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Electronic excitations stabilized by a degenerate
electron gas in semiconductors
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Excitons in semiconductors and insulators consist of fermionic subsystems, electrons and
holes, whose attractive interaction facilitates bound quasiparticles with quasi-bosonic
character. In the presence of a degenerate electron gas, such excitons dissociate due to
free carrier screening. Despite their absence, we found pronounced emission traces in the
below-band-edge region of bulk, germanium-doped GaN up to a temperature of 100K,
mimicking sharp spectral features at high free electron concentrations (3.4E19-8.9E19 cm—3).
Our interpretation of the data suggests that a degenerate, three-dimensional electron gas
stabilizes a novel class of quasiparticles, which we name collexons. These many-particle
complexes are formed by exchange of electrons with the Fermi gas. The potential observation
of collexons and their stabilization with rising doping concentration is enabled by high crystal
quality due to the almost ideal substitution of host atoms with dopants.
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any striking thermodynamic effects in nature are based
M on the reduction of the repulsive interaction between

fermions or even on the bosonization of fermions and
fermion complexes!. Prominent examples are macroscopic
quantum phenomena such as superfluidity? and super-
conductivity®. Besides in the ground state, such phenomena can
also be observed in excited states, for example, of non-metallic
matter with quasi-bosonic, excitonic excitations®® in the low-
excitation-density limit. Here, an ideal bosonic behaviour is
prevented by electron—electron, hole-hole and electron-hole
interaction, hampering the system of interacting fermions to be
condensed into a system of entirely massless, non-interacting
bosons®”’.

Even more intriguing is the interaction of such quasi-bosonic
excitons with a dedicated, degenerate Fermi system in its ground
or even excited state—another fundamental phenomenon in
many-body physics—leading to exciton cooling® or even the
short-lived stabilization (=25 ps) of extended aggregates like the
dropleton? in an electron-hole plasma at a temperature of 10 K.
In contrast, excitons in bulk semiconductors commonly dis-
sociate in the presence of a degenerate electron gas due to
screening of the Coulomb interaction, leaving behind only the
optical traces of band-to-band transitions!.

The influence of high free carrier concentrations on electronic
states in heavily doped semiconductors is well known!?. Rising
free carrier concentrations alter the optical characteristics of the
semiconductor via the competing effects of the Burstein-Moss
shift!1-12 (BMS) and the band-gap renormalization (BGR)!3,
while also a Pauli blocking of the optical transitions occurs!4, In
the limit of high free carrier concentrations, decreasing exciton
binding energies facilitate a transition to Mahan-like excitons!” at
the Fermi edge singularity!®. Excitonic excitations above the band
edge have already been discussed for bulk systems!” above the
Mott density!8—the onset of a metal-like state. Ultimately, the
quasi-bosonic character of excitons is lost upon their dissociation
into their purely fermionic constituents (electron and hole). The
spatial confinement inherent to nanostructures!?-2! like quantum
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Fig. 1 Exciton-like complex stabilization monitored by photoluminescence.
Optical signature of a highly Ge-doped GaN sample showing the typical
band-gap renormalization (BGR) and Burstein-Moss shift (BMS) along with
two pronounced peaks Xt and XY associated to many-particle complexes
stabilized by the Fermi sea of electrons—the collexons. The inset shows a
corresponding doping series starting with a non-intentionally doped (NID)
sample featuring bound-excitonic emission. Upon rising doping
concentration, the spectra broaden and the Fermi edge appears, before the
two peaks X! and XY start to dominate the spectrum

dots?223 and quantum wells®24 can stabilize quasiparticle com-
plexes causing distinct optical features even under intermediate
free carrier concentrations, with recent papers even reporting
trions in two-dimensional MoS, crystals?>2°,

