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Abstract 

In this work the fundamental optical signatures of highly Germanium doped GaN are 

investigated. This work gives fundamental new insights in interactions of carriers in a 

three dimensional degenerated electron gas. 

The first part of this thesis is dedicated to the investigation of compensation 

mechanisms in GaN samples with Germanium concentrations up to 1021 cm-3. The 

combination of Hall effect measurements, secondary ion mass spectrometry (SIMS), 

Raman spectroscopy and temperature-dependent and time-resolved 

photoluminescence spectroscopy shows the influence of compensation mechanisms on 

the structural, electrical and optical properties of the crystal. 

In the second part of this doctoral thesis, Germanium doped GaN samples are examined, 

which do not show any compensation effects. This fact is illustrated through comparison 

with Silicon doped GaN samples, which were grown with the same growth conditions as 

the Germanium doped samples. By the means of photoluminescence spectroscopy a 

new quasi particle was discovered, the collexon. The collexon is an exciton-like many-

particle complex, which is stabilized by a three dimensional electron gas. The 

stabilization enhances with increasing electron gas density and is featured by small 

spectral half-width (≈10 meV), temperature stability up to 100 K and longevity (≈250 ps). 

In contrast to other many-particle complexes, e.g. trions and biexcitons, the collexon is 

observed in a three-dimensional structure and not in a low-dimensional structure, such 

as quantum wells and quantum dots. Contradicting the common behavior of heavily 

doped semiconductors, the entire emission intensifies and its decay time slows towards 

increasing free electron concentration, while the collexonic emission narrows spectrally, 

as long as no compensation occurs.  
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1 Introduction 
GaN-based electronic and optoelectronic devices have gained considerable interest in 

the recent years. The wide band gap, superior structural and thermal stability, high 

breakdown electrical field and high saturation drift velocity make AlGaN/GaN an 

excellent candidate for high electron mobility transistors (HEMTs), high power switches, 

hetero bipolar transistors and many other high power devices. [1–3] Up to date the 

ternary systems AlGaN and InGaN are the only technologically relevant candidates for 

blue and near UV light emitting diodes (LEDs) [4,5] and laser diodes (LDs) [6,7]. GaN 

based devices are built into many common technologies like blue-ray disc players or 

white light flashes in photo cameras.  

Most of electronic and optoelectronic devices strongly benefit from high free carrier 

concentrations. Such benefits do not only directly affect the pivotal ratio between 

majority and minority carrier concentrations, but also other, less obvious advantages 

are just as significant. For instance, tailoring the refractive index by means of doping can 

lead to a better optical mode confinement in InGaN laser diodes [8] or screening 

polarization induced electric fields in InGaN light emitting devices. [9] 

Despite the subsequent emergence of various electronic and optoelectronic devices, 

high doping concentrations are generally accompanied by compensation effects, and 

the incorporation of deep level point defects, structural defects and unintentionally 

dopants, which collectively diminish the crystalline quality and limit the device 

performance. Studying the influence of doping on the luminescence has been proven as 

an effective tool for deepening the understanding of the nature of compensation 

mechanisms.  

The effect of high free carrier concentrations on the electronic structure of a 

semiconductor is well known. [10] Additionally, the interaction of high free carrier 

concentrations and excitons has been studied for many years and is also well 

understood. [11] Nevertheless, high doping concentrations are generally highly 
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correlated with high free carrier concentrations, but also compensation mechanisms 

and a reduction of crystalline quality. This makes it difficult to observe either the effects 

of high free carrier concentrations on the electronic structure or excitons separately. 

However, in n-type GaN high free carrier concentrations above 1019 cm-3 are achievable 

with minor compensation issues. Additionally, GaN is a direct semiconductor with a high 

exciton binding energy, which makes it an ideal semiconductor to study the influence of 

high free carrier concentrations on the electronic structure and excitons in detail. 

 

1.1 Scope of thesis 

The aim of this thesis is to give the reader a deeper understanding of compensation 

mechanisms in n-type GaN and the effect of high free carrier concentrations on 

luminescence and excitons. The operation of most semiconductor based devices require 

free carriers within the crystal. However, doping of semiconductors is generally 

accompanied by unwanted compensation effects. Compensation leads to a reduction of 

free carrier concentration and mobility, increased point defect concentration, 

decreased crystalline quality and optical transparency. Currently it is very challenging to 

grow semiconductors with high free carrier concentrations without any compensation 

effects. Commercially available transparent conducting oxides (TCO) are generally highly 

compensated. In these materials, it is known that for free carrier concentrations in the 

range of 1019 - 1020 cm-3 doping concentrations in the range of 1021 - 1022 cm-3 are 

necessary, which means only every approx. 100th dopant atom contributes an electron 

to the system. To overcome this challenge one has to understand the limits of free 

carrier concentrations as well as under which circumstances compensation starts and 

how it affects the crystalline quality. This matter is discussed in chapter 4 for the case of 

compensation in Ge doped GaN and in chapter 5.2 for the case of Si doped GaN.  

The free carrier concentration and the defect concentration due to compensation have 

a strong impact on excitons. High free carrier concentrations in the range of 1020 cm-3 
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are generally accompanied by poor crystalline quality, which makes it difficult to 

investigate the effect of high free carrier concentrations on excitons on its own. 

In order to address these issues, several GaN samples are investigated with different 

growth techniques and dopants. The outcome of this work provides crucial information 

for producing GaN layers with high free carrier concentrations without any measurable 

compensation, which makes them perfect for optoelectronic devices that require high 

free carrier concentrations and transparency. Additionally, this work gives a new insight 

in the interaction of excitons with high free carrier concentrations, which is shown on 

chapter 5.3. 
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2 Theory 

2.1 Raman spectroscopy 

2.1.1 Lattice dynamics and phonons in wurzite crystals 

Wurtzite crystals, like GaN, belong to the space group C46v with n = 4 atoms in the 

primitive unit cell. This leads to 3n = 12 vibrational Eigenmodes. Three of these modes 

are acoustical; nine are optical. Group theory delivers the following irreducible 

representation. [12] 

1 1 1 22 (1) 2 (1) 2 (2) 2 (2)A B E E  

The A1 and B1 modes are onefold; the E1 and E2 modes are twofold degenerated. The 

three acoustical modes consist of one A1 mode and one E1 pair mode. The other nine 

modes are optical, which are illustrated in Figure 1.  

 
 
Figure 1: Schematic illustration of the optical phonon modes in GaN. 

 

The A1 and B1 modes oscillate in the direction of the c-axis, the E1 and E2 modes oscillate 

perpendicular to it. Both B1 and E2 modes are distinguished by their energy and named 
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“high” and “low”. In the case of GaN the prominent displacement of the low modes 

occurs from the Gallium and for the high modes from the nitride. The B1 modes are silent 

and not measurable by the means of Raman spectroscopy. The A1 and E1 modes are 

polar modes, because of opposite directions of vibrations of anions and cations. That 

means they can be influenced by electric fields. The wurtzite structure of GaN allows for 

spontaneous polarization and piezoelectric fields and generate a splitting into 

longitudinal optical (LO) and transversal optical (TO) A1 and E1 modes. This splitting is 

not predicted by the group theory as the description is limited to purely vibrational non-

propagating Eigenmodes at the  point with q = 0. The size of the splitting is expressed 

by the Lyddane-Sachs-Teller relation. [13] The B1 and E2 modes are not polar, so they do 

not exhibit such a splitting. That means a shift of the E2 modes can only occur from strain 

within a crystal and is independent of the free carrier concentration. The intensity or 

even observability of all modes depends on the geometry used in the measurement, 

where . The intensities consists of orientation of the polarization and 

direction of the incoming light and orientation of the polarization and direction of the 

detected light . The elements of the Raman tensors, R, determine if the modes are 

allowed or forbidden in certain geometries. The Raman tensors for phonon modes in 

wurtzite structures are given by: 

1

a
A z a

b
 1

c
E x

c
1E y c

c
2

d d
E d d   

The scatter geometry for Raman measurements is represented in the so called Porto 

notation [14], , where  and  indicate the direction and  and  the 

polarization the incident and scattered light. In this work only backscattering geometry 

is applied, so the incident and the detection of the scattered light is in opposite 

directions. For simplification the Cartesian coordinate system is used whereas the z-axis 

is chosen to be parallel to the c-axis of the wurtzite crystal. Table 1 shows all allowed 

modes for backscattering geometry. In these configurations all modes can be visualized. 
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The E1(LO) mode is theoretically forbidden in backscattering geometry, but the Fröhlich 

interaction allows for the visualization in x(zz)x geometry. [15]  

Table 1: Selection rules for Raman active modes in wurtzite crystals. 

Scatter geometry Allowed modes 

z(xx)z E2(low, high), A1(LO) 

z(xy)z E2(low, high) 

x(yy)x E2(low, high), A1(TO) 

x(zz)x A1(TO), E1(LO) – Fröhlich interaction 

x(yz)x E1(TO) 
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Figure 2: Room temperature Raman spectroscopy spectra of 
in backscattering geometry of a GaN sample. The spectra are 
taken in c-plane (black line) and m-plane (red line) direction. 
The spectra are normalized and shifted vertically for 
clarification. 

Figure 2 shows two Raman spectra of the same undoped c-plane GaN sample measured 

in two different orientations without polarization. The black and red spectra represent 

Raman measurements of the surface in-plane and in cross section. Both spectra show 
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all expected phonon modes, except for the E2(low) modes, which is outside the given 

measurements range. A faint signature of forbidden phonon modes for given scatter 

geometries is generally visible due to low crystalline quality, scattering at defects and 

the broad light collection angle of the applied objective.  

