illumination if the sample either has large Stokes shift 

(so no photon reabsorption occurs [53]), similar density of charge traps on both surfaces, or 

totally uniform excitation from the front to the back of the film (assuming there is no 

compositional gradient throughout the film, as can occur in copper indium gallium selenide 

materials [55]). 

The most useful information that can be gained from PLQE is when it is recorded at multiple 

excitation powers. Firstly, the absorptance of stable samples should be constant at all excitation 

powers. Indeed, changes in absorptance are a simple and direct measure of sample stability 

during measurement. Even if the absorptance is not changing with excitation power, it is 

sensible to record PLQE from low to high power and then take a low power measurement at 

the end of all other measurements to check for any hysteretic effects, for example induced by 

changes to the sample after illumination.  

PLQE corresponds to 
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
 (as absorbed laser power must be equal to the 

total recombination rate). For excitons, radiative recombination is a first order process, while 

for weakly doped free charge systems it is a second order process at all excitation densities 

(and for strongly doped systems it is a second order process at high excitation densities). Other 

loss processes can be first, second or third order in both cases (see Supplemental Material note 

1 for further discussion [13]). Therefore, by measuring PLQE as a function of laser power, the 

form of the PLQE with laser power gives significant information on the recombination. We 

summarise the behaviour for different systems in Figure 3 (see Supplemental Material note 3 
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for model description [13]), though we note that laser powers available often prevent the whole 

of this curve being recorded in experiments. For systems in which the dominant species are 

free charges, when moving from very low to very high laser powers, the PLQE should increases 

to a maximum (where second order recombination is maximized and trap states are saturated) 

and then decrease as third order (e.g., Auger) processes start to dominate. By contrast, for 

systems with bound charges (excitons), PLQE should be flat or decrease as laser power is 

increased until a point where second order (e.g., exciton-exciton) effects dominate. More 

generally, it is always correct to say that if PLQE increases/remains constant/decreases with 

laser power then the radiative rate is a higher/same/lower order process than the non-radiative 

process at these excitation densities. It is also possible to fit these PLQE data to extract ratios 

of key decay rate parameters, as we have recently done [56]. Finally, we note that if the PLQE 

of two PL peaks change in different ways with laser power this shows these PL peaks are 

governed by different recombination processes. 

Figure 3. Modelled photoluminescence quantum 

efficiency curves, as a function of the excitation rate 

per unit volume per unit time, for an undoped system 

with free charges, for a doped system with free 

charges, and for an excitonic system. Modelling 

assumptions can be found in Supplemental Material 

note 3 [13]. 

 

Following steady state measurements outlined above, the following properties can be 

understood: the material bandgap, energy loss prior to photoluminescence, role of surfaces, 

material stability, hysteresis in intensity-dependent measurements, whether all PL peaks are 

governed by the same recombination processes, whether recombination is governed by free 

charges or excitons (via scaling of PLQE with laser power), and the relative strength and order 

of radiative and non-radiative rates. However, uncertainty will remain around what exactly is 

occurring between absorption and recombination, for example do charges significantly diffuse 

through the material, whether charge trapping a rapid process that competes with radiative 

recombination, or what the excited state lifetime is within the material. TRPL can begin to 

answer these questions.  

 

Time-resolved photoluminescence (TRPL) 
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Several approaches can be used to record TRPL, including time correlated single photon 

counting (TCSPC) via single photon avalanche diodes (SPADs), streak cameras and intensified 

charge coupled devices (iCCD)  [9,57,58]. The basic principle is the same in all cases: a laser 

pulse excites the sample, and PL is recorded as a function of time following excitation. From 

a physical point of view the key difference between different measurements is the time between 

laser pulses – in TCSPC only a single photon is recorded after each laser pulse, meaning pulses 

are typically spaced closer (~ 10 ns-10 s between pulses) than in streak cameras or iCCD (~ 

1 ms between pulses). This means TCSPC can give different results to streak cameras or iCCD 

in samples where charge traps (though not the TRPL) live longer than the time between pulses, 

which we will elaborate on below. TCSPC is also more sensitive to lower signal levels, making 

it useful for studying luminescence from defects. For full analyses, TRPL should be recorded 

at all PL peaks, giving a second method (alongside PLQE with power) to ascertain if the same 

recombination processes govern all peaks. Furthermore, for a new material TRPL should be 

recorded at several different timescales (ideally from ps to µs), in case there are fast and slow 

recombination components. When choosing which equipment should be used to measure 

TRPL, spectral, temporal and brightness limitations should be accounted for, which are listed 

in detector manuals.  

