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ABSTRACT   

In photovoltaic devices, thermalization of hot carriers generated by high energy photons is one of the major loss 

mechanisms, which limits the power conversion efficiency of solar cells. Hot carrier solar cells are proposed to increase 

the efficiency of this technology by suppressing phonon-mediated thermalization channels and extracting hot carriers 

isentropically. Therefore, designing hot carrier absorbers, which can inhibit electron-phonon interactions and provide 

conditions for the re-absorption of the energy of non-equilibrium phonons by (hot) carriers, is of significant importance in 

such devices. As a result, it is essential to understand hot carrier relaxation mechanisms via phonon-mediated pathways in 

the system. In this work, the properties of photo-generated hot carriers in an InGaAs multi-quantum well structure are 

studied via steady-state photoluminescence spectroscopy at various lattice temperatures and excitation powers. It is 

observed that by considering the contribution of thermalized power above the absorber band edge, it is possible to evaluate 

hot carrier thermalization mechanisms via determining the thermalization coefficient of the sample. It is seen that at lower 

lattice temperatures, the temperature difference between hot carriers and the lattice reduces, which is consistent with the 

increase of the quasi-Fermi level splitting for a given thermalized power at lower lattice temperatures. Finally, the spectral 

linewidth broadening of multiple optical transitions in the QW structure as a function of the thermalized power is 

investigated. 

Keywords: Photoluminescence, hot carrier, thermalization mechanism, quasi-Fermi level splitting, spectral linewidth 

broadening. 

1. INTRODUCTION  

Hot carrier solar cells have attracted a lot of interest in recent years due to their potential to increase the efficiency of 

photovoltaic devices above the Shockley–Queisser limit (33 %) for single junction solar cells. 1 2 Thermalization of hot 

carriers in solar cell absorbers is one of the major loss mechanisms, which limits the efficiency of photovoltaic devices. 3 
4 Therefore, by understanding the origin of thermalization loss and inhibiting heat dissipation, it is possible to improve the 

efficiency of solar cells.  

In polar semiconductors, the interaction of hot carriers with longitudinal optical phonons (Fröhlich interactions) is one of 

the main relaxation pathways for hot carriers. 5 6 These interactions are usually followed by the emission of low energy 

phonons via Klemens 7 and Ridley 8 mechanisms, which will finally lead to energy dissipation in the system. Therefore, 

by suppressing these relaxation pathways, or by reabsorbing the transferred energy to phonons, it is possible to increase 

the relaxation life time of hot carriers and to inhibit their thermalization loss. 9 10 11 

In this work, hot carrier properties and their thermalization mechanisms in InGaAs multi-quantum well (MQW) structure 

are investigated. This QW structure has already shown evidence of hot carrier effects, therefore, it is a good candidate to 

be applied for further understanding the characteristics of hot carriers in the system. 12 13 14 The InGaAs QW can slow 

down the thermalization mechanism, which is significant for observing hot carrier effects via photoluminescence (PL) 

spectroscopy. Furthermore, the quasi-Fermi level splitting of the photo-generated hot carriers at various lattice 



 

 
 

 

 

 

temperatures are also studied, which are applicable for the electrical characterizations of such a design. Finally, the spectral 

linewidth broadening of multiple optical transitions from the discrete energy levels in the QW structure is investigated.  

2. EXPERIMENTAL RESULTS AND DISCUSSIONS  

The thermalization effect of hot carriers is studied in InGaAs MQW structure, which consists of five un-doped InGaAs 

QWs (5.5 nm) and InGaAsP barriers (10 nm). To improve the accumulation of photo-generated carriers and to enhance 

the effects of hot carriers, wide gap InP cladding layers are designed to isolate the active region of the QW structure.  

