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An electron hole liquid (EHL), a condensed liquid-like phase of free electrons and holes in a 

semiconductor, presents a unique system for exploring the emergence of collective excitation 

phenomena.  While the properties and behavior of EHLs are well understood, less attention has 

been devoted to experimentally studying the formation of an EHL from an exciton gas. We 

report on the evolution pathways of an EHL in indirect bandgap Al0.387Ga0.613As, using low 

excitation densities and magnetic fields up to 90 T to stabilize the EHL phase and systematically 

tune its properties. Above a certain excitation density threshold, the EHL develops directly from 

a bound multiexciton complex state, whereas below this threshold, an electron hole plasma 

(EHP) is first formed. At high magnetic fields, the spectral peaks associated these two distinct 

phases converge. This appears to occur in part due to an equilibration of their temperatures and 

electron hole densities, indicating that the EHP evolves into an EHL. The ability to tune the onset 

and density of the EHL phase with a magnetic field and low excitation densities makes our 

approach a powerful tool for studying condensed carrier phases in further detail. 
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In semiconductors, an electron hole liquid (EHL) is a Fermi liquid-like phase of non-

equilibrium free electrons and holes that have condensed out of an exciton gas to form 

macroscopic droplets.1,2,3 These interacting carriers remain in a droplet form with an energy 

distribution described by Fermi-Dirac statistics until they eventually evaporate as excitons or 

recombine. Consequently, absorption and emission spectra contain a wealth of information 

related to the carrier density and temperature inside the droplet as well as the energy required for 

excitons to evaporate from the droplet surface (i.e. the work function).1,4  EHLs therefore present 

a prototypical system for spectroscopically studying the behavior of collective excitations in 

semiconductors.  The liquid phase is well known to form under conditions of high exciton 

concentrations and low temperatures.1,2,3  Often, these conditions are achieved under pulsed 

optical excitation in indirect semiconductors, where the carrier lifetimes are long enough to allow 

the population to amass beyond the critical concentration for EHL formation.  Their behavior has 

been extensively studied in Si and Ge1,2,3,5 and to a lesser extent in compound semiconductors 

such as GaP6, AlGaAs7,8 and InSb9,10. Droplets can grow to be several hundred microns in 

diameter and can exist up to tens of microseconds after photocarrier generation has ended.  These 

droplets have also been found to move throughout the semiconductor crystal with high mobility 

in the presence of strain and exciton concentration gradients as well as in non-uniform electric 

fields. Alternatively, a dense electron hole plasma (EHP) phase can form rather than an EHL 

when the critical temperature or electron hole density is not achieved.  The EHL and EHP 

phases, and hence their spectral signatures, evolve differently as a function of temperature and 

time. For example, the electron hole density in the liquid phase generally decreases with 

increasing temperature, whereas the density increases with temperature in the plasma phase.8  

However, these phases are best distinguished by correlating their temperature and density with 

the critical values determined by developing a phase diagram. 

 While the conditions for EHL formation and their resulting properties are quite well 

studied, less attention has been devoted to the actual evolution of the EHL phase from an exciton 

gas. Such information is of particular interest for understanding the emergence of collective 

excitation phenomena. Since EHLs are often created by introducing exciton concentrations far in 

excess of the critical concentration under pulsed excitation, their formation by this process 

occurs quite rapidly, on the order of 10s of ps.  Ultrafast techniques have revealed the 

development of an exciton gas into an EHL droplet when using such excitation conditions.11  
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Through the study of semiconductors with different doping densities and compositions,8,12 it is 

known that impurities, defects and composition fluctuations can act as nucleation centers for 

condensation, facilitating EHL formation. Magnetic fields also have the ability to stabilize EHLs 

under low excitation densities.9 This is due to the fact that the binding energy of the exciton in 

the gas phase rises faster with increasing magnetic field than the ground state energy of the EHL, 

which increases the work function and renders the Fermi liquid state more favorable.3,9 

Nucleation centers and magnetic fields can therefore be used to tune the formation and properties 

of EHLs under steady state optical excitation with much lower excitation densities and will 

permit the onset of the EHL phase to be studied in detail via conventional spectroscopic 

techniques. 