Here, we provide evidence for what we interpret as a novel
class of exciton-like particles, which we suggest to call collexons.
Within our interpretation, these collexons can increasingly be
stabilized with rising density of a degenerate electron gas in a bulk
semiconductor (GaN) up to a temperature of 100 K due to many-
particle effects. Upon optical excitation long-lived (> 250 ps),
strongly localized quasiparticles are formed, which do not only
comprise a single electron-hole pair, but a collective excitation
coupled to the entire degenerate electron gas in the high-density
limit. In contrast to the common behaviour of heavily doped
semiconductors, the entire emission intensifies and its decay time
increases towards an increasing free electron concentration, while
the collexonic emission narrows spectrally, as long as no free-
carrier compensation occurs. We suggest a model of this intricate
many-particle problem that is consistent with all of our experi-
mental findings, demonstrating an increasing bosonization of the
collexons with rising electron concentration. We conclude that
the most likely interpretation of our results are collexons, that is,
fundamental many-particle excitations in the presence of a
degenerate electron gas irrespective of the particular semi-
conductor host material.

Results

Photoluminescence signature of heavily Ge-doped GaN. Fig-
ure 1 shows the photoluminescence (PL) signal of a highly ger-
manium-doped, n-type GaN film at a temperature of 1.8 K (free
electron  concentration: n=5.1E19cm~3). Despite the
present high doping level, two pronounced peaks stand out at
EL. =3.492 eV and EY = 3.505 eV, which we will label XL and
XIE]J. We emphasize that emission lines with such low half-width at
half-maximum (HWHM) values, with yk.= 4.50 +0.05 meV and
YN = 3.0 £ 0.1 meV, represent a highly unusual observation at the
given doping level. Both emission lines originate from the doped
GaN:Ge layer as outlined in Supplementary Note 1. In addition, a
well-known characteristic band-to-band luminescence?’ evolves
with the doping level as illustrated in the inset of Fig. 1. Here, the
spectra range from a non-intentionally doped GaN reference
sample (bottom, green line) up to a free electron concentration of
n=89E19cm~3 (top, black line) as obtained by Hall effect
measurements in conjunction with an in-detail Raman analysis.
While the luminescence of the pure GaN sample is still domi-
nated by donor bound excitons?3, any rise of the germanium
concentration (ng.) causes a spectral broadening, as frequently
observed for various semiconductor compounds??30, Once the
free electron concentration suffices, the corresponding Fermi
energy passes the conduction band and causes above band-gap
luminescence due to the BMS, while the simultaneous shift
of the luminescence towards lower energies is caused by the
BGR. The corresponding critical carrier density is the Mott
density that corresponds to an electron concentration of about
n=7E18-1E19 cm™—3 in GaN?2731,

Several observations based on Fig. 1 contradict the standard
model for the behaviour of highly doped semiconductors. First,
the high doping level in the present case causes the appearance of
distinct peaks (XL and XY), and second, the entire luminescence
intensity in the band-edge region rises with ng, due to the present
high crystal quality. Additionally, the lifetime 7gy of the band-
to-band transitions close to the Fermi edge increases with ng.—
a clear sign of negligible compensation of free carriers. A
combination of secondary ion mass spectrometry (SIMS), Hall
effect, Raman, transmission, reflection, and PL measurements
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Table 1 Summary of spectral properties of XL and XV

Free carrier concentration XL position XY position E{ —Fi. =  y5(n) HWHM y{(n) HWHM 1} decay 7, rise time 1Y decay

n (x1E19 cm—3) Eﬁ,x (eV) Eﬁ (eV) Eping (MeV) | (meV) | (meV) | time (ps) t (ps) | time (ps) t
34 3.4914 3.5045 131+£0.3 4.4+0.1 34+0.2 30310 104 £10 267 +£10

51 3.4923 3.5052 129+0.3 45+0.1 3.0£0.1 344 +10 68+10 281£10
8.9 3.4897 3.5014 N.7+£03 3.9+£0.1 20+01 30310 <10 305£10
This table lists the spectral positions (Ef. and Ef)), energy splitting (Ef — EY. = Ey;,4), half-widths (y%. (n) and y§(n)), rise times (), and decay times (z} and 7§ of the emission lines Xt and XV in three

samples with free carrier concentrations between 3.4 and 8.9E19 cm—3. The energetic positions extracted from Fig. 1 do not exhibit any particular scaling in regard to the free electron concentration.
Interestingly, the energetic splitting diminishes with rising doping concentration along with the half-width at half-maximum (HWHM) values as indicated by the arrows. The decay times 74 and 75
increase with rising doping concentration (except of 74 at n=8.9E19 cm~3, see Fig. 2a), while the rise time 74 associated to X- diminishes.