The hot carrier behavior is studied via steady-state photoluminescence spectroscopy at various lattice temperatures and 

excitation powers. The emitted PL spectra are registered by a hyperspectral luminescence imager, which creates spectrally 

and spatially resolved PL maps. The absolute photon flux emitted by the InGaAs MQW is determined via applying 

calibration methods. A continuous wave laser with an energy of 3.06 eV (or 405 nm) is used to excite electrons from the 

valence band into the conduction band. The fraction of the incident power absorbed within the QW region is determined 

by the transfer matrix analysis.  

The thermodynamic properties of photo-generated hot carriers (the temperature, "𝑇", and the quasi-Fermi level 

splitting, "∆𝜇") are found via fitting the full PL spectrum with the generalized Planck’s radiation law, as described by: 6 15 

𝐼𝑃𝐿(𝐸) =
2𝜋 𝐴(𝐸) 𝐸2

ℎ3𝑐2
[exp (

𝐸 − ∆𝜇

𝑘𝐵𝑇
) − 1]

−1

, (1) 

where "𝐴(𝐸)" is the absorptivity of the sample, "ℎ" the Planck constant, "𝑘𝐵" the Boltzmann constant, "𝑐" the speed of 

light, and "𝐼𝑃𝐿" the emitted PL intensity. To fit the full PL spectrum, it is required to determine the absorptivity of the 

sample via considering various optical transitions from discrete energy levels in the QW structure and the band-filling 

effect as a function of the excitation power. The detail of the full spectrum fit and its comparison with various fitting 

methods are described elsewhere. 13 14 16 

 

Figure 1. Excitation power-dependent PL spectra emitted by the InGaAs MQW structure at 300 K. The dashed red lines 

show the results of the full PL spectrum fit. The positions of optical transitions in the QW structure are shown in the 

graph: 𝐸𝑥, 𝐸1, and 𝐸2 are the energy levels for the excitonic, the first and the second band-to-band transitions.  



 

 
 

 

 

 

By applying the full spectrum fit, three dominant optical transitions are found in the system: one excitonic and two band-

to-band transitions, which are labeled by “x”, “1”, and “2”, respectively. Figure 1 shows the PL spectra emitted by the QW 

structure at 300 K under various excitation powers. The results of the curve fitting are represented by dashed red lines for 

each individual spectrum in Figure 1.  

The hot carrier temperature difference (∆𝑇: the carrier temperature minus the lattice temperature) as a function of the 

absorbed power density (𝑃𝐴𝑏𝑠.) at two lattice temperatures (300 K and 230 K) are plotted in Figure 2 (a). The absorbed 

power density is determined by multiplying the excitation power and the absorbance of the QW structure in the active 

region (found by transfer matrix analysis) divided by the size of the laser spot (determined from hyperspectral images). In 

Figure 2 (a), it is observed that the effects of hot carriers become stronger at higher absorbed powers. In addition, the 

comparison between ∆𝑇 at two lattice temperatures indicates that the temperature of hot carriers reduces at the lower lattice 

temperature.  

To evaluate the performance of the QW structure in inhibiting the thermalization of hot carriers, it is required to determine 

the amount of the thermalized power (𝑃𝑡ℎ) above the band edge of the semiconductor, which can be approximated to a 

first order by:17 

𝑃𝑡ℎ ≈
𝐸𝑙𝑎𝑠𝑒𝑟 − 𝐸𝑔𝑎𝑝

𝐸𝑙𝑎𝑠𝑒𝑟

𝑃𝑎𝑏𝑠, (2) 

where "𝐸𝑙𝑎𝑠𝑒𝑟" and "𝐸𝑔𝑎𝑝" are respectively the energy of the excitation (or laser) photons and the band gap of the absorber. 

The thermalization coefficient (𝑄) of the sample can then be determined by:17 18 

𝑃𝑡ℎ = 𝑄 ⋅ Δ𝑇. (3) 

The thermalization coefficient describes the efficiency of phonon-mediated pathways to thermalize hot carriers. Figure 2 

(b) shows a linear plot of ∆𝑇 versus the thermalized power at two lattice temperatures. A linear relationship between the 

change in ∆𝑇 and 𝑃𝑡ℎ is observed, especially at high illuminations, where the density of non-equilibrium optical phonons 

is large. The slope of the plot in Figure 2 (b), as indicated by Equation 3, is inversely proportional with the Q-factor. The 

values determined for the thermalization coefficient at 300 K and 230 K are 12 W. cm−2. K−1 and 15 W. cm−2. K−1, 

respectively. 