 

2.1.2 Determination of strain values 

GaN is commonly grown on foreign substrates like Sapphire, Silicon and Silicon Carbide 

for cost reduction. [16,17] The lattice mismatch and different thermal expansion 

coefficients of substrate and GaN cause biaxial strain in the grown GaN layer. Raman 

spectroscopy is the standard nondestructive method for the determination of the strain 

in bulk and nanostructured materials. In this thesis the investigated samples are grown 

on (0001) Sapphire substrates (lattice mismatch 13.5%), which cause biaxial 

compressive strain in the GaN layer. This experimental technique relies on the precise 

knowledge of phonon deformation potentials which in turn allows the determination of 

the strain levels from the phonon frequencies. The shift of phonon modes in comparison 

to the relaxed values (given in Table 2) allows for determination of strain values. Non-

polar modes as e.g. the E2(high) in a wurtzite crystal like GaN serve as an ideal tool for 

stress determination, because the position of the E2(high) only depends on strain and is 

independent of free carrier concentration. All other modes are much less suitable for 

strain determination. The LO modes interact with free carriers and the TO modes are 

not present in every scatter geometry. Even if the E2(low) mode is a non-polar mode and 

therefore appropriate for strain determination, its strain coefficient is very small in 

comparison to the E2(high) mode’s. 

Table 2: Relaxed values for all Raman modes in GaN  [18] 

Mode E2(low) A1(TO) E1(TO) E2(high) A1(LO) E1(LO) 

Wavenumber (cm-1) 145 533 560 567 735 742 
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The pressure induced frequency shift  of a phonon mode for the case of biaxial 

isotropic strain ( ) within the frame of Hooke’s law is: 

 

,  

The measured frequency shift  provides the phonon deformation potentials  and  

for a known strain  or the phonon pressure coefficients  and  for a known stress . 

The elastic stiffness constants  for GaN were taken from Brillouin scattering 

experiments. [19] Uniaxial pressure (  and ) dependent Raman 

spectroscopy measurements allow for direct determination of , whereas hydrostatic 

pressure ( ) dependent Raman spectroscopy measurements allow for 

determination of . With the knowledge of the hydrostatic pressure coefficient of 

the E2(high) mode (4.24 cm-1/GPa [20]) and the corresponding uniaxial pressure 

coefficient (1.38 cm-1/GPa [21]) one can calculate the biaxial pressure coefficient of 

2.86 cm-1/GPa. 

The relative change of the a- and -lattice constant ( and ) due to strain can be 

calculated from 

 and , 

where M is the biaxial modulus of a wurtzite crystal, which is defined based on the elastic 

constants : 

 

The  values taken from Polian et al. [19], yield a value of M = 479 GPa. 

2.1.3 Longitudinal optical phonon plasmon coupling 

In polar semiconductors like GaN long range electrostatic fields generate a LO-TO 

splitting of the polar A1 and E1 modes. These LO-modes can interact and couple with 

plasmons and create longitudinal optical phonon plasmon (LPP) modes. In doped 
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semiconductors, instead of a single LO mode, two coupled LPP modes are visible, a LPP- 

and a LPP+. Disregarding the damping of phonons and plasmons, the position of these 

LPP modes depend only on the position of the LO mode LO, the TO mode TO and the 

plasma frequency p.  

 

Whereas the LO and TO modes are fixed and known for the given semiconductor, the 

plasma frequency depends on the free carrier concentration n. 

 

Here is  the elementary charge, the high frequency dielectric constant for the given 

material and  the effective mass for the given material and charge carrier. With these 

formulas it is possible to calculate the free carrier concentration within the investigated 

sample by measuring the position of at least one of the LPP modes. 
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Figure 3: Values of the undamped LPP- mode, LPP+ mode and 
plasma frequency over free carrier concertation in GaN. 
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Figure 3 displays the frequency of the LPP modes versus the free carrier concentration. 

The LPP- mode shifts from zero wavenumbers towards the position of the A1(TO) mode 

and the LPP+ mode starts at the position of the A1(LO) and shifts towards higher 

wavenumbers with increasing free carrier concentration. Not shown in this figure are 

the increase of FWHM and decrease of intensity with free carrier concentration of the 

LPP+ in addition to the decrease of FWHM and increase of intensity of the LPP- at the 

same time. With increasing free carrier concentration the LPP- gains a more phonon like 

character and the LPP+ gains a more plasmon like character. The plasmon damping is 

two to three orders of magnitudes stronger than the phonon damping. This means the 

stronger the plasmon-like character of a mode the broader and weaker the mode, 

becomes in Raman spectroscopy [22]. The damping also influences the position of the 

modes [23]. However, as the focus is on the LPP- for free carrier concentrations above 

1019 cm-3, the influence of the plasmon damping on the position is negligibly small due 

to its strong phonon-like character. 

2.2 Deformation potentials of excitons 

The three valence bands of wurtzite GaN have the geometries HH , LH  and 

CH  with the energy maxima given by 

, 

, 

with 

, 

. [24] 

Here,  describes the crystal-field splitting of the  and  orbital states, while  and 

 describe the spin-orbit interaction parallel and perpendicular to the c axis, 

respectively.  are components of the strain tensor and  are valence band 
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deformation potentials. It should be noted that herein a negative sign indicates 

compressive strain, a positive sign indicates tensile strain and  are strain 

independent. [25] For the conduction band the minimum energy is given by 

. 

Where,  is the strain free or relaxed value for the band gap and  and  are the 

conduction band deformation potentials. The combination of the formula for the strain 

dependent shifts of the valence band and conduction band results into the band gap 

shifts due to strain: 

 

 

For the case of biaxial strain holds  and .  
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Figure 4: Shifts of the excitonic luminescence related to the A, B 
and C valence band versus c-axis lattice parameter based on 
Ref.  [26]. The dashed lines mark positions of a relaxed GaN layer 
and the position of the investigated GaN:nid layer. 
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Figure 4 shows the shift of A-, B-, C-excitons and the excited state of the A-exciton (n=2) 

versus the c-lattice constant due to biaxial strain, assuming that the binding energy of 

excitons is strain independent. The elastic constants  values are taken from Polian et 

al. [19], the deformation potentials and  values from Alemu et al. [26], the exciton 

transition energies from Monemar et al. [27] and the energy shift of the excited state 

from Volm et al. [28].  

The centered dashed line at  marks the position of all excitonic transitions in 

strain free GaN. The second dashed line at  marks the position of all 

excitonic transitions for a compressive strained GaN:nid sample grown on sapphire, 

which is investigated in detail in chapter 5.3.1. As the biaxial compressive strain 

perpendicular to the c-axis of the crystal becomes greater, both the c-lattice constant 

and the energies of the A-, B- and C-exciton increase. The energetic difference between 

the A-, B- and C-excitons changes with strain due to the non-linear nature of the shift of 

the B- and C-valence band. This behavior also allows for a crossing of the A- and B-

valence band (heavy and light hole) for tensile strain conditions.  

It is important to note that the strain values of the GaN measured by Raman 

spectroscopy at room temperature cannot be used to determine the energetic positions 

of excitons at liquid Helium temperatures. Due to the higher thermal expansion 

coefficient of sapphire in comparison to GaN  [29], the GaN layer is more compressively 

strained at Helium temperatures than at room temperature. Consequently an additional 

compressive stress of 0.21 GPa has to be taken into account. [30] 

 

2.3 Optical and electronic properties of semiconductors with high free 

carrier concentrations 

The influence of high free carrier concentrations on electronic states in heavily doped 

semiconductors is well known for many decades [10]. High excitation densities or heavy 

doping of semiconductors changes the band structure of the intrinsic material, which 
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can be observed e.g. by absorption and photoluminescence measurements. This effect 

has been observed experimentally for optically pumped ZnO [31] and GaN [32–34] and 

highly n-doped Si [35], ZnO [36] and GaN [37–40].  Besides band filling, increasing free 

carrier densities cause a band gap renormalization (BGR) [35] or band gap shrinkage due 

to electron-electron and electron-ion interaction. 

 

These two contributions can be approximated by: [41] 

Electron-electron interaction:  

Electron-ion interaction:    

Fermi vector:         

Thomas-Fermi screening length:  

Screened Bohr radius:   

The Burstein-Moss shift (BMS) describes the shift of the absorption edge to higher 

energies in highly doped semiconductors. [42,43] Doping introduced high free carrier 

densities cause population of band-states by carriers, which relax to the lowest available 

energy. Due to Pauli-blocking this energy increases with increasing carrier density, 

making a semiconductor transparent up to the degenerate Fermi energy level. The BMS 

in the conduction band follows the law: 
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Figure 5: (a) Band structure of an undoped semiconductor and (b) in 
the presence of a degenerated electron gas with density ne. [44] (c) 
Shift of the lowest not occupied state of the conduction band for 
GaN versus free carrier concentration. 

 

The effect of the band gap narrowing due to the BGR and band filling due to the BMS on 

the band structure is depicted in Figure 5. The lower part of Figure 5 shows the 

characteristic of the lowest not occupied state of the conduction band. For free carrier 

concentrations below 1018 cm-3 the BGR has a much stronger influence on the CB than 

the BMS and causes a reduction of the bandgap of more than 30 meV. At higher free 
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carrier concentrations the influence of the BMS overtakes the BGR effect and the lowest 

not occupied state of CB shifts towards higher energies due to filling of the CB states.  