 Here, we present a systematic study of EHL formation in indirect bandgap AlxGa1-xAs 

epilayers over a broad range of excitation densities made possible by the use of ultrahigh 

magnetic fields up to 90 T.  Our results indicate that the EHL phase in this semiconductor system 

evolves from a bound multiexciton complex state under steady-state excitation.  The electron 

hole density of the resultant droplets increase and stabilize in the magnetic field, the extent to 

which is governed by the concentration of excitons that are available in the gas phase to sustain 

the EHL. Below a certain excitation threshold, however, a lower density EHP phase is instead 

formed. At high magnetic fields, the PL peaks associated with the EHL and EHP phases 

converge.  This is due to an equilibration of their temperatures and densities as the EHP phase 

evolves into the EHL phase. 

 Electron hole liquid formation was studied in a single Al0.387Ga0.613As epilayer grown by 

molecular beam epitaxy.  This sample was previously found to have an indirect bandgap, with 

the X conduction band minimum located 5 meV below the Γ conduction band minimum  at zero 

magnetic field.13,14 The alloy composition was determined through a combination of reflective 

high energy electron diffraction and high resolution x-ray diffraction measurements to an 

uncertainty of Δx = ±0.003. Residual dopant impurity concentrations are present at the 1013 cm-3 

level. Magneto-photoluminescence (PL) measurements were carried out in superfluid helium at 

1.6 K using both the 60T Long Pulse magnet and the 100T Multi-Shot magnet at the National 

High Magnetic Field Laboratory. The PL spectra were captured in 3.5 ms and 1.5 ms intervals, 

respectively.15,16  A continuous wave 515 nm solid-state laser was used as the excitation source 
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and was delivered to the sample through a 550 μm diameter optical fiber coupled directly to the 

sample.  The PL was collected through the same fiber, ensuring that the majority of the collected 

PL originated in the same area as the optical excitation. This last point is noteworthy, since EHL 

droplets can migrate, and this configuration ensures that the spectra were measured from the 

droplets within the vicinity of the highest excited carrier densities. Excitation densities ranging 

from 30 mW/cm2 to 17 W/cm2 were controlled with neutral density filters.  We expect little 

lattice heating at these injection levels. 

 Figure 1 shows the PL spectra in 1T increments up to 58T for four different excitation 

densities.  In all cases, a bound exciton (BEX) peak is prominent in the low magnetic field range 

of 0-10T.  This peak disappears as another peak, labeled 1, grows in intensity with increasing 

field.  One of two overall effects then occurs.  At the lowest excitation density (Fig. 1a), peak 1 

dominates the spectra at all magnetic fields. This is also the case for the spectra measured under 

the next highest excitation density (300 mW/cm2, Fig. 1b) and magnetic fields < 30T. Peak 1 

then starts to slightly broaden and shift to lower energies at the highest magnetic fields. At the 

two highest excitation densities (Figs. 1c and 1d), a second lower energy peak, labeled 2, 

develops and dominates the spectra at high magnetic fields.  Its width, its intensity relative to 

peak 1, and the extent of the redshift in its peak energy with increasing field depend on the 

excitation density, as determined by comparing the evolution of the spectra in Figs. 1c and 1d.  

 At its inception, peak 1 arises due to the creation of bound multiexciton complexes. 

Biexcitons and multiexciton complexes can be considered as precursors or intermediate states to 

EHL formation. They have been found to form at impurities at zero magnetic field in lightly-

doped Si crystals and emit a series of narrow PL peaks between the single bound exciton (BEX) 

and EHL peaks.3,17 No spectral signatures of bound multiexciton complexes were observed 

during previous investigations8 of EHL formation in AlxGa1-xAs, but magnetic fields are known 

to further stabilize bound multiexciton complexes, as the increase in the cyclotron frequency 

with field strength enhances the exciton binding energy. Experimentally, multiexciton complex 

peaks with comparable linewidths to peak 1 have been identified in direct bandgap InSb at non-