(see Supplementary Note 2) proves that the set of highly
germanium-doped GaN samples exhibits only minor compensa-
tion effects as only a well-tolerable concentration of, for
example, extended structural defects and deep carrier traps is
introduced3233. Hence, the free electron concentration n scales
with the dopant concentration ng. in an almost linear fashion,
with the highest doped sample as the sole exception. The main
reason for the overall high crystalline quality is given by the
similarity of the Ge*t and Ga3*+ cores and bonds with N in
GaN34, The only significant doping-induced difference is the
additional valence electron of Ge, which leads to the Fermi sea
formation—an ideal, textbook-like doping situation.

The effect of the high doping concentration in combination
with low compensation is directly revealed by the particular
luminescence characteristics of X' and XY (see Table 1). The
spectral splitting between both peaks—the binding energy of XL
(Eyina = EY — E}.) in regard to XU—diminishes with rising free
electron concentration. Simultaneously, the line broadenings
Y& (n) and yQ(n) (HWHM values) decrease, indicating a new
stabilization mechanism. In addition, the time-resolved PL
(TRPL) measurements from Fig. 2a reveal a characteristic scaling
behaviour of the associated decay times, indicating particular
quasiparticle conversion processes as studied in more detail
based on PL excitation (PLE) spectroscopy in Fig. 2b. All these
observations underline the novel characteristics of the elementary
excitations that are not inhibited, but instead stabilized by a
degenerate electron gas.

Doping-driven balance of the fundamental excitations. The
decay times of the X and XY excitations as listed in Table 1 sur-
pass the value of the background BGR and BMS luminescence,
which indicates a binding or stabilization mechanism induced by
the Fermi sea of electrons (compare Supplementary Note 3).
Interestingly, the decay times of the BGR and BMS luminescence
increase with rising doping concentration in accordance with the
evolution of the decay times 75 and 73 (see Table 1). While the
high energy peak (XU) features a fast rise time (TE <10ps) in all
transients shown in Fig. 2a (blue and red data points), its low
energy counterpart (XL) exhibits a well-resolvable rise time 7% that
diminishes with rising doping concentration (see Table 1). All
transients in Fig. 2a represent differential transients, showing
only the temporal evolution of XU and X! because the partially
BGR-induced and BMS-induced background was subtracted
(see Supplementary Note 3 for details). The solid lines in Fig. 2a
represent the results of a biexponential fitting model, taking into
consideration rise and decay times. Only the highest doped sample
requires the inclusion of a second decay time due to the onset of
compensation and structural defect formation leading to non-
radiative decays?8.

Figure 2b (top) shows the PLE spectra with detection energies
directly associated to XL, XU, and a defect-related feature in the
regime of the BGR luminescence unique to the sample with the

highest free electron concentration (n=8.9E19cm~3). All
relative PLE detection energies are assigned to the corresponding
absolute PL energies by vertical, dashed lines, see Fig. 2b
(bottom). We show such differential PLE detection energies in
order to eliminate the minor influence of varying strain levels
in our samples as discussed in Supplementary Note 2. The PLE
spectrum of XU (blue) suggests one excitation channel compris-
ing a hole from the A-valence band and an electron in the
conduction band forming a first excited state (XXM:Z)) of an
electron-hole pair complex—a situation similar to the excited A-
exciton in high-quality, undoped GaN samples (see Supplemen-
tary Figure 6) now augmented by the interaction with the
degenerate electron gas in the conduction band3>-37. In contrast,
the PLE spectra related to X! appear as much less perturbed due
to an enhanced binding mechanism. In the displayed high-energy
regime, two additional excitation channels appear, comprising
holes from the B-valence (Xg) and C-valence (Xg) band along
with an electron in the ground state. In addition, close-to-
resonant excitation of XV boosts the intensity of XL, driving a
quasiparticle conversion process, whose dynamics is quantified by
7k extracted from the time-resolved analysis. Thereby, the
intensity of the excitation channel related to XY rises with
doping concentration, while the entire PLE spectrum of XL gets
more distinct. This observation, in addition to the particular
scaling behaviour of the rise time (7§) with doping concentration
(see Table 1), supports our interpretation of XU and XL as the
exciton-like complex, called collexon, and the four-particle
complex, the bicollexon, both stabilized by the Fermi sea.