Undoped semiconductors show a dominant absorption of excitonic states below the 

fundamental band gap. [45–48] They are caused by the Coulomb attraction between 

electrons and holes that stabilizes the excited electron-hole pairs. High free carrier 

concentrations screen the electron-hole interaction significantly. However, free carrier 

densities as low as n < 1018 cm-3 can cause a reduction of the Wannier-Mott exciton 

binding energy. With increasing free carrier concentration, the binding energy decreases 

further until the Mott density [49] is reached and the exciton binding energy approaches 

zero, when the critical carrier density is about n = 7 x 1018 cm-3 – 1 x 1019 cm-3 in 

GaN. [32,50]  

 
 
Figure 6: Exciton binding energy (black) and relative oscillator 
strength (red), normalized with respect to the oscillator strength of 
the A-exciton of undoped ZnO, versus free electron concentration n. 
The dotted line indicates the density calculated from the Mott 
criterion. [11]   
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Figure 6 shows the binding energy of the lowest excitonic bound state for doped ZnO 

along with the corresponding oscillator strength. The binding energy and the oscillator 

strength both decrease by orders of magnitude with increasing density of the 

degenerate electron gas. Nevertheless, excitonic state with binding energies of approx. 

1 meV and oscillator strengths of approx. 10%, in comparison to the undoped case, exist 

for free carrier densities beyond the Mott transition. Schleife et al. [11] showed that 

instead of the concept of an exciton Mott transition, a continuous transition from 

Wannier-Mott excitons to Mahan excitons [51] appears. 
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Figure 7: Calculated DOS for GaN:nid and highly doped GaN. The 
theoretical PL spectrum is calculated by the Fermi-Dirac function and 
the DOS at a Fermi energy of 3.6 eV and a temperature of 100 K.  

 

The influence of the degenerated electron gas on the density of states (DOS) is 

depicted in Figure 7. The DOS of undoped semiconductors exhibits a square root 

like character, the DOS of highly doped semiconductors have a square root like 

character for energies above the band gap energy of the undoped semiconductor 

as well, but for lower energies a band tail with exponential character appears. The 

change of the shape of the DOS characteristic is based on approximations of Kane 
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et al. [52] The resulting PL spectrum can be calculated from the DOS function and 

the Fermi-Dirac function. An increase of the free carrier concentration or a higher 

Fermi energy results in a longer band tail at lower energies due to the BGR and a 

shift of the maximum of the PL to higher energies due to the BMS. Additionally, 

Figure 7 shows that the saddle point of the PL spectra matches the Fermi energy. 

Consequently the Fermi energy can be estimated from PL measurements (at least 

for low excitation densities, where the number of additional free carriers in the CB 

through excitation is negligible small). This energy is comparable with the lowest 

not occupied state in the CB, which allows for the calculation of the free carrier 

concentration as depicted in Figure 5c.   
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3 Experimental details 

3.1 Raman setup 

The micro-Raman measurements were performed in backscattering geometry z(..)z, 

utilizing a Horiba LabRAM HR 800 equipped with a 1200 l/mm grating (500 nm blaze), 

an Olympus BX41 optical microscope, and a 532 nm DPSS laser as excitation source. For 

measurements at room temperature, a 100x objective was applied, while cryogenic 

temperatures requested an 80x long distance objective as the sample was placed in an 

Oxford liquid-He microstat cryostat. The sample was placed on a 3-axes motorized stage. 

In order to investigate the homogeneity of the samples, the Raman microprobe was 

performed for up to 16 sample positions. All Raman mode positions and full widths at 

half maximum (FWHM) were obtained by a careful manual peak fitting routing applying 

Lorentzian fit functions. 

 

3.2 Macro PL/PLE setup 

The photoluminescence (PL) and photoluminescence excitation (PLE) experiments were 

performed in 90° geometry 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, 20 ns pulse width, pumped by a XeCl excimer laser) containing 2-methyl-

5-t-butyl-p-quaterphenyl (DMQ) as active medium. The luminescence signal was 

dispersed by an additive double monochromator (Spex 1404 - 0.85 m focal length, 

1200 groves/mm, 500 nm blaze) equipped with an ultra-bialkali photomultiplier tube 

(Hamamatsu, H10720-210). This PL setup is specialized for low excitation power 

(~100 W/cm2) measurements at very low temperature (1.8 K) and very high spectral 

resolution of the detection (< 20 pm) and the PLE excitation (< 0.15 nm).  
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3.3 Micro PL/TRPL/PLE setup 

 
 
Figure 8: Scheme of the complete micro-photoluminescence setup. Most of the applied 
optics are enhanced for the ultraviolet spectral range. Optics symbolized with solid contour 
lines are constantly present in the beam path, whereas dashed contour lines symbolize 
optional or flip mounted optics. 

 

A scheme of the complete micro-photoluminescence (μ-PL) setup is shown in Figure 8. 

This setup contains four possible excitation sources.  A frequency doubled Ar2+ laser 

(244 nm/257 nm) and a HeCd laser (325 nm/441.6 nm) provided continuous wave (cw) 

excitation. For time resolved PL (TRPL) measurements the fourth harmonic of a 

picosecond Nd:YAG laser (266 nm, 76 MHz repetition rate, 55 ps pulse width) was used. 

For PLE measurements a 500 W XBO lamp was employed and the excitation wavelength 

was selected by a 0.22 m double monochromator with switchable gratings, which allow 

for a broad excitation wavelength range from about 200 nm to 1000 nm. The excitation 
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power of the selected excitation source can be limited by two motorized continuous 

optical grey filter wheels.  

The sample was situated in a helium flow micro cryostat ST-500 manufactured by Janis, 

enabling a temperature variation from 4 K to 400 K. The measurements are performed 

in backscattering geometry. The light was focused and collected by an UV enhanced 

objective manufactured by Thorlabs with 20x magnification and a numerical aperture of 

0.4. A customized Köhler illumination along with a charge coupled device (CCD) camera 

module allow an imaging of the sample surface. The entire cryostat is mounted on a 2-

axes motorized stage with a minimum step size of 200 nm. The objective is mounted on 

a closed loop 3-axes piezo stage with a minimum step size of 1 nm and a maximum scan 

range of 100 μm, which allows for a detailed mapping of the samples surface.  

The PL was spectrally analyzed by a single monochromator (Spex 1704 - 1 m focal length, 

1200 groves/mm, 500 nm blaze) equipped with a nitrogen cooled UV-enhanced CCD 

array and temporally analyzed by a subtractive double monochromator (McPherson 

2035 – 0.35 m focal length, 2400 groves /mm, 300 nm blaze) equipped with a 

multichannel-plate (MCP) photomultiplier (Hamamatsu R3809U-52) limiting the 

temporal resolution to ≈ 55 ps. Standard photon counting electronics were applied in 

order to derive the final histograms. 

This setup combines PL, PLE and TRPL measurements including tunable temperatures 

and excitation powers with the option of mapping the samples surface. 
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4 Compensation in highly Germanium doped GaN 
Within this thesis are two sets of Ge doped GaN samples investigated. Both sets were 

grown by metal organic chemical vapor deposition (MOCVD), but with different growth 

conditions. These two sets of samples show very different measurement results, despite 

having similar Ge contents. The first set is described and investigated in this chapter (4), 

the second set in chapter 5. 

4.1 Investigated samples 

The samples were grown by MOCVD in a vertical showerhead reactor. All structures 

consist of a low temperature AlN nucleation layer on (0001) sapphire substrate 

overgrown with an 1.3 μm undoped GaN buffer layer and 1.1 μm Ge doped GaN layer. 

The doped layers were grown under a V/III ratio of 2000 and reactor pressure of 20 Torr. 

The TEGa flow was 134 μmol/min with a total gas flow of 7.2 slm. The Ge flow rates 

ranged from 0.135 to 4.5 μmol/min. The growth temperature for the undoped buffer 

layer was 1040 °C and lowered to 960 °C for the doped layer. This reduction of growth 

temperature for the doped layers allows for an efficient incorporation of Ge atoms into 

the crystal [53]. The disadvantage of the decreased growth temperature is a lower 

crystalline quality. Table 3 shows: the Ge flow rates during the growth, the free carrier 

concentrations determined by Hall effect measurements and Ge concentrations from 

secondary ion mass spectrometry (SIMS). The Ge concentrations in brackets (sample 

M001 and AR960) were not measured, but estimated by linear approximation.  
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Table 3: Free carrier and dopant concentrations measured by Hall effect and SIMS 
measurements, Germane flow rates of the investigated samples. 

Sample Germane flow rate Free carrier 

concentration (Hall) 

Ge concentration 

(SIMS) 

M001 0.135 μmol/min 3.0 x 1019 cm-3 (1.3 x 1019 cm-3) 

AR962 0.225 μmol/min 5.0 x 1019 cm-3 4.7 x 1019 cm-3 

AR960 0.450 μmol/min 1.2 x 1020 cm-3 (1.1 x 1020 cm-3) 

AR997 0.900 μmol/min 2.3 x 1020 cm-3 2.5 x 1020 cm-3 

AR999 1.350 μmol/min 1.3 x 1020 cm-3 4.0 x 1020 cm-3 

AR959 2.250 μmol/min 1.1 x 1020 cm-3 6.9 x 1020 cm-3 

AR958 4.500 μmol/min 6.1 x 1019 cm-3 1.2 x 1021 cm-3 

 

4.2 Compensation mechanisms in doped semiconductors 

Free carrier concentrations in semiconductors are not solely determined by their doping 

concentrations. In general not every dopant atom contributes a free carrier to a crystal, 

especially for high doping concentrations. The growth conditions and the Fermi level 

during the growth have a strong influence on the formation of point defects. Point 

defects can strongly influence the electronic and optical properties of semiconductors. 