zero magnetic fields.9,18  
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Fig. 1 (Color online) Magneto-PL spectra of Al0.387Ga0.613As measured under 1.6 K at four 
different excitation densities.  The spectra are plotted in 1T increments up to 58T.  The dashed 
vertical lines mark the energies of the BEX, 1 and 2 peaks at low fields and excitation densities. 
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Fig. 2 (Color online) Magneto-PL spectra of Al0.387Ga0.613As measured at 1.6 K at the three highest 
excitation densities (300 mW/cm2,  3 W/cm2 and 17 W/cm2).  The spectra are plotted in 1T 
increments up to 19T.  The dashed vertical lines mark the energies of the BEΓ, BEX, 1 and 2 peaks. 
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The rise and evolution of peak 1 and, subsequently peak 2, are detailed in Fig. 2 for 

measurements under excitation densities equal to 300 mW/cm2, 3 W/cm2 and 17 W/cm2.  Three 

peaks are present at zero magnetic field: the bound exciton at the indirect bandgap (BEX), the 

bound exciton at the close-lying direct bandgap (BEΓ), and peak 1.  Although the sample has an 

indirect bandgap, the BEΓ peak is initially present at low magnetic fields because the Γ 

conduction band edge is in close proximity to the X conduction band edge and is progressively 

populated with increasing excitation density. Upon the application of the magnetic field, 

however, the ground state energy of the direct bandgap exciton undergoes a substantial 

diamagnetic shift in accordance with its associated low exciton effective mass, and the BEΓ peak 

quickly loses intensity. The intensity of the BEX peak also decreases rapidly with magnetic field 

as the spectral weight shifts to peak 1. Peak 1 is in fact weakly present at zero magnetic field 

under the highest excitation levels used here. The subsequent rise in the peak 1 intensity upon the 

application of the magnetic field is then not surprising given the field’s extra stabilization effect.  

Peak 2 emerges at magnetic fields around ~9 T and persists as a feature on the low 

energy shoulder of peak 1 through ~14T. At 300 mW/cm2, the lowest excitation density shown 

in Fig. 2, the intensity of this peak remains weak. However, it rises in prominence under the 

higher excitation densities. For example, above 14 T, the low energy side of peak 2 broadens 

asymmetrically, and its intensity grows in the spectra generated at 17 W/cm2.  This rapid 

evolution of the peak 2 lineshape marks the onset of EHL formation and is similar to that 

observed by Gourley and Wolfe in Ge as a function of excitation density.19  

The ground state energy, EG, of the EHL system is a summation of three contributions: 

the kinetic energy of non-interacting particles, E0, the Hartree-Fock exchange energy, Eexch, and a 

correlation energy, Ecorr. Each of these terms is dependent on the electron hole density in the 

liquid, n, and n is defined by the minimum of EG.3  The electron hole density can be 

experimentally determined from the spectral PL lineshape. Generally, the lineshape of the PL 

peak associated with the EHL phase can be described by the following function1,4,7  

𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸(ℎ𝑣𝑣) = 𝐼𝐼0 ∫ 𝑑𝑑𝑑𝑑𝐷𝐷𝑒𝑒(𝐸𝐸)𝐷𝐷ℎ(ℎ𝑣𝑣′ − 𝐸𝐸)𝑓𝑓(𝐸𝐸,𝐸𝐸𝐹𝐹𝑒𝑒 ,𝑇𝑇)𝑓𝑓�ℎ𝑣𝑣′ − 𝐸𝐸,𝐸𝐸𝐹𝐹ℎ,𝑇𝑇�ℎ𝑣𝑣′
0              (1) 
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where 𝐸𝐸𝐹𝐹𝑒𝑒 and 𝐸𝐸𝐹𝐹ℎare the electron and hole Fermi energies, respectively, 𝐸𝐸𝐹𝐹 = 𝐸𝐸𝐹𝐹𝑒𝑒 + 𝐸𝐸𝐹𝐹ℎ, 

De and Dh are the density of states in the conduction and valence bands, and f is the Fermi 

function. ℎ𝑣𝑣′ is expressed as: 