Shifting the PLE detection towards lower energies (e.g. 3.425
eV) yields a PLE spectrum that exhibits resonances in close
energetic vicinity to XU and XL. The energy shift in between the
PLE resonances related to XY and XU and the corresponding
luminescence features are clear indications for a light self-
absorption process2338 as described in Supplementary Note 4.
Nevertheless, the assignment between the luminescence peaks
and the corresponding excitation channels is apparent from
Fig. 2b, showing that holes from the three topmost valence bands
contribute to XL, while the complexes related to XU possess an
efficient conversion pathway towards XL. Naturally, both com-
plexes can dissociate and therefore contribute to any luminescence
at lower energies as their components—electrons and holes—relax
towards the corresponding defect bands (see Fig. 2b).

Alternative interpretations for XY and XL as, for example,
classical bound excitons related to germanium can be excluded.
No discrete emission peaks with linewidths in the meV regime
should occur for this case because high dopant concentrations
should create a broad3d, Ge-related defect band comprising a
wide energy spectrum for bound excitons. Additionally, the
reflectivity is heavily altered in energetic vicinity to XV and XL,
indicating a high concentration of bound elementary excitations.
Their thermalization behaviour even reveals the stability of XU
and XL up to a temperature of 100 K (see Supplementary Notes
1 and 5).
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Fig. 2 Doping-driven balance between the fundamental excitations XY and
XL. a Time-resolved PL analysis of XL and XY for three doping
concentrations. All transients (circles) can be approximated by a simple
fitting model (solid lines) yielding the characteristic decay times (1) and
rise times (7R). b Photoluminescence excitation (PLE) spectra (top) along
with the corresponding PL spectrum (bottom) showing X! and XY along
with the defect-related band at around 3.425 eV (n = 8.9E19 cm—3). All PLE
spectra show energy differences in regard to at the given free electron
concentration in order to eliminate the influence of strain. While XY only
shows a weak trace of a single excitation channel, X! features four
excitation channels related to the topmost three valence bands of GaN and
XY. The emission band at 3.425 eV is excited predominantly via X! and XY.
Interestingly, an increase in the free electron concentration enhances the
excitation channel related to XY — XL (the PLE spectra are not shifted
horizontally)

Interpretation. All experimental observations point to the forma-
tion of many-particle complexes (see Supplementary Methods
for further comments). We suggest to identify the XU emission
peak as an electron-hole pair complex interacting with the Fermi
sea that achieves its stabilization by exchange of electrons. This
interpretation is supported by the fact that the most important
energy gain mechanism providing stability of an electron gas is
particle exchange!. Our understanding of the complex formation
mechanisms and the associated exchange stabilization are illustrated
in the upper, left panel of Fig. 3a. The second low energy peak XL is

correspondingly interpreted as a more extended many-particle
complex, capturing an electron-hole pair from the Fermi sea (see
upper, right panel of Fig. 3a). In contrast to the interband
electron-hole pair forming the complex XY—the collexon—the
additionally captured electron-hole pair is of an intraband nature.
The resulting four-particle complex in interaction with the excited
Fermi sea, called the bicollexon, is consequently stabilized by elec-
tron exchange and Coulomb attraction. Its total excitation energy is
lowered by the effective binding energy of the additional intraband
electron-hole pair, that is, the full binding energy of the collexon
complex minus the excitation energy of an electron from the Fermi
sea above the Fermi level, leaving a hole behind.