The incorporation of point defects by doping can lead to compensation, which limits or 

even reduces the electrical conductivity. The formation energy and therefore the 

density of point defects is a function of the Fermi energy during the growth of a sample. 

The lower the formation energy of a point defect the higher the possibility of its 

formation and therefore its concentration within a crystal. This model accounts for the 

dopant on a lattice sites, interstitials, complexes and native point defects. With 

increasing doping concentration the formation energies of charged defects decrease, 

which can cause compensation of dopants in the film. A typical example for this 

mechanism is Mg doped p-type GaN where for doping concentrations above 

2 x 1019 cm-3 the formation energy of nitrogen vacancies (VN) is reduced drastically which 

leads to highly compensated layers. [54] Doping concentrations above 3 x 1019 cm-3 with 
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Mg leads to an increase of the resistivity of GaN layers [55] and at sufficient high doping 

in the 1020 cm-3 regime the material can even become n-type conductive. [56] The 

reduction of the conductivity (i.e. a decrease of the free carrier concentration) is caused 

by self-compensation. [57] Self-compensation means that from a specific doping 

concentration a further increase of the doping concentration leads to a constant (or 

decreasing) free carrier concentration. [58–60] Amphoteric or interstitial behavior of 

the dopant can cause a saturation of the free carrier concentration, [60] but a decrease 

of the free carrier concentration needs a compensating defect of the opposite charge 

species. For Mg doped GaN the compensating defects are nitrogen vacancies 

(VN) [55,57] and complexes containing VN.  [61,62]  

In n-type GaN, Silicon is the most common n-type dopant, where free carrier 

concentrations above 1019 cm-3 can be achieved. Higher free carrier concentrations are 

inhibited by self-compensation, which is caused by the reduction of the formation 

energy of Gallium vacancies (VGa) [54,63] and residual Carbon impurities [64]. Carbon 

can also be deliberately incorporated into GaN to create semi-insulating buffer layers 

that improve the performance of AlGaN/GaN heterojunction field-effect 

transistors. [65–67] This is possible because Carbon substitutes the Nitrogen site (CN) in 

GaN and acts as a deep acceptor. [68]  As deep centers, the carbon acceptor and the 

Gallium vacancies, are both possible candidates for the widely observed yellow 

luminescence (YL). It is still of debate whether Carbon [68–71], VGa [72–75] or even a 

complex both centers are the origin of the YL in GaN. Nonetheless, the YL in n-type GaN 

indicates the presence of compensation, because in all cases the YL is caused by 

acceptors. Consequently by increasing doping concentration the density of VGa and 

Carbon can increase, which can limit the free carrier concentration. 

Besides the compensation, another challenge in Silicon doped GaN is the occurrence of 

significant tensile strain levels in epilayers, [37,76,77] which is discussed in detail in 

chapter 5.2.2. Every type of point defect influences the strain within the crystal, and 
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depending on their sizes and bonding lengths, point defects can affect the lattice 

parameters  [77,78]. 

The following section presents the influence of high Germanium (Ge) concentrations, in 

the range of Ge = 1.3 x 1019 cm-3 to 1.2 x 1021 cm-3, on the free carrier concentration, 

strain and crystal quality within the doped GaN layer, measured by Raman spectroscopy. 

 

4.3 Raman spectroscopy results  
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Figure 9: Raman spectra of all investigated samples. The results of SIMS and Hall effect 
measurements are given in the legend. The influence of the free carrier concentration 
on the shift of the LPP- mode is depicted by the arrow. 

 

To investigate the dependence of free carrier concentration on the doping level in 

Germanium doped GaN by the means of Raman spectroscopy (see chapter 2.1.3), seven 

samples have been grown. The Ge content of these samples has been varied by using 

different GeH4 flow rates during the growth. The flow has been varied from 0.135 to 

4.5 μmol/min, which resulted in a Ge content ranging from 1.3 x 1019 cm-3 to 

1.2 x 1021 cm-3. Hall effect measurements revealed an increase of the free carrier 
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concentration from n = 3 x 1019 cm-3 at Ge = 1.3 x 1019 cm-3 to n = 2 x 1020 cm-3 at 

Ge = 2.5 x 1020 cm-3. A further increase of the Germanium concentration leads to a 

decrease of the free carrier concentration to n = 1.3 x 1020 cm-3 and lower. Figure 9 

shows the Raman spectra of these seven Germanium doped samples, featuring two 

E2(high) modes and a LPP- mode in each spectra. The E2(high) modes at 568 cm-1 

originate from the buffer layer and is stable in position and half width for all samples. 

The E2(high) modes at lower wavenumbers originate from the Ge doped layer, which 

show a shifting and broadening with increasing Germanium content. The LPP- modes 

show a similar trend to the Hall effect measurements. A detailed trend of the E2(high) 

and LPP- modes originating from the Germanium doped layer is shown in Figure 10.  
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Figure 10: Compilation of positions and FWHMs of E2(high) modes and 
positions of LPP- Raman modes depending on the Ge content. 
 

 

With increasing Ge content in the range of Ge = 4.7 x 1019 to Ge = 4.0 x 1020 cm-3 shifts 

the position of the E2(high) mode from 566.3 to 567.2 cm-1, the FWHM increases from 

3.5 to 3.9 cm-1. For the two higher Ge concentrations the positions of the E2(high) modes 

are shifted to lower wavenumbers with a minimum of 565.7 cm-1 and the FWHM is 

considerably increased with a maximum of 4.8 cm-1. These results show that the layers 
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with low Ge content are tensile-strained by 0.24 GPa (see chapter 2.1.2) with a good 

crystalline quality. With increasing Ge content the layers become compressive-strained 

and are almost relaxed at a Ge content of 4.0 x 1020 cm-3 with a compressive strain of 

0.07 GPa and a slightly decreased crystalline quality. For higher Ge contents the layers 

are tensile strained up to 0.45 GPa and the crystalline quality is drastically decreased. 

This indicates a drastic change in the defect concentration or crystalline structure within 

the sample and is a hint for an onset of compensation.  

The bottom graph in Figure 10 shows the process of the positions of the LPP- modes. It 

starts at 513 cm-1 which corresponds to a free carrier concentration of 4.8 x 1019 cm-3 

(see chapter 2.1.3). With increasing Ge concentration the position of the LPP- mode 

shifts towards higher wavenumbers and therefore indicates an increase of the free 

carrier concentration. The maximum is reached at a Ge content of 2.5 x 1020 cm-3 with a 

position of 522 cm-1 which corresponds to a free carrier concentration of 8.6 x 1019 cm-

3. A further increase of the Ge content leads to a shift of the LPP- mode towards lower 

wavenumbers. At the highest Ge content of 1.2 x 1021 cm-3 the LPP- mode amounts to 

518 cm-1 which corresponds to a free carrier concentration of 6.1 x 1019 cm-3. The 

possible reasons for the decrease of free carrier concentration with increasing Ge 

content are due to compensation and passivation effects. 
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Figure 11: Comparison free carrier concentrations estimated by Hall 
effect measurements and LPP coupling over doping concentrations 
estimated by SIMS. The solid black lines depicts the ideal behavior 
for the case that Ge content and free carrier concentration are the 
same.  

 

A direct comparison of the free carrier concentration, measured by Hall effect and 

Raman spectroscopy, with Ge content, measured by SIMS, shows the efficiency of the 

doping procedure. Figure 11 shows that the free carrier concentrations estimated from 

Hall effect and Raman spectroscopy measurements show similar results with the same 

trend. The large offset of the free carrier concentration between the measurement 

results of the sample with a Ge content of 2.5 x 1020 cm-3 most likely originates from an 

over estimation of the free carrier concentration by the Hall effect measurement or an 

inhomogeneity of the free carrier concentration over the as-grown wafer, because the 

measurements have been undertaken on two different pieces of the same wafer. 

Nevertheless the increasing offset between the doping and free carrier concentration 

with increasing Ge-content provides a clear evidence of compensation.  
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4.4 PL of compensated semiconductors 

Photoluminescence is an excellent tool for studying the influence of high free carrier 

concentrations on the electronic structure of a semiconductor. It supports the 

understanding of compensation mechanisms and helps to interpret the influence of high 

Ge doping with the given growth conditions on the incorporation of defects. Free carrier 

concentrations beyond the Mott transition are known to have a strong influence on the 

band structure of a semiconductor.    
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Figure 12: PL spectra of all investigated Germanium doped samples at 1.8 K. The spectra are 
vertically shifted and normalized for clarification. The inset presents the BMS caused high 
energy part of the PL spectra of the four lowest doped samples. The legend shows the Ge 
content measured by SIMS for the investigated samples. 