ℎ𝑣𝑣′ = ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔 + 𝐸𝐸𝑋𝑋 + 𝜑𝜑 + 𝐸𝐸𝐹𝐹               (2) 

where Eg is the indirect bandgap energy, EX is the exciton binding energy, and φ is the 

work function.  The summation of the last four terms in Eq. 2 constitutes the renormalized 

bandgap, Eg’.  Finally, a state broadening term, Γ, is usually included in the expression of the 

density of states to better fit the low energy tail.20 From this set of equations, the width of the 

EHL PL peak 2 is determined by the Fermi energy, EF, of the liquid and is therefore tied to the 

electron-hole density, n, in the droplet.4 The high energy edge of the EHL peak 2 is also fixed by 

the work function, φ, of the liquid.4   

The rapid broadening of the low energy side of peak 2 indicates that n grows quickly over 

the magnetic field range 14-19T pictured in Fig. 2.  This increase in n arises due to a 

modification of EG.  Redistribution of the density of states into Landau levels leads to a reduction 

in E0 and EG and an increase in n.5 Experimentally, such an increase in n has been observed in 

Ge and InSb.5,9,21 The simultaneous presence of a narrow peak 1 and a broad peak 2 in Fig. 2 

indicates that at high magnetic fields the EHL co-exists with bound multiexciton complexes in 

the gas phase.  

When the magnetic field strength reaches ~25-30T, the EHL peak 2 formed under the 

highest excitation density of 17 W/cm2 reaches its greatest spectral width.  A representative 

spectrum measured at 30T is shown in Fig. 3. The shape of the EHL peak 2 is comparable to that 

measured in indirect AlxGa1-xAs under pulsed excitation at zero field.7,8 However, the presence 

of the magnetic field complicates a true comparison of the EHL properties to the zero magnetic 

field case for two reasons.  First, the magnetic field-induced alteration of the conduction and 

valence band density of states due to the formation of Landau levels must be accounted for in the 

calculation of EF.5 Second, the state broadening term is field-dependent.5 Without explicitly 

accounting for these changes, it is difficult to extract accurate n and φ values of the EHL through 

lineshape fitting. One particular consequence of these changes is that the application of a 

magnetic field alters the strict relationship between PL peak linewidth and n that is derived in the 
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zero field case.5 However, the general correlation is expected to hold true, especially when 

comparing spectra measured under the same magnetic field but different excitation densities. 

It is evident from Fig. 2 that the onset of EHL formation under relatively low intensity 

steady state excitation is highly dependent on the magnetic field strength as well as the 

photogenerated exciton concentration.  Peak 2 begins to broaden at lower magnetic fields when it 

is excited with higher laser power densities.  Once fully formed, though, peak 2 maintains the 

same lineshape, irrespective of whether it is formed under an excitation density of at 3 W/cm2 or 

17 W/cm2. The small shift in energy between these two peaks could be due to a difference in 

droplet radius, R, which will affect the extent of the bandgap renormalization.22  The magnitude 

of bandgap renormalization depends on R2 and thus larger droplets will undergo a greater 

renormalization. The difference in the absolute E’g measured at 3 W/cm2 and 17 W/cm2 is ~2 

meV, which is consistent with expected changes in droplet size for AlxGa1-xAs.8 Peak 1 also 

persists to higher magnetic fields in the spectra measured at 3 W/cm2 compared to the spectra 

measured at 17 W/cm2, which may indicate an interplay between bound multiexciton complex 

population distribution, the total concentration of excitons and EHL formation. An additional 

observation is that a narrow peak 1 dominates throughout the entire magnetic field range 9-19 T 

in the spectra generated under 300 mW/cm2, indicating that a condensed phase has not yet started 

to form at such low excitation densities. 

    

Fig. 3 (Color online) 30T PL spectrum of Al0.387Ga0.613As measured at 1.6 K and an excitation 
density of 17 W/cm2.  The energies of the BEX, 1 and 2 peaks are marked with vertical arrows. 
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Clues to the mechanisms underlying these relationships may be identified by evaluating 

the spectral behavior across the full range of excitation densities used in this study. Figure 4 

presents a more detailed and direct comparison of the normalized PL spectra.  A narrow peak 1 

associated with the bound multiexciton complex state is observed at each of the excitation 

densities used in this study.  However, peak 2, associated with the EHL phase, only develops 

above a certain threshold excitation density that is greater than 300 mW/cm2.  At the two lower 

excitation densities, peak 1 itself broadens. This effect is most clearly observed in the spectra 

obtained under an excitation density of 300 mW/cm2 and is reminiscent of EHP formation in Ge 

under lower excitation densities.19 In that case, the PL peak associated with the EHP formed by 

broadening directly from a narrow multiexciton complex peak. Without generating an entire 

phase diagram, it is not rigorously possible to distinguish between EHP and EHL phases.  