In contrast to trions®232426:40, the predicted (bi-)collexon is
electrically neutral, spinless, and of bosonic nature. PL measure-
ments in the presence of a magnetic field up to 5T (not shown)
do not reveal any shift or splitting of the collexon lines from
Figs. 1 and 2b. We cannot exclude the formation of even larger
complexes with more than one intraband electron-hole pair,
but only slightly smaller excitation energies in comparison to
the bicollexon. Indeed, in Supplementary Figure 9 the XL peak
exhibits a prominent line-shape asymmetry below 10 K that may
be caused by additional bound intraband electron-hole pairs.
The theoretical picture developed for low or moderately doped
semiconductor nanostructures as quantum wells, wires, or dots
cannot be applied in the present case. The measured free electron
concentrations (n = 3.4E19, 5.1E19 and 8.9E19 cm~3) correspond
to Fermi energies of e = h’k%/2m’ = 166, 217 and 315 meV
in the conduction band with a Fermi wave vector of kp =
(3m%n)"’= 1.00, 1.15 and 1.38nm~1, if an isotropic effective
electron mass m} = 0.231m, is assumed?’. Direct comparison
with the Bohr radius of an A-exciton in GaN (hydrogen-like
a,, = 3.58nm) shows that the high-density limit a, k; > 1
beyond the Mott density is reached, where free excitons and their
charged, trionic counterparts are completely dissociated, nullify-
ing their relevance for optical data in the high-density regime.

The extraordinary role of the degenerate electron gas for the
formation of XV and XU is illustrated in Fig. 3a. The ground state
(G) of the system is given by the Fermi sea in the I';. conduction
band of GaN:Ge. Upon optical, interband excitation, the predicted
collexon is formed as an electron-hole pair well below the
Burstein-Moss edge, but strongly coupled to the degenerate
electron gas and scattered by the N electrons present in the ground
state (G) in the conduction band. Within our model, the collexon
forms a first excited state stabilized by the Fermi sea of electrons
through unscreened electron exchange as likely stabilization
mechanism (illustrated by the arrows in Fig. 3a). It is protected
against interactions with polar optical phonons, since the
Frohlich coupling®!#2 almost vanishes because of the strong
free carrier screening. The formation of the larger complex XL
as a second excited state with a lower excitation energy is
consequently explained by a two-step procedure. First, virtually,
a collexon is excited. Second, scattering of the collexon in the Fermi
sea excites an electron from the gas and leaves a hole behind,
yielding a bicollexon complex, which emits at lower energies with
respect to the collexon. Following this idea, XL is a highly
unconventional, mixed complex constituting intraband as well as
interband excitations that originate from the optical excitation and
the subsequent exciton-electron scattering (yy,1) and coupling
mechanism to the Fermi sea. The optical decay of a bicollexon
leaves an intraband excitation behind that will relax rapidly towards
the G state—the unperturbed Fermi sea in the conduction band.

This described mechanism is totally different from the
formation of excitons, the primary response of an undoped
non-metal solid to light. However, it is also completely different
from the formation of surface excitons in a metal4344, Despite the
presence of a Fermi sea in this case, the excitons of metal surfaces
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Fig. 3 Suggested collexonic excitations in the Fermi sea. a The electronic ground state (G) is formed by the degenerate electron gas—the Fermi sea—in the
I'y. conduction band of GaN:Ge. Upon optical excitation, interband excitations are formed and stabilized by the Fermi sea of electrons giving rise to the first
excited state, the collexon (XY) with a decay rate yY. In the high-density regime, such collexons scatter with electrons in the Fermi sea (y,—L), enabling the
formation of the bicollexon (XL). Hence, the bicollexon represents a mixed complex of interband and intraband electron-hole pairs that decays (y4), forming
the second excited state. b Based on our modelling and the fitting function extracted from the imaginary part of Eq. 1 (solid, red lines), we can approximate
the PL data (symbols) related to XY and XL. All spectra are displaced horizontally for clarity

are confined in normal direction by the image potential. In
addition, the screening of the electron-hole attraction is
dominated by the image potential effects. The presence of the
electron gas only determines the strength of the image potential
near the surface, but does not stabilize the exciton formation
itself. The predicted particular formation process of the bicollexon
XL explains the occurrence of the rise time (T]li) in the
corresponding PL transients in Fig. 2a and the particular
excitation channel in close energetic vicinity to the collexon XY,
see Fig. 2b (top). The rising free electron concentration
promotes the excitation channel associated to XU as the
probability for electron exchange events is enhanced, see Fig. 2b
(top). The increasing stabilization mechanism via electron
exchange is described by 7} and 7k and their particular scaling
behaviour with rising doping concentration (see Table 1), being in
good qualitative agreement with the spectral narrowing shown in
Fig. 1. The characteristic rise times are generally larger than the
common rise times for exciton formation in GaN?8, ZnO%, and
GaAsi6:47,