 

Figure 12 shows the evolution of the PL spectra of Ge doped samples with increasing Ge 

content. The samples have been excited by a HeCd laser with an excitation power 

density of 100 W/cm2. With a Ge content of 1.3 x 1019 cm-3 (black line) a typical spectrum 

for a degenerate semiconductor is visible. The broad luminescence at 3.43 eV and 

3.468 eV are caused by Ge related point defects. The luminescence at higher energies 

originates from direct transitions of the conduction band (CB) to the valence band (VB), 

so called band-to-band transitions. The high doping concentration leads to a high free 
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carrier concentration, in this case electrons, which causes a filling of the CB states. High 

free carrier concentrations, especially beyond the Mott transition [49] at about n = 7 x 

1018 cm-3 – 1 x 1019 cm-3 [32,50], lead to a deformation of the CB caused by the band gap 

renormalization [35] (BGR). In addition, the Burstein-Moss shift [42,43] (BMS) causes a 

shift of the luminescence to higher energies depending on the Fermi energy. [79]  

A further increase of the Ge content to 4.7 x 1019 cm-3 and 1.2 x 1020 cm-3 (red and blue 

line) shows a decrease of the intensity and strong quenching of the defect related 

luminescence at 3.43 eV. The second, higher energetic defect related luminescence 

increases in intensity compared to the energetic higher and lower parts of the spectra 

and shifts to lower energies of 3.567 eV. The BMS related luminescence shifts strongly 

towards higher energies (as shown in the inset of Figure 12) due to the filling of the CB 

states.  

In the spectrum with a Ge content of 2.5 x 1020 cm-3 (magenta line) the BMS related 

luminescence is no longer visible and only the defect related luminescence remains, 

which shifts further to lower energies of 3.465 eV. Any further increase of the Ge content 

leads to a strong broadening of the luminescence and a shift to higher energies until it 

reaches 3.48 eV for the highest Ge concentration of 1.2 x 1021 cm-3 (violet line). The shift 

of the defect related luminescence over the whole range of Ge concentrations is mainly 

related to the BGR and less to strain, as it can be seen in the Raman spectroscopy 

measurements in Figure 10. Stress in compressive direction causes an increase of the 

band gap and therefore a shift of the luminescence to higher energies. Stress in tensile 

direction would cause the opposite behavior. An increase of the free carrier 

concentration causes a decrease of the band gap and therefore a shift of the 

luminescence to lower energies. A comparison of the shift behavior of the defect related 

luminescence with the free carrier concentrations shows the direct interaction.  

The strong broadening of the defect related luminescence with increasing Ge content 

can be explained by an energetic broadening of a Ge related defect band within the band 
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gap. The defect band evolves into band-to-band transitions of a GaNGe alloy. This effect 

is already known, e.g. from GaAs:N. [80] 
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Figure 13: Comparison of free carrier concentrations estimated 
by Hall effect measurements, LPP coupling and shift of the Fermi 
edge estimated by PL measurements over Ge content given by 
SIMS measurements. 

 

The BMS related luminescence and the knowledge of the strain values of the layers allow 

for an estimation of the free carrier concentration from the PL measurements. The 

saddle point of the high energy side of the above band gap luminescence shows the 

maximum filling of the CB and is equal to the Fermi energy. The strain within the Ge 

doped layers is given by the shift of the E2(high) mode in the Raman spectroscopy 

measurements shown in chapter 4.3 and allows for the calculation of the band gap 

value. The knowledge of the band gap and Fermi energy values allow for the calculation 

of the free carrier concentration (see chapter 2.1.3).  

A comparison of the free carrier concentrations estimated by PL, Raman and Hall effect 

measurements of the three lowest Ge doped samples is shown in Figure 13.  
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Figure 14: High excitation power density PL spectra of all investigated Germanium doped 
samples at 1.8 K. The spectra are vertically shifted for clarification. The inset presents the 
relative change of the integrated luminescence of all spectra. The legend shows the Ge 
content measured by SIMS for the investigated samples. 
 

 

High excitation power density PL measurements have been performed to saturate most 

non-radiative recombination channels and defect luminescences to enhance the 

visibility of band-to-band transitions, as shown in Figure 14. Here, the excitation power 

density of 50 kW/cm2 is 500 times higher than for the performed PL measurements 

shown in Figure 12.  

While the defect luminescence at 3.43 eV almost disappeared and saturated the 

intensity of the luminescence at 3.468 eV is drastically enhanced and became even 

stronger than the BMS related luminescence. This result indicates the origin of the 

emission at 3.468 eV has a very high density of states.  

The relative PL intensities in comparison to each other, as shown in the inset of Figure 

14, displays that the overall near band edge luminescence first increases at a free carrier 

concentration of 1.1 x 1020 cm-3, then constantly decreases with increasing Ge content 

and increases again for the highest Ge content. A decrease of the intensity of the near 
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band edge luminescence can be caused by an increase of non-radiative recombination 

or an increase of luminescences at lower energies. 
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Figure 15: PL spectra of all investigated Germanium doped 
samples at 5 K. The data is normalized for better comparison. 
The legend shows the Ge content measured by SIMS for the 
investigated samples. 

 

Figure 15 shows the PL emission from 1.8 eV to 3.7 eV of four selected Ge doped samples 

on a logarithmic scale. The spectra are normalized to compare the intensity ratio 

between the near band edge luminescence and the yellow luminescence. For Ge 

concentrations of 1.1 x 1020 cm-3 and below the Ge has almost no effect on the yellow 

luminescence. With increasing Ge content, the luminescence of band-to-band 

transitions disappears and the yellow luminescence increases relative to the normalized 

intensity of the near band edge luminescence. An increase of the yellow luminescence 

is an indicator for compensation although its exact origin and the nature of the 

compensation are not known.  The different maxima of the yellow luminescence for 

different Ge concentrations with a difference of up to 300 meV and the not symmetric 

shapes indicate that multiple transitions are involved.  
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4.5 Dynamics and time resolved analysis 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

101

102

103

104

  2.5 x 1020 cm-3

  1.1 x 1020 cm-3

  4.7 x 1019 cm-3

  1.3 x 1019 cm-3

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Time (ns)

0

100

200

300

D
ec

ay
tim

e 
(p

s)

1019 1020 1021
0.0
0.5
1.0

Ge content (cm-3)

 
Figure 16: Transients (symbols) and biexponential fits (solid lines) of the emissions of 
the four lowest Ge doped samples measured at the high energy flank of each spectrum. 
The two insets show the results of the applied fit model (two decay times and the ratio 
of the amplitudes).  

 

Figure 16 shows the change of the decay of the luminescence at the high energy flank 

for the four lowest doped samples. The rise times of the emission are below the 

detection limit (<10 ps) and the decay times are multi- or stretched exponential. A non-

monoexponential decay of the emission is commonly observed in inhomogeneous 

materials like InGaN. In this case the inhomogeneous distribution of Ge in GaN causes 

an inhomogeneous distribution of free carrier concentrations. The value of the beta (β) 

factor (blue triangles in the inset of Figure 16) indicates how strong the distribution of 

Ge atoms is disordered. For the usual monoexponential function is β = 1. Disordered 

systems have values between 0 and 1, where the lower the value, the higher the 

disorder or clustering. The fitting results of the measured transients reveal a β value of 

0.94 for the Ge concentration of Ge = 1.3 x 1019 cm-3, which is a value close to a 

monoexponential decay. With increasing Ge content decreases the β value and reaches 

0.53 at Ge = 2.5 x 1020 cm-3. 
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Increasing free carrier concentrations cause screening of excitons and a decrease of 

their binding energy. [11] Once the Mott density is reached, band-to-band transitions 

dominate the emission. Since the band-to-band transition probability is smaller than the 

exciton transition probability, the decay time increases with increasing free carrier 

concentration. This effect generally competes with an increase of other recombination 

channels caused by compensation and energetically deep defects. The decay time 

decreases with increasing Ge content despite the fact that the free carrier concentration 

further increases. This effect could be explained by an increasing number of other 

recombination probabilities, like transitions over deep defects, e.g. the yellow 

luminescence, and non-radiative recombination. The increase of the NBE intensity in 

Figure 14 and the stable intensity of the YL in Figure 15 with increasing Ge content show 

that this is not the case. The only remaining transition is the strong Ge related peak at 

3.468 eV.  
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Figure 17: Transients (symbols) and triexponential fits (solid lines) of the emissions of 
the four selected Ge doped samples measured at the maximum of the strongest peak 
around 3.468 eV. The two insets show the results of the applied fit model for all Ge 
doped samples (one rise time, two decay times and the ratio of the amplitudes of the 
decay times). Only the highest Ge doped sample shows a mono exponential transient. 

 

Figure 17 shows the transients of the strong peak close to 3.468 eV of four selected 

samples. The decay time decreases with increasing Ge content and all transitions show 

an increased rise time except for the highest doped sample. Theoretically all transients 

contain a stretched exponential rise time and a stretched exponential decay time, but 

such a fit model requires too much computing power. Therefore a simpler triexponential 

(one rise and two decay times) fit has been applied. The resulting fit parameters are 

shown in the inset of Figure 17. With increasing Ge content the first decay time 

decreases, while the second decay time and their amplitude ratio decreases. The rise 

times increase from Ge concentrations of 1.3 x 1019 cm-3 to 1.1 x 1020 cm-3 and decrease 

afterwards with increasing Ge content. 

The increase in the difference of the two decay times and the decrease of their 

amplitude ratio is basically the same as a decrease of a β value in a stretched exponential 

function. This indicates an increase of disorder or clustering of Ge atoms. 
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A decrease of the decay time with increasing Ge content is caused by the increase of the 

yellow luminescence and non-radiative recombination. While increased rise times are 

caused by the transition from the filled conduction band to the Ge related defect band. 

The increase and decrease of the rise times are consistent with the observation of the 

BMS related luminescence in Figure 14. The monoexponential transient of the highest 

Ge doped sample indicates that this emission does not originate from a defect band in 

GaN, but from the conduction band of the ternary semiconductor GeGaN.  