In the discussion below we assume absorption and PL measurements of the sample have 

already been recorded, allowing a TRPL measurement to be well planned. The first useful 

information in TRPL measurements is an indication of the lifetime of optically active excited 

states. Fitting a mathematical model to the decay inherently assumes a physical model. It is 

tempting to adopt a model to fit the data and assume it is correct because it mathematically 

‘fits’, but any model must be physically validated and sensical before key information can be 

extracted. For example, use of biexponential decays can imply two separate first order 

processes (e.g. surface and bulk recombination), but can also lead to significant 

misinterpretation of results in new systems – for example fitting of second order processes with 

two first order curves would be incorrect. On the other hand most halide perovskite systems 

can be fitted by first, second and third order decay rates with reasonable physical 

justifications [59]. Simpler methods can give a rough indication of lifetimes and allow for rapid 

comparison between samples even without knowledge of a model or underlying recombination 

processes e.g., the time for the initial signal to fall to 
1

𝑒
. However, we note that this time (and 

any lifetime) is often a function of the excitation density, as is presented in Figure 4a. 

Therefore, when quoting this value, the incident pump irradiance, duration and repetition rate 
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must be reported side-by-side, though in general fluence dependent measurements are more 

appropriate to obtain a full system understanding (see below). Key to any operating device is 

the trade-off between excited charge lifetime and diffusion rate. Therefore, when optimizing a 

material, longer lifetimes at low fluence (i.e., in a trap-dominated regime) in general are an 

improvement, but care should be taken when comparing values between different materials.  

In any TRPL measurement, signals should be recorded at several excitation powers and 

temporally offset to allow for decay overlays (as in Figure 4b, noting that statistical models 

should be applied to confirm the overlay in the case where data is unclear). If these decays fully 

overlay then excitations reach a consistent distribution from the front to the back of the film 

almost immediately following photoexcitation, and populating charge traps is not a dominant 

process at early times. However, it is more common to see the situation in Figure 4b, that a 

history- dependent part follows each excitation. This can be explained by noting that 

immediately following photo-excitation, excited charges follow a Beer-Lambert type 

distribution from the front to the back of the film. Excited charges will then both populate trap 

states and diffuse to a different distribution from the front to the back of the film. The history-

dependent signal originates from before charge redistribution is complete. While some insight 

on charge redistribution can be gained on trapping and/or diffusion by carrying out 

measurement at different excitation wavelengths (e.g. to vary the initial charge distribution in 

the film) or on materials already well spectroscopically characterized [60], it is challenging to 

unambiguously disentangle all competing contributions in the history-dependent part, often 

preventing a full fitting of TRPL data unless this initial drop is negligible. Therefore, for new 

materials we recommend analyzing the history independent part, as discussed below. 

 

Figure 4. a) Normalized TRPL decays for a MAPbI3 film at different excitation densities. The 

time for the decay to fall to 
1

𝑒
 of its initial value depends on the excitation density (see legend 

for excitation densities). Reproduced from Nagane et al. [59] b) TCSPC signals of a 

formamidinium-caesium lead iodide (Cs0.3FA0.7PbI3) halide perovskite following excitation at 

470 nm at different incident laser powers (see legend), with signals offset from each other in 
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time. An initial history dependent part can be seen in signals. Cs0.3FA0.7PbI3 samples were 

supplied by Rohit Prasana following standard preparation methods [61] and TCSPC 

measurements follow methods previously described [62]. c) Fitting of decay rates on a log-lin 

plot (for two initial excitation densities), reproduced with permission from Bowman et al. [56] 

 

Different communities have approached fitting TRPL signals via qualitative or derived models. 

Fully qualitative models are appealing, but often lead to misinterpretation of results unless a 

significant volume of data is fitted by several competing model and Chi-square testing is 

carried out to compare models. Common processes that can occur to an excitation are: trap-

assisted surface recombination, trap-assisted bulk recombination, radiative recombination, and 

non-radiative multi-carrier processes (e.g. Auger recombination of one/two excited electron(s) 

and two/one excited hole(s)) [10,63]. Several reviews already exist on full theoretical 

models [11] and we present typical descriptions and common simplifications for bound and 

free excitations in Supplemental Material note 1 [13]. The key point we highlight here is that, 

unless the history dependent part of a TRPL decay is minimal, only first order decay rates can 

be applied to fit TRPL curves with any degree of certainty. This is because all higher order 