Discussion

Even the most sophisticated theory focused on solving the
Bethe-Salpeter equations for electron-hole polarization functions
coupled to a degenerate electron gas is difficult to formulate
directly for collexon-like excitation complexes with two or four
particles coupled to a degenerate electron gas!416. The challenges
arise mainly due to the need for possible inclusion of vertex
corrections to the integral kernel and non-particle-conserving
interactions (see Supplementary Methods). Ideas for such an in-
detail many-body approach are outlined in Supplementary
Methods section 'Collexon from first principles' but are difficult
to provide conclusive results. Therefore, an intuitive physically
theory is used in the following. More detailed arguments can be
found in Supplementary Methods section 'Phenomenological
approach'. In the low-excitation limit, the absorption and emis-
sion properties are dominated by bound states, for example, of
free 1s excitons!448 or trions#¥->1, and can be simulated by the
imaginary part of a frequency-dependent optical susceptibility
x(w) as a sum of such quantities in oscillator form with poles at
their eigenenergies!44849. We follow such an approach to

describe also the collexon and bicollexon contributions in the
PL and absorption spectra by
N ¢k O }

630
EY(n) = S5 (n) — hew — iy (n)

xer= 'M‘Z{NU B — ho — ()
B

Here, EY(n) and yJ(n) denote the density-dependent excitation

energy and the line broadening of the collexon XU (see Table 1).

The capture process of an additional intraband electron-hole pair

constituting the bicollexon (XL) is described by a self-energy
L

L

>7(n)°051, Its negative real part Ey,4(n) = —Re > (n) is inter-

N N

preted as the effective binding energy of the additional intraband

electron-hole pair affected by the degenerate electron gas,
L

EL.(n) = EJ(n) + Re >_(n), while the negative imaginary part

*

L
—Im ) (n) characterizes the modification of the bicollexon’s line
&

L
broadening yk.(n) = yJ(n) + Im > (n). The density-dependent
NG

envelope functions ¢3(0) and ¢k.(0) of the many-particle
complexes XV and XU appear in real space at vanishing relative
particle coordinates similar to the exciton case, because the
optical transition matrix element M is approximated by its value
at the T-point!4*8, The squares of the envelope functions char-
acterize the localization of the many-particle complexes with
rising electron density. The index N labels the stabilizing
degenerate gas with N electrons, the corresponding index N*
indicates that the intraband electron gas is excited with an elec-
tron above the Fermi level and a hole in the Fermi sea, while the
pre-factors NV and N' describe the number of corresponding
complexes.

The fits of PL spectra based on the imaginary part of the model
function in Eq. 1 are displayed in Fig. 3b, considering slightly
varying strain levels. The most important parameters of the
excitations are fitted self-consistently with the free electron con-
centration #n. These are the relative positions of the two peaks
EY and E%., the line broadenings yy(n) and yk.(n), as well as
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the relative oscillator strengths IY(n) = Ny|¢x (0 |2y}j(n) and

Ik (n) = NL}ng* ’ k- (n). Despite the stabilization tendency
evoked by the electron gas, Ebind( ) of the additional intraband
electron-hole pair decreases with rising n (see Fig. 3b and
Table 1), since increasing intraband excitation energies that scale
with the Fermi energy. The HWHM values of both emission lines
yx(n) and yk. (n) reduce with rising  in accordance with a decay
time prolongation—a statement particularly true for XU (see
Table 1 and Supplementary Note 2). Naturally, the inverse of the
decay times Tg/ s always much smaller than yg/ . considering
the time-energy uncertainty, due to parasitic, for example, Auger
and phononic process.