 

4.6 Discussion 

The results of Hall effect, Raman spectroscopy and PL measurements (Figure 11 and 

Figure 13) show that free carrier concentrations above 1 x 1020 cm-3 are achievable in 

Ge doped GaN. The maximum free carrier concentration is achieved at a Ge 

concentration of 2.5 x 1020 cm-3. Compensation effects are barely measurable up to a Ge 

concentration of 1.1 x 1020 cm-3. From Ge = 1.3 x 1019 cm-3 to 1.1 x 1020 cm-3 the free 

carrier concentration increases almost linear with the doping concentration and is 

roughly the same. Raman spectroscopy measurements show a shift of the E2(high) by 

only 0.5 cm-1 to higher wavenumbers, which corresponds to 0.17 GPa strain in the 

compressive direction, and a slight increase of the FWHM by 0.4 cm-1, which 

corresponds to a slight decrease of the crystalline quality. PL measurements show an 

increase of the intensity of the NBE luminescence with increasing Ge concentration 

while the intensity of the YL does not increase. That indicates the number of transitions 

over energetically deep defects does not increase. Also the time resolved measurements 

show no hint of compensation mechanisms. The decay time of the high energy flank 

decreases with increasing Ge content, but the intensity of the YL does not increase in 

comparison to the NBE luminescence. While the high excitation density measurement 

(Figure 14) shows that the intensity of the NBE luminescence increases with Ge content, 

especially the intensity of the peak at 3.468 eV. These results indicate that the non-
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radiative recombination does not increase, but the recombination probability through 

the Ge related feature at 3.468 eV. 

From a Ge concentration of 2.5 x 1020 cm-3 a reduction of the intensity NBE luminescence 

is observable, which marks the onset of compensation. Higher Ge concentrations cause 

a decrease of the free carrier concentration due to compensation. The most likely 

candidates for compensation acceptors are VGa and Carbon, due their low formation 

energies at high Fermi energies. Other acceptors like Germanium atoms on a Nitrogen 

lattice site (GeN) are very unlikely to be formed by compensation because of their very 

high formation energy [81]. An increase of VGa and/or Carbon impurities is confirmed by 

the increase of the YL (Figure 15). The sudden shift of the E2(high) mode by 1.5 cm-1 to 

lower wavenumbers and the increase of the corresponding FWHM by 0.8 cm-1 at 

6.9 x 1020 cm-3, indicates a change in the crystalline structure. The transients of the peak 

maximum around 3.468 eV (depending on the Ge concentration) show a rise times 

between 74 and 89 ps, except for the sample with the highest Ge concentration of 

1.2 x 1021 cm-3. The rise times originate from transitions of carriers from the CB to the 

Ge related defect band. The absence of a measurable rise time, the increase of the 

intensity of the NBE luminescence, the broadening and shift of the NBE luminescence to 

higher energies are collectively characteristic of a degenerated semiconductor. The CB 

states are filled due to the effect of the BMS. The Ge related defect band at 3.468 eV 

broadens and its DOS increases with increasing Ge content. At the two highest Ge 

concentrations of 6.9 x 1020 cm-3 and 1.2 x 1021 cm-3 this defect band disappears and 

transforms into a GeGaN band-to-band transitions.  
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5 Electronic excitations stabilized by a degenerate electron gas in 

highly Ge doped GaN  
In chapter 4 it was shown that Germanium is an outstandingly efficient dopant in n-type 

GaN, but at very high Ge concentrations are compensation effects and a transfer to the 

ternary semiconductor GeGaN observable. The question arises, what happens if no 

compensation effect occurs and how do excitons interact with a three dimensional 

electron gas. To clarify this matter a second set of Ge doped GaN has been investigated. 

This set of Ge doped samples is compared by the means of Raman spectroscopy (chapter 

5.2) to a set of Si doped samples, which has been grown with the same growth 

conditions. The interaction of excitons and other discovered quasiparticles with a 

degenerated electron gas are shown Chapter 5.3. 

 

5.1 Investigated samples 

These samples were grown by MOVPE in an AIXTRON AIX 200/4 RF-S reactor. The (0001) 

sapphire substrates were 0.25° off-oriented towards the m-direction. All structures 

consist of an AlN seed layer and an AlGaN buffer layer followed by an 1.3 μm thick 

undoped GaN buffer layer. Subsequently, an approx. 1 μm thick doped GaN layer was 

grown. The doped GaN layer was grown at 1075 °C with a trimethylgallium (TMGa) flow 

of 96 μmol/min and an ammonia flow of 89 mmol/min at 200 mbar in hydrogen 

atmosphere with a total gas flow of 7.5 standard litre per minute (slm). Silane (SiH4, 100 

ppm in 6H H2), germane (GeH4, 10% in 6H H2), or isobutylgermane (IBGe) were used as 

dopant sources. The achieved free carrier concentrations were determined by Hall 

effect measurements at room temperature. For three samples the dopant 

concentrations were determined by secondary ion mass spectrometry (SIMS). The 

results are listed in Table 4.  
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Table 4 Free carrier and dopant concentrations of the investigated samples measured by Hall 
effect and SIMS measurements. 

Sample Dopant Free carrier 
concentration (Hall) 

Dopant concentration 
(SIMS) 

MD6968 Reference sample ~ 1.0 x 1017 cm-3  

MD6960 Germane 2.0 x 1018 cm-3  

MD6957 Germane 1.5 x 1019 cm-3 2.2 x 1019 cm-3 

MD6958 Germane 3.4 x 1019 cm-3 4.6 x 1019 cm-3 

MD6983 Germane 5.1 x 1019 cm-3 7.0 x 1019 cm-3 

MD7906 Germane 8.9 x 1019 cm-3 1.8 x 1020 cm-3 

MD6981 Silane 1.2 x 1018 cm-3  

MD6977 Silane 1.4 x 1019 cm-3  

MD6979 Silane 2.2 x 1019 cm-3  

 

5.2 Raman spectroscopy results 

5.2.1 Investigation of strain and crystalline quality by the means of Raman 

spectroscopy 

The non-polar character of the E2 modes makes them an excellent choice for 

determination of strain within a wurtzite crystal. Due to higher intensities of the E2(high) 

mode and a stronger stress introduced shift  compared to the E2(low) mode in GaN, 

strain in GaN crystals is usually investigated with the E2(high) mode. The position of the 

E2(high) mode of relaxed GaN at room temperature is at 567 cm-1. [82] If the crystal is 

tensile strained this mode shifts to lower wavenumbers. In the case of compressive 

strain, it shifts to higher wavenumbers. The amount of strain can be determined by 

pressure coefficients for the applied strain in a material. The E2(high) mode gives no 

direct information about strain values in a- or c-direction in the crystal. The given strain 

conditions are generally determined by the used growth procedure of the crystal. All 

investigated samples were MOCVD grown on sapphire and c-plane. That means the 

given strain is biaxial, perpendicular to the c-axis. The shift of the E2(high) mode in biaxial 
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strain in GaN is 2.86 cm-1 per GPa.  [21] With the knowledge of these values, the strain 

can be calculated from the difference between the relaxed and measured value of the 

E2(high) mode.  

The investigation of the FWHM of the E2(high) mode gives information about the 

crystalline quality of the sample. The smaller the FWHM the lower the number of 

structural and point defects. It is not possible to get an exact value for the number of 

defects, but a qualitative evaluation of the impact of growth technique and doping on 

the crystalline quality. 
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Figure 18: Room temperature Raman spectroscopy spectra 
of the reference sample in backscattering geometry. 

 

Figure 18 shows the Raman spectra of the undoped reference sample at room 

temperature. In the z(..)z geometry, over the 400 to 800 cm-1 range for GaN, only the 

E2(high) and A1(LO) mode are expected. The additional sapphire modes originate from 

the substrate. The crystal is transparent for the wavelength of the applied laser and the 

focal depth of the applied objective of approx. 4 μm is larger than the thickness of the 

epitaxial grown layers. Therefore the substrate modes are visible. The A1(TO), E1(TO) and 

E1(LO) are forbidden in this geometry. Nevertheless, they are visible due to multiple light 
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scatterings within the sample and the large numerical aperture of 0.95 of the objective 

lens. The additional * marked peak is most likely a local mode related structural 

defects  [83,84]. The E2(high) mode lies at 569.8 cm-1 with a FWHM of 2.7 cm-1. This 

observation indicates a compressive stress of 0.98 GPa and a superior crystalline quality 

if compared to literature values of heteroepitaxial growth.  

 

5.2.2 Comparison of structural properties in Si and Ge doped GaN 

5.2.2.1 Investigation of the E2 (high) modes and stress 
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Figure 19: Depiction of E2(high) Raman modes of Ge (left) and Si (right) doped GaN epilayers. 
The free carrier concentrations ranges from GaN:nid (black curve) to up to 3 x 1019 cm-3 for 
the Si and 8.9 x 1019 cm-3 for the Ge doped layers. 

 

The influence of Ge and Si doping on the E2(high) modes and therefore on crystalline 

quality and strain is depicted in Figure 19. The two black spectra at the bottom present 

the undoped reference sample. The other lines originate from Ge (left) and Si (right) 

doped samples with increasing free carrier and doping concentration from bottom to 

top. Comparable carrier densities in the Si and Ge doped GaN layers are displayed next 

to each other with matching colors. Free carrier concentrations for the Si doped samples 

range from 1.2 x 1018 cm-3 to 2.2 x 1019 cm-3 and for the Ge doped samples from 
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2 x 1018 cm-3 to 8.9 x 1019 cm-3. This picture clearly shows that the influence of Ge doping 

on the E2(high) mode is much smaller compared to Si. The Ge doped samples exhibit a 

small increase from 2.7 cm-1 to 3.4 cm-1 of the FWHM and almost no impact (less than 

0.6 cm-1) on the position. This indicates that Ge doping has almost no influence on the 

strain in the doped layer. The increase of the FWHMs show a minor decrease of the 

crystalline quality, which is expected with implantation of impurities. The Si doped 

samples, on the other hand, separate into two peaks, which is most clearly illustrated in 

the green spectra with a free carrier concentration of 1.4 x 1019 cm-3. With increasing Si 

content one peak shifts towards higher wavenumbers maintaining its FWHM, the other 

shifts towards lower wavenumbers with a strong increase of the FWHM up to 4.5 cm-1. 