decay models require an estimate of the excitation density. While initial excitation density can 

be estimated immediately following photoexcitation (assuming that the laser pulse is 

sufficiently short that recombination processes are negligible for its duration), the history 

dependent part of the decay, where charges have not redistributed throughout a material, is (for 

a new material) difficult to model. Therefore, it is not possible to know the excitation 

distribution following this history dependent part where charges redistribute (for an example 

of redistribution see O’Hara et al. [64]). The one exception to this when almost no photon 

reabsorption occurs - in materials with large Stokes shifts, very low internal photoluminescence 

quantum efficiencies or that are extremely thin - then the TRPL signal is directly proportional 

to the excitation density with the same scaling factor at all times. Except in this special case 

we recommend only fitting history independent parts of TRPL decay curves where a straight 

line is observed on a log-lin plot, as in Figure 4c. This is because only straight lines on log-lin 

plots do not require an estimate of carrier density (see Supplemental Material note 4 [13]). We 

note that the same first order decay rate will be obtained from TCSPC, iCCD and Streak 

cameras independent of laser pulse repetition rate (though for experimental rigor multiple laser 

repetition rates should be explored, and low enough to ensure the background is accurately 

recorded [65,66]). One additional complexity exists when fitting an exponential decay, 𝑒−𝑎𝑡 

(where 𝑎 is the first order decay rate and 𝑡 time): for bound excitations TRPL is proportional 
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to the number of excitations. However, for free charges TRPL is proportional to the product of 

the number of excited electrons and holes. This means for excitonic materials 𝑎 is the total first 

order decay rate while for weakly doped free charge materials 
𝑎

2
 is the first order decay rate. In 

most luminescent semiconductors the first order decay rate can be directly associated with a 

charge trapping lifetime (see Supplemental Material note 1 [13]).  

If the material has minimal history dependent part to the TRPL decay, then higher order rates 

can be extracted as excitation density can be estimated [59]. To estimate excitation density, the 

beam shape, sample thickness, and sample absorptance must be measured. We note that 

Gaussian beam shapes can result in significantly different values compared to the frequently 

assumed top hat beam shape [56]. To carry out these fittings, ideally no excitations should be 

present from the previous laser pulse (including long lived traps, see below), meaning second 

and third order rates should be extracted only at very low repetition rates. Otherwise the 

estimated excitation density is lower than the ‘true’ excitation density in the film. Due to these 

complexities and material requirements, second and third order recombination rates have much 

wider uncertainties associated with them with most results not being reproduceable  [60,63,67].  

Using appropriate measurement conditions (setting measurement bins to very short times) it is 

possible to observe the TRPL signal immediately following photoexcitation (prior to a history 

dependent drop), termed 𝑇𝑅𝑃𝐿0. How this quantity scales with excitation power provides key 

information: if 𝑇𝑅𝑃𝐿0 ∝ 𝑃𝐿, where 𝑃𝐿 is the laser power, this is indicative of the initial 

photoluminescence either being from excitons or strongly doped semiconductors (where a free 

electron/hole recombines with a background hole/electron). Alternatively, if 𝑇𝑅𝑃𝐿0 ∝ 𝑃𝐿
2 this 

shows the initial PL is due to free charges recombining. Examples of free charge (MAPbI3) 

and excitonic (Platinum Octaethylporphyrin, PtOEP, an organic crystal [68]) systems are 

presented in Figure 5a. Contributions of both first and second order signals suggests a doped 

semiconductor. When using TCSPC the repetition rate should be set to as long as possible 

while still enabling the time 0 signal to be recorded (noting the full decay does not need to be 

recorded) as otherwise charges from the previous laser pulse can also contribute to the signal, 

as shown in Figure 5b and c. Here as the time between pulses is lengthened 𝑇𝑅𝑃𝐿0 decreases, 

despite the fact that the TRPL signal is within noise prior to the following laser pulse. This is 

due to excitations (e.g. holes) lasting a long time in trap states and only slowly recombining 

with free electrons that continue to be present in the system. These free electrons can also 

interact with newly excited holes from the following laser pulse, contributing to 𝑇𝑅𝑃𝐿0. In 

fact, the length of time between pulses above which the 𝑇𝑅𝑃𝐿0 is constant gives key 
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information of the lifetime of non-radiative species present in a semiconductor. In the limit of 

a long time between excitation pulses, the 𝑇𝑅𝑃𝐿0 signal can be used to estimate the doping 

level within a free charge like material [56]. 