The entire set of lifetime and emission line width trends
unequivocally confirm the stabilizing action of the degenerate
electron gas. The bicollexon emission line broadens in compar-

ison to its collexon counterpart due to the increase of Im Z( ) =

1.0, 1.5, and 1.9 meV (see Table 1). Interestingly, while the rela-
tive intensities I, (n) /Iy (1) remain almost constant with rising n
in accordance with the PL spectra (see Fig. 3b). Despite its higher
complexity, the bicollexon contribution to the PLE spectra
dominates over the collexon peak. This result directly illustrates
the efficiency of the binding mechanism of the intraband
electron-hole pair, a process that can only be overcome under
extreme optical pump conditions (>10 MW cm~2). In summary,
the fit of the PL spectra in Fig. 3b by means of the imaginary part
of Eq. 1 supports our interpretation of XU and XL as neutral and
spinless electronic excitations called collexon and bicollexon that
are both stabilized by the degenerate electron gas.

After the doping-induced complete dissociation of the quasi-
bosonic excitons into their fermionic constituents, a bosonic
revival, collexons, occurs due to the stabilizing action of the
degenerate electron gas. In general, we propose that the two
fundamental excitations that motivated us to conduct this study
should occur in the optical signature of any highly doped and at
the same time lowly compensated semiconductor with an overall
high crystalline quality. No additional spatial confinement of
carriers as in quantum well and quantum dot structures is nee-
ded®0-52 In contrast, the formation of collexons could even be
favoured in bulk material due to the interaction with the
degenerate three-dimensional Fermi gas. Nevertheless, both a
sufficiently high doping level and low compensation would not
suffice alone for the observation of collexons. Additionally, the
material quality of the undoped semiconductor must be high,
which can be confirmed by the appearance of luminescence
related to the free A-exciton and B-exciton and low HWHM
values for the Raman modes (=1.3 + 0.1 cm—!)33. We believe that
all, for example, n-dopants that achieve a close-to-perfect sub-
stitution of the corresponding host atom should lead to near
perfect, doped crystals comprising a degenerate electron gas as in
GaN:Ge. Other possible candidates are Ge dopants occupying Ga-
sites in Ga,0O3; or Sn dopants on In sites in InN and In,Os;.
Therefore, more experimental but especially theoretical investi-
gations are welcome to improve our understanding of the data
and hopefully support our proposed stabilization mechanisms
which we suggest to result in the novel electronic complexes.

Methods
The GaN:Ge samples were grown by metalorganic vapour phase epitaxy on (0001)
sapphire substrates (0.25° off-oriented towards the m-direction) with germane as
Ge source as reported by Fritze et al.32 Room temperature Hall effect measure-
ments33 were performed based on the standard van der Pauw method.

The PL and PLE experiments were performed in one setup comprising a He bath
cryostat providing a base temperature of 1.8 K. For the continuous wave PL
measurements, a HeCd laser (325 nm) was used, while the PLE measurements were

conducted with a dye laser (100 Hz repetition rate, pumped by a XeCl excimer
laser) containing 2-methyl-5-t-butyl-p-quaterphenyl as the active medium. The
luminescence signal was dispersed by an additive double monochromator (Spex
1404-0.85 m focal length, 1200 groves mm~1, 500 nm blaze) equipped with an
ultra-bialkali photomultiplier tube (Hamamatsu, H10720-210). For the TRPL
measurements, the sample was excited with the fourth harmonic of a picosecond
Nd:YAG laser (266 nm, 76 MHz repetition rate) in a Janis micro-cryostat (ST-500)
at a temperature of 5 K. The PL was spectrally and temporally analysed by a
subtractive double monochromator (McPherson 2035-35 cm focal length, 2400
groves mm~ !, 300 nm blaze) attached to a multichannel plate photomultiplier
(Hamamatsu R3809U-52) providing a laser pulse width limited temporal resolu-
tion of 55 ps. Standard photon counting electronics were applied in order to derive
the final histograms. Standard deconvolution techniques were employed in order to
fit the measured transients.

Details regarding the theoretical treatment of electronic excitations in the Fermi
sea can be found in the Supplementary Methods.

Data availability. The data that support the findings of this study are available
from the authors on reasonable request, see author contributions for specific data
sets.
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