The peak at lower wavenumbers originates from the Si doped layer and the peak at 

higher wavenumbers originates from the undoped buffer layer. Si induces strain in 

tensile direction and deterioration of the crystalline quality. The strain in tensile 

direction in Si doped GaN layers is commonly attributed to a continuous variation of 

edge-type dislocations angles with increasing doping concentration [37,76,77,85–87]. 

The high energy shift of the E2(high) mode in the buffer layer of the Si doped samples is 

caused by compressive stress that is introduced by the Si doped top layer during the 

growth. 



5 Electronic excitations stabilized by a degenerate electron gas in highly Ge doped GaN 

  43 

564 566 568 570 572
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Buffer
GaN:nid

Po
si

tio
n 

(μ
m

)

Raman shift (cm-1)

GaN:Ge

a)

564 566 568 570 572

b)

Buffer
GaN:nid

GaN:Si

 
Figure 20: Comparison of depth profile of E2(high) Raman modes 
of a Ge doped GaN epilayer with a free carrier concentration of 
5.1 x 1019 cm-3 and a Si doped GaN epilayer with a free carrier 
concentration of 2.2 x 1019 cm-3. These data reflects the 
development of strain and crystalline quality throughout the 
deposited layers. 

 

The Si introduced tensile strain becomes clearly visible in the cross section scan in Figure 

20. It shows the evolution of the E2(high) mode over sample thickness. The 

corresponding spatially resolved spectra are normalized and color-coded in blue to red, 

indicating a rise in intensity. The measured Raman shift in cross section is not 

representative for the volume crystal due to relaxation towards the edge in a strained 

crystal. The broken edge leads also to additional structural defects which increase the 

FWHM compared to the volume crystal. However, the relative change of the peak 

positions and their FWHMs still reflects the strain variation over the depth of each film. 

The buffer layer of the Si doped sample with a carrier concentration of 2.2 x 1019 cm-3 

shows a variation of the E2(high) mode’s FWHM in between 3.4 cm-1 and 5.0 cm-1, while 

its energetic position close to the nucleation layer yields 569.5 cm-1 and reaches 

568.2 cm-1 as soon as the interface to the Si-doped layer is approached. Within the Si 

doped layer the shift continues to 567 cm-1.  
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Consequently, the Ge doped sample, with a free carrier concentration of 5.1 x 1019 cm-3, 

shows a small increase of the FWHM from 3.1 cm-1 to 3.9 cm-1 and a stable position of 

the E2(high) mode over the whole sample thickness at 569.5 cm-1. Even though these 

absolute values are not representative for the volume crystal, the relative change of the 

FWHM and position of the E2(high) over thickness shows the differences of Si and Ge 

doping. Si doping does not only affect the doped layer by strain in tensile direction and 

decreased crystalline quality, it also affects the buffer layer. That means the change of 

the inclination angle of edge type dislocations influence the strain conditions in the layer 

below. Ge doping on the other hand has no influence at all on the strain conditions 

within the buffer layer. 

568

570

572

1017 1018 1019 1020

2.5
3.0
3.5
4.0
4.5

1 cm-1
Relaxed GaN 10 K

 GaN:nid
 GaN:Si  300 K
 GaN:Ge 300 K
 GaN:Ge   10 K

P
os

iti
on

 
E

2(
hi

gh
) (

cm
-1
)

Relaxed GaN 300 K

1.6 cm-1

FW
H

M
 

E
2(

hi
gh

) (
cm

-1
)

Free carrier concentration (cm-3)  
 
Figure 21: Compilation of positions and FWHMs of E2(high) Raman modes 
depending on free carrier concentration for Ge and Si doped GaN epilayers. 

 

The fitting results of the E2(high) modes originating from the doped layer of the 

investigated Ge and Si doped samples at room temperature (Figure 19) and also at 10 K 

for the Ge doped samples are depicted in Figure 21. The upper part shows the evolution 

of the position of the E2(high) and therefore the strain over free carrier concentration. 

While the lower part shows the evolution of the FWHM of the E2(high) and therefore 
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the crystalline quality over free carrier concentration. Each data point in the room 

temperature measurements represents the average of 16 peak positions originating 

from 16 different sample positions. The error bars represent the standard deviation. The 

dashed lines indicate the position of the E2(high) in fully relaxed and undoped GaN at 

300 K (567 cm-1) and 10 K (568 cm-1) [82]. The Ge doped samples show a small shift to 

higher wave numbers over free carrier concentration, except for the sample with the 

highest free carrier concentration. The maximum shift (at 5.1 x 1019 cm-3) in comparison 

to the undoped sample is 0.6 cm-1, which corresponds to an increase of the compressive 

strain by 0.21 GPa. The FWHM is only increased by 0.3 cm-1 at this point. The layer with 

the highest free carrier concentration (8.9 x 1019 cm-3) is 3.6 μm thick, which means 

2.9 μm thicker than the doped layers of all other samples. The increased thickness of 

this layer leads to a stronger curvature of the surface accompanied by a higher number 

of structural defects and therefore the Ge doped layer of this sample is slightly more 

relaxed than the thinner ones. The position of the E2(high) mode for this thick layer is 

569.7 cm-1, which within the error of this measurement is the same value of the 

undoped sample with 569.8 cm-1. The increased value for the FWHM of the E2(high) 

mode to 3.4 cm-1 for the thick layer is caused by the increased number of defects and 

the change of strain over its thickness. The general small increase of the FWHMs E2(high) 

mode in the Ge doped layers is an indicator for a very small or almost no compensation 

within this material. The error bars, which indicate the standard variation of the 

positions and FWHMs for all the measured spots on each sample, are mostly below 

0.1 cm-1. Only the thicker sample has a value of 0.2 cm-1. That means defect distribution 

within these layers is absolutely homogenous and is not effected by the Ge doping. 

The Si doped samples show a shift to lower wave numbers and an increase of the FWHM 

of the E2(high) mode over free carrier concentration. With increasing Si content the 

strain in tensile direction, originating from the change of the inclination angle of edge 

type directions, increases and the crystalline quality decreases drastically as well. The 

highest Si doped sample shows a shift back to higher wave numbers and a decrease of 

the FWHM. Doping with Si concentrations beyond 1019 cm-3 even evokes a more 
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dramatic deterioration of the GaN layer due to the effect of back etching, yielding an 

immediate surface roughening [88,89]. This indicates that the shift back to higher wave 

numbers is directly correlated to the onset of island growth and surface roughening. A 

comparison of the error bars and therefore the standard deviation of the peaks positions 

and FWHM over the samples show that the Si doped samples generally have a larger 

difference than the Ge doped samples. Consequently the Si doped samples are much 

more inhomogeneous compared the Ge doped ones. This inhomogeneity increases with 

Si content.  

The Raman measurements at 10 K show a shift of the E2(high) mode to lower wave 

numbers by 1.6 cm-1 for all Ge doped samples. The change of the position of the E2(high) 

mode due to the change of the lattice constant over temperature from 300 K to 10 K in 

GaN is 1 cm-1. The additional shift of 0.6 cm-1 comes from additional stress originating 

from the sapphire substrate, because of the higher thermal expansion coefficient 

compared to GaN. [29] This result shows that the GaN layers are 0.2 GPa more strained 

at 10 K compared to room temperature. This additional strain has to be taken into 

account for calculating the relaxed positions of luminescence peaks in low temperature 

photo luminescence spectroscopy.  

 



5 Electronic excitations stabilized by a degenerate electron gas in highly Ge doped GaN 

  47 

5.2.2.2 Investigation of free carrier concentrations and LPP coupling 
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Figure 22: Raman spectra of all investigated uncompensated Germanium doped GaN 
samples. The behavior of the LPP- mode with free carrier concentration is clearly 
visible. 

 

Figure 22 shows Raman spectra of the first set of Germanium doped GaN samples and 

the evolution of the LPP- mode with increasing free carrier concentration. The free 

carrier concentrations for each sample are given by Hall effect measurements. In Figure 

23 the position of the LPP- mode is drawn against the free carrier concentration for the 

four highest doped samples. The solid lines show the calculated position of the LPP- 

mode for a relaxed sample (black line) and for a 1 GPa compressively strained layer (red 

line). The compressive stress has almost no effect on the position of the LLP- mode in 

the range of 1019 cm-3 and results into a shift of less than 2 cm-1 towards higher 

wavenumbers at 1020 cm-3. The comparison of the Hall effect and Raman spectroscopy 

results shows a strong agreement in the estimated free carrier concentrations, 

especially for the highest doped samples. 
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Figure 23: The solid lines show the calculated undamped position 
of the LPP- mode over free carrier concentration for the relaxed 
case (black line) and the by 1 GPa compressively strained case (red 
line). The black dots show of the measured LPP- position over free 
carrier concentration measured by Hall effect measurements. 