 

Figure 5. a) Scaling of initial TRPL counts for a free-charge (MAPbI3) system with low doping 

and an excitonic system (PtOEP). Fits are quadratic and linear, respectively. Data was 

generated via iCCD using the setup we have previously described. [56] A typical recorded 

TCSPC decay is presented in b), where the signal falls to the instrument background level (5 µs 

between laser pulses). The scaling of the initial counts per laser frequency of this signal 

(proportional to 𝑇𝑅𝑃𝐿0) is shown in c), as a function of the time between incident laser pulses. 

It can be seen that 𝑇𝑅𝑃𝐿0 continues to reduce even when the time between pulses is much 

longer than the decay time, due to charge traps continuing to be occupied. Data for Figure b) 

and c) was generated using a 520 nm laser (PicoQuant LDH 400) pulse and recorded by a 

single photon avalanche diode (LifeSpec – ps, Edinburgh Instruments). PtOEP was deposited 

on glass sonicated in IPA and then acetone via evaporation at a pressure of 10-5 mBar and 

temperature of 205°C using an evaporation rate of ~ 0.2 Ås-1 to achieve a thickness of 

approximately 10 nm. MAPbI3 samples in Figures b) and c) were prepared following Nagane 

et al. [59] 

 

While TRPL measurements often carry convoluted information, they can be used to quantify 

charge lifetimes, doping levels, an indication of the timescale for charges to reach a steady state 

distribution from the front to the back of the film, lifetime of non-radiative species (via varying 

repetition rates) in the material and, in some cases, higher order decay rates [59]. TRPL can 

also be combined with PLQE to estimate absolute values for higher order decay rates [56]. 

TRPL can be especially useful when comparing different passivation approaches to a material, 

as the charge lifetime offers a quick and easy way to measure the lifetime of excited charges 

(though care should be noted for the fluence-dependent nature of lifetime, discussed earlier). 
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At this point an experimenter should have a good idea of the nature of excitations in their 

material and be able to identify the key loss processes occurring. 

 

Translation to devices 

 

All methods described above should be applied to bare samples with a higher quality material 

resulting in a better device. However, the quality of charge extraction and how surface trapping 

rates change in devices due to charge extraction are missed when studying bare films. In 

general, it is not straightforward to ascertain this information from purely optical 

measurements, and instead these should be coupled to electronic measurements [69]. For 

example, one could extract these parameters via photoconductivity. We note that variables 

including mobility can also be extracted through a variety of contact (e.g. field-effect 

transistor [70]) and contactless (e.g. terahertz spectroscopy [71]) measurements. Discussion of 

such approaches and parameters are beyond the scope of this current but should be explored 

for a complete characterization of a semiconductor. We also note that this is an active area of 

research and a comprehensive approach that can be applied to any device has not yet been 

realized [72].  

Photoluminescence and TRPL can be observed from full devices or bilayers. High PLQEs and 

long TRPL lifetimes can be indicative of both good and bad devices. In an ideal solar cell, the 

charge extraction layers should not quench the PL when the device is at its open circuit voltage 

(VOC) and so the PL should be identical in a thin film or a device. Any quenching of the PL at 

open-circuit implies carriers now have additional non-radiative recombination pathways 

causing the quasi-Fermi level splitting (and correspond VOC) to be reduced [69]. However, in 

non-ideal devices PL may be quenched due to charges being rapidly extracted to (non-ideal) 

charge extraction layers. At the maximum power point, PL should be substantially quenched 

(in both ideal and non-ideal situations) as the majority of the carriers are now extracted rather 

than radiatively recombining in the active layer. In this case, the electroluminescence (EL) of 

the device would also be efficient. If the PL is not quenched at biases below VOC, it implies 

carriers are not being efficiently extracted and, conversely, that charges will not be efficiently 

injected and so the EL in this case will not be efficient. As such, care should be taken when 

interpreting PL intensities of device stacks at VOC without the addition of voltage dependent 

PL and EL data. The approaches we have outlined above allow for an understanding of the 

material to be gained, which is necessary before full devices are analyzed and optimized. 
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Conclusion 

 

In this work we have provided focused guidelines to understand new luminescent 

semiconductors, with unknown photophysical properties, using simple spectroscopic 

measurements. We have identified the wide range of information that can be extracted using 

these approaches and showcased a variety of results from different semiconductors. Finally, 

we briefly comment on applying these tools to full devices. These approaches will help 

streamline the development, understanding and optimization of future semiconductors for a 

variety of device applications. 
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