However, we have assigned the broadened peak 1 in the spectra measured at 300 mW/cm2 and 

high magnetic fields (> 40T) to an EHP phase based on the similarity in behavior to the Ge 

spectra presented in Ref. 19. Such behavior suggests that below 3 W/cm2, there are not enough 

photogenerated carriers to reach the critical density for EHL formation, and only an EHP phase 

is sustained.  
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The other interesting effect to note from Fig. 4 is the evolution of the EHL spectral 

lineshape with magnetic field after it is initially formed (> 14 T, see Fig. 2).  This is best 

    

Fig. 4 (Color online) Normalized magneto-PL spectra of Al0.387Ga0.613As measured at 1.6 K under 
excitation densities of 30 mW/cm2, 300 mW/cm2, 3 W/cm2, and 17 W/cm2.  The spectra are 
plotted in 10T increments up to 58T.  The dashed vertical lines mark the energies of peaks 1 and 
2 peaks at the lowest magnetic fields and excitation densities. 
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observed in the spectra generated at the highest excitation density (17 W/cm2). Between 14 – 30 

T, rapid bandgap renormalization due to an increase in n causes the peak 2 energy to redshift. 

The concomitant increase in the high energy tail of peak 2 over this magnetic field range further 

suggests that the temperature of the EHL, TEHL, increases relative to the lattice temperature, TL, 

during this period of densification.  Estimated temperatures from lineshape fitting reach ~23 K.  

This temperature is below the critical temperature, Tc, for EHL formation found by Kalt et al. for 

indirect bandgap AlxGa1-xAs (Tc ~ 34).8 Above 30 T, however, the high energy tail increases in 

steepness, and the peak 2 energy blueshifts.  This change could be caused by magnetic field-

induced carrier cooling, which has been observed previously in electron hole systems due to 

enhanced relaxation via electron-phonon coupling.23,24  Immediately after photogeneration, hot 

electrons rapidly thermalize to TEHL via emission of optical phonons.  The relaxation rate is 

known to decrease with increasing carrier population, which is consistent with our finding of a 

longer high energy tail (and hence higher TEHL) in peak 2 generated under an excitation density 

of 17 W/cm2 compared to 3 W/cm2 (see Fig. 4).25,26 An increase in steepness of the high energy 

tail at magnetic fields above 30 T reflects a subsequent reduction in TEHL. The application of a 

magnetic field alters the density of states and consequently the energy relaxation rate due to 

phonon emission.23 Increased splitting between Landau levels, and the population of only the 

lowest Landau level in this case, reduces the probability of inter Landau level scattering by 

optical phonons, but intra level scattering by acoustic phonons becomes more prevalent.23,24,26 

Thus, cooling of the carrier temperature within the EHL above 30T is attributed specifically to 

enhanced acoustic phonon emission.  We note that the renormalized bandgap does not change 

significantly over the same magnetic field range (see the trend in the position of the low energy 

tail in Fig. 4), suggesting that the carrier concentration in the EHL, at least, does not decrease.  

As we noted above, an increase in the electron hole density in EHLs subjected to a magnetic 

field as was previously observed in Ge and InSb.9,5 The corresponding lengthening of the low 

energy tail could be due to several factors.  Stormer and Martin reported an increase in the 

broadening parameter at high magnetic fields in the EHL spectra in Ge due to the rise in the 

carrier density.5 Other factors could include augmentation in the role of Auger processes,20,5 

plasmon effects25 and localization at tail states associated with alloy composition fluctuations.23 
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 The spectra measured at 3 W/cm2 follow a similar pattern, but the overall redshift and 

subsequent blueshift of peak 2 is smaller in magnitude than that observed in the spectra 

measured at 17 W/cm2. While it is difficult to tell from the spectra presented in Fig. 4 due to the 

extra contribution from peak 1, the reduced shift in the energy of peak 2 could be due to a 

comparatively lower TEHL value at any given magnetic field. This can be directly discerned in the 

spectra measured above 50 T, where peak 1 has disappeared.  The high energy tails of peak 2 

measured under these two excitation densities then begin to align at higher magnetic fields, 

which is precisely where the peak 2 energies begin to merge as well.  These correlations suggest 

that the shift in the peak 2 energy is linked to changes in the temperature of the EHL.  