 

Figure 2. Carrier temperature difference (∆𝑇) as a function of (a) the absorbed power density, and (b) the thermalized 

power at 300 K (black) and 230 K (green). The dashed red lines show the linear fitting results, which are inversely 

proportional with the thermalization coefficient.  



 

 
 

 

 

 

The thermalization effect of hot carriers in the QW structure has also been investigated under lower energy excitation 

photons (980 nm). Similar thermalization coefficients are determined for the two laser excitations (405 nm and 980 nm), 

even though the energy transferred to hot carriers per incident photon is different. This effect indicates that by considering 

the amount of the thermalized power above the absorber band edge, it is possible to define a thermalization coefficient, 

which evaluates the performance of the sample in inhibiting the thermalization loss and is not dependent on the excitation 

wavelength. Similar behavior has been recently observed by Giteau et al. 17 in thin GaAs absorbers and its origin is 

discussed in detail.  

The results of ∆𝜇 for the hot carriers in the QW structure at various lattice temperatures are plotted in Figure 3 as a function 

of the thermalized power. It is seen that ∆𝜇 increases at higher excitation powers, which is associated with the increase in 

the density of photo-generated carriers in the system. In addition, ∆𝜇 increases at lower lattice temperatures, which is due 

to the lower rates of non-radiative recombination and widening of the absorber band gap. 19 Moreover, the increase of ∆𝜇 

at lower lattice temperatures is also due to the reciprocal relationship between the temperature of hot carriers and ∆𝜇. In 

other words, for a given density of photo-generated carriers, when the carrier temperature reduces, ∆𝜇 increases.20  

The position of the band gap energies at various lattice temperatures, which are determined from the PL spectrum, are 

indicated by dashed lines in Figure 3. It is seen that the energy separation between the band gap energies and the values of 

∆𝜇 at high excitation powers, where ∆𝜇 flattens, increases at higher lattice temperatures. The origin of this effect can be 

due to the increase of non-radiative recombination and stronger hot carrier effects at higher lattice temperatures. 19 

 

Figure 3. The quasi-Fermi level splitting (∆𝜇) as a function of the thermalized power at 300 K (black), 230 K (green), 

and 160 K (blue). The dashed lines indicate the band gap energies at various lattice temperatures, which are determined 

from the peak position of the PL spectrum.  

The normalized PL spectra at room temperature under various excitation powers are plotted in Figure 4 (a). It is seen that 

by increasing the excitation power, there is an increase in the linewidth broadening of the PL spectra in both low and high 

energy sides. The broadening of the PL spectra at the high energy side is due to the combination of the effects of hot 

carriers, occupation of excited states, and charge scattering with phonons.13 21 However, the broadening of the PL spectra 

on the low energy side is mainly due to the band-filling effect and the phonon-mediated charge scattering, the impacts of 

which can be determined from the absorptivity of the QW structure.16 21 

To investigate the impact of non-equilibrium LO-phonons (or hot phonons) on the broadening of the PL spectrum, the 

linewidth broadening for various optical transitions in the QW structure as a function of the thermalized power is plotted 

in Figure 4 (b). It is seen that the linewidth broadening for the excitonic (blue) and the first band-to-band (pink) transitions 



 

 
 

 

 

 

increases as a function of power, however, the second band-to-band (gray) transition remains constant. The increase of the 

linewidth broadening for the excitonic transition as a function of power is due to their dissociation mechanisms at higher 

illuminations, which is in good agreement with the drop of their absorption amplitude at higher powers (it is not shown 

here). 22 23 

 

Figure 4. (a) Normalized PL spectra at 300 K under various excitation powers. The inset shows the region of the 

spectrum near the peak position. (b) The spectral linewidth broadening for various optical transitions as a function of 

the thermalized power at 300 K. The values are determined via applying the full PL spectrum fit. Γ𝑥, Γ1, and Γ2 are 

respectively the linewidth broadening for the excitonic, the first, and the second band-to-band transitions in the QW 

structure. 