The overall trend in the PL peak energies measured over the full range of magnetic fields 

and excitation densities are shown in Fig. 5.  Full EHL formation originating directly from the 

bound multiexcition complex is marked by the sudden drop in the peak 2 energy above 14 T. The 

magnitude of the drop depends on the excitation density, which, along with the redshift in the 

low energy edge of the PL peak, again indicates that the carrier density and temperature in the 

EHL increases under higher excitation densities.  This trend is also evident in Fig. 4. The 

magnitude of the subsequent carrier cooling also increases under higher excitation densities.  The 

field at which the cooling reverses the redshift in the peak 2 energy increases for decreasing 

excitation density, as observed through the comparison of the trends between 3 and 17 W/cm2. 

 

Fig. 5 (Color online) Energies of the BEX, 1 and 2 peaks measured Al0.387Ga0.613As at 1.6 K as a 
function of magnetic field for six different excitation densities. 
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This suggests that there is a link between the carrier density, the carrier-phonon coupling 

strength and magnetic field.  

Measurement of these trends out to 90 T indicates that peaks 1 and 2 begin to converge at 

high magnetic fields (see Fig. 5) under intermediate excitation densities.  Figure 6 shows the PL 

spectra obtained at 58 T under excitation densities of 3 W/cm2 and at 89 T under an excitation 

density of 1 W/cm2. Although these peaks originated from peaks 1 and 2, respectively, they look 

remarkably similar to each other in their overall width and the high energy side of the peak (i.e. 

temperature). The only difference is a slight change in shape of the low energy tail, which could 

arise from any number of effects present at such high magnetic fields. This convergence suggests 

that high magnetic fields can further stabilize an EHL from an initial EHP phase.  Thus, the EHL 

formation pathway depends on the prevailing conditions (i.e. excitation density, magnetic field, 

etc.).  

At the very lowest excitation densities, though, peak 1 does not evolve into peak 2, even 

at high magnetic fields used here. Figure 7 shows the spectral evolution of peak 1 measured 

under a low excitation density of 100 mW/cm2 up to 90 T. This peak begins to broaden above 30 

T, but it does not yet change significantly in energy. Such a behavior could indicate that an EHP 

    

Fig. 6 (Color online) PL spectra of Al0.387Ga0.613As measured at 1.6 K and excitation densities of 1 
W/cm2 (89 T) and 3 W/cm2 (58 T)  
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phase is beginning to form but that the photogenerated carrier density is still well below the 

critical threshold for EHL formation. Further investigation of this behavior is warranted to 

understand the exact properties of this state and whether it will eventually evolve into an EHL at 

even higher magnetic fields. 

In summary, we have spectroscopically investigated the formation of an EHL phase from 

an exciton gas under low excitation densities and magnetic fields up to 90T. Our results suggest 

that the EHL phase stabilizes and develops above a threshold magnetic field that depends on the 

excitation density. Furthermore, the EHL phase can form directly from the bound multiexciton 

complex state or from the EHP phase. When the EHL forms directly from bound multiexciton 

complexes at higher excitation densities, its temperature is found to cool at high magnetic fields. 

Alternatively, evolution of an EHL out of an EHP phase created at low excitation densities was 

observed at very high magnetic fields ~90 T.  The simultaneous influence of both the excitation 

density and magnetic field on the properties of the EHL phase suggest that these tools can be 

used together to tune condensed carrier phases and further study their behavior in detail. 

 

    

Fig. 7 (Color online) PL spectra of Al0.387Ga0.613As measured at 1.6 K and an excitation densities 
100 mW/cm2 up to 90T. 
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