In semiconductors, the change of the spectral linewidth (Γtot) broadening as a function of the lattice temperature can be 

described by: 24 

Γtot(T) = Γ0 + ΚLAT +
γ

LO

[exp (
ℏωLO

kBT
) − 1]

+ ΓImp. exp (−
Eb

kBT
) , (4)

 

where "Γ0" is due to the inhomogeneous broadening at 0 K, the second term is due to the linewidth broadening due to 

charge interactions with acoustic phonons, the third term indicates the change in the linewidth due to carrier-LO phonon 

interactions ("ℏωLO" is the energy of LO-phonons and "γLO" is the Fröhlich coupling constant), and the last term is due to 

charge scattering via interacting with ionized impurities "ΓImp.", which their contribution saturates at higher lattice 

temperatures ("Eb" is the energy of the ionized impurities).24   

In polar (group III-V) semiconductors, the influence of longitudinal optical (LO) phonons on the broadening of the PL 

linewidth (the third term in Equation 4) at elevated lattice temperatures is significant. 21 24 Therefore, at such condition it 

is possible to correlate the PL linewidth broadening with the density of LO-phonons (𝑁𝐿𝑂), as given by:  

Γhigh temperature(T) ≈ γLO ∙ NLO. (5) 

The Fröhlich constant determines the strength of the interactions between hot carriers and LO-phonons in the absorber. 

This parameter remains constant at various lattice temperatures and excitation powers as long as the matrix element of the 

transition does not change. 25 Therefore, it is possible to determine the Fröhlich constant for the first band-to-band transition 

from the linewidth broadening of the PL spectrum emitted by carriers in thermal equilibrium with the lattice (3.5 𝑚𝑒𝑉). 

The value determined for the Fröhlich constant is ~ 9 𝑚𝑒𝑉, which is in good agreement with reported values for a such 

QW structure in literature.26 



 

 
 

 

 

 

To correlate the spectral linewidth broadening with the density of non-equilibrium LO-phonons, it is assumed that the LO-

phonons are in thermal equilibrium with the hot carriers (𝑇𝐶 = 𝑇𝐿𝑂). Through this analysis, the calculated values for the 

spectral linewidth broadening are found to be smaller than the experimental results. This mismatch may indicate that it is 

required to consider other parameters to determine the density of non-equilibrium LO-phonons in the QW structure, or 

other mechanisms, such as charge screening, are also involved, which may have significant contributions in the broadening 

of the emitted PL spectra.  

3. CONCLUSION 

In this work, the properties of photo-generated hot carriers in the InGaAs MQW structure are investigated via PL 

spectroscopy. It is observed that the QW structure can limit the thermalization of hot carriers and by increasing the 

excitation power, the effects of hot carriers become stronger. The thermalization coefficient of the QW structure is 

determined via considering the fraction of the incident power thermalized above the absorber band edge. The 

thermalization coefficients of the sample at two lattice temperatures show similar values, although ∆𝑇 at a given 

thermalized power is less at the lower lattice temperature (230 K). The ∆𝜇 of hot carriers is determined as a function of 

the thermalized power, and exhibits larger values at higher illumination intensities. In addition, ∆𝜇 increases at lower 

lattice temperatures, which is in good agreement with lower rates of non-radiative recombination, greater bandgap energies, 

and smaller ∆𝑇 at lower lattice temperatures. Finally, the spectral linewidth broadening for various optical transitions in 

the QW structure is determined as a function of the thermalized power and the origin of their power-dependent behavior 

is investigated.  
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