 

This indicates that the Hall measurements were not influenced by other layers or surface 

effects and that the influence of plasma damping and strain on the determination of the 

free carrier concentration by LPP coupling is negligible small.  

To determine how efficient the doping of a layer is for a given growth procedure, 

secondary ion mass spectrometry (SIMS) has been performed. SIMS measurements 

allow for determination of Germanium concentration within the GaN layers over 

thickness as shown in Figure 24.  
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Figure 24: SIMS measurement results of the four highest Ge doped 
GaN layers. 

 

The sample with the lowest Ge concentration (green line) of 2.2 x 1019 cm-3 shows a 

homogeneous Ge concentration over the whole thickness. The two samples with the 

medium Ge concentrations (blue and teal) have a decreasing Ge concentration over 

thickness with a difference of approx. 2 x 1019 cm-3 between surface and the interface 

to the buffer layer. The presented Ge concentrations result from the average Ge 

concentration over the whole thickness. The sample with the highest Ge content 

(magenta line) is five times thicker than the other samples and seems to be very 

inhomogeneous over thickness. This sample suffers from a higher concentration of 

structural defect such as v-pits. These structural defects lead to a more porous and 

amorphous crystalline structure, which causes a huge error in the determination of the 

Ge concentration (in the range of 4 x 1019 cm-3). Additionally, the ion beam cuts faster 

in the thicker porous sample than in the thinner ones with a higher crystalline quality. 

This makes the calibration of the correct depth very difficult.  



5 Electronic excitations stabilized by a degenerate electron gas in highly Ge doped GaN  

 50 

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14  Ideal behavior of 
         negligible compensation

 LPP- (Raman)
 Hall effect

Fr
ee

 c
ar

rie
r c

on
ce

nt
ra

tio
n 

(1
019

 c
m

-3
)

Germanium concentration (1019 cm-3)  
Figure 25: Comparison of Hall effect, Raman with SIMS 
measurements. 

 

The actual Ge concentration measured by SIMS compared with the free carrier 

concentration measured by Hall effect and Raman spectroscopy clearly demonstrate the 

degree of compensation within the grown layers, which is shown in Figure 25. A direct 

comparison of the free carrier concentrations measured by Hall effect and Raman 

spectroscopy shows that both results are very close to each other and within the given 

error of the measurements. The solid line shows the ideal behavior of an 

uncompensated semiconductor, where every single dopant atom generates a free 

electron. The three thin samples with Germanium concentrations below 8 x 1019 cm-3 

show almost this ideal behavior. Only the thicker sample with a Ge concentration of 

approx. 18 x 1019 cm-3, has a much higher doping than free carrier concentration, which 

is caused by compensation. The SIMS measurements give no insight into the energetic 

positions of the Ge impurities within the band gap. The Ge atoms which do not 

contribute a free electron can be deeply bound or even present in the lattice as 

acceptors. A clearer insight into the nature of these kind of impurities is given by 

photoluminescence measurements in chapter 5.3. 
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5.3 Optical properties of uncompensated degenerated electron gas in GaN 

The influence of high free carrier concentrations on electronic states in heavily doped 

semiconductors is well-known. [10] Rising free carrier concentrations alter the optical 

characteristics of the semiconductor through the Burstein-Moss shift [42,43] (BMS), 

band gap renormalization [35] (BGR), and Pauli blocking of the optical transitions. [44] 

In the limit of high free carrier concentrations, decreasing exciton binding energies 

facilitate a transition to Mahan-like excitons [51] at the Fermi edge singularity. [11] 

Excitonic excitations above the band edge have already been discussed for bulk 

systems [90] above the Mott density [49], the onset of a metal like state. The quasi-

bosonic character of excitons is lost upon their dissociation into purely fermionic 

constituents (electron and hole). The spatial confinement inherent to 

nanostructures [91–93] like quantum dots [94,95] and quantum wells [96,97] stabilises 

quasiparticle complexes causing distinct optical features even under intermediate free 

carrier concentrations, including trions in two-dimensional crystals like MoS2 

layers. [98,99] 

In this chapter a novel class of exciton like particles, named collexons, will be presented 

and discussed. Collexons can increasingly be stabilized with rising density of a 

degenerate electron gas in a bulk semiconductor (GaN) up to 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 also the 

collective excitation of the entire degenerate electron gas in the high-density limit. 

Contradicting the commonly observed behavior of heavily doped semiconductors, the 

entire emission intensifies and its decay time slows towards increasing free electron 

concentration, while the collexonic emission narrows spectrally, as long no 

compensation occurs. Based on theoretical modelling of this intricate many-particle 

problem, a model that is consistent with all experimental findings is presented, 

demonstrating an increasing bosonization of collexons with rising electron 

concentration. The results confirm that, collexons are fundamental, many-particle 
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excitations in the presence of a degenerate electron gas irrespective of the particular 

semiconductor host material. 

 

5.3.1 Low temperature Photoluminescence spectroscopy 

To study the optical properties of a degenerated electron gas in a highly Ge doped GaN 

all samples have been investigated by photoluminescence (PL) measurements at 1.8K. 

At first, the near band edge luminescence of the not intentionally doped (nid) GaN 

reference sample is shown in Figure 26. 
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Figure 26: PL spectra of the undoped GaN sample at 1.8 K in 
logarithmic scale featuring at least two donor bound excitons (DBX) 
and two free excitons (FX) originating from the A- and B-valence 
band.  The two free excitons originating from the excited sate of the 
A-valence band and the C-valence band are weakly visible. 

 

The luminescence of the reference GaN:nid sample is dominated by the luminescence 

of donor bound excitons (DBX). Additionally, two free excitonic contributions are visible 

at 3.5015 eV and 3.5098 eV originating from the A- and B-valence bands. Luminescence 

from the C-valence (3.533 eV) band and the excited state of the A-valence band (3.521 
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eV) are barely visible and just roughly estimated. The donor bound excitons in this 

energetic regime in MOCVD grown GaN samples typically originate from Oxygen, Silicon, 

Nitrogen vacancies (VN) or Nitrogen vacancies Hydrogen complexes (VN-H). [63,100–

103] The positions of the free excitons are shifted to higher energies compared to the 

relaxed values in GaN (FXA = 3.4751 eV, FXB = 3.4815, FXC = 3.493 eV). [104]  

The biaxial strain within the GaN layer has a strong influence on the band gap value. 

With increasing compressive strain increases the energetic difference between the A-, 

B-, and C-valence band and the conduction band. With the knowledge of the exciton 

deformation potentials [26] it is possible to calculate the shift of the excitonic 

luminescence as discussed later in detail with Figure 36.  

The intensity of the free excitons is only two orders of magnitude smaller in comparison 

to the bound excitons and the full width at half maximum (FWHM) of the FXA is below 

3 meV. This result confirms the outstanding crystalline quality of the MOCVD grown 

samples. These superior crystalline qualities are generally achieved by hydride vapor 

phase epitaxy (HVPE) or epitaxial lateral overgrowth (ELOG) grown samples. [28,105] 
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Figure 27: PL spectra of all investigated Germanium doped samples at 1.8 K. The spectra are 
vertically shifted for clarification. The legend shows the free carrier concentrations for the 
investigated samples given by Hall effect measurements. 

 

Figure 27 shows the PL spectra at 1.8 K of the undoped reference sample and five Ge 

doped samples with free carrier concentrations ranging from 3 x 1018 cm-3 to 

8.9 x 1019 cm-3 acquired by Hall effect measurements. While the luminescence of the 

not-intentionally doped sample is still dominated by donor bound excitons, [100] any 

rise of the Ge concentration (nGe) by intentional Ge doping causes a spectral broadening 

as frequently observed for various semiconductor compounds. [79,106] At a sufficiently 

high free electron concentration, the corresponding Fermi energy passes the conduction 

band and causes above band gap luminescence due to the BMS [42,43], while the 

simultaneous extension of the luminescence towards lower energies is caused by the 

BGR [47]. The corresponding critical carrier density is the Mott-density, which is about 

n = 7 x 1018 cm-3 – 1 x 1019 cm-3 in GaN. [32,50] 
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Figure 28: PL spectra of the two peaks XL and XU of the three 
highest Ge doped samples without the PL of band-to-band 
transitions. The spectra are shifted vertically for clarity. 
 

 

Despite the present high doping level, two pronounced peaks stand out at free carrier 

concentrations from 3.4 x 1019 cm-3 and above, labelled XL and XU (see Figure 28). The 

energetic positions, FWHMs and energetic differences are given in Table 5. The emission 

lines with such low FWHM values between 4 and 9 meV, represent a highly unusual 

observation at these high doping levels. Contributions from any luminescence from the 

underlying buffer layer of pure GaN can be excluded as shown in the following chapter 

by cross-section and depth-resolved cathodoluminescence. Inhomogeneities in the 

doped layer, which cause local doping free areas, can be excluded as well, as evidenced 

in the Raman spectroscopy results.  
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Table 5: Stress values, energetic positions, FWHM and difference of XL and XU for the three 
highest doped samples. The stress values are extracted from the Raman spectroscopy 
measurements, the PL values are extracted from Figure 28. 

Free carrier 
concentration 
n (× 1019 cm-3) 

Stress at 
10K 
(GPa) 

XL 
position 

(eV) 

XU 
position  

 (eV) 

 -  
(meV) ↓ 

XL FWHM  
(meV) ↓ 

XU 
FWHM  
(meV) ↓ 

3.4 1.26 3.4914 3.5045 13.1 ± 0.3 8.8  ± 0.1 6.8 ± 0.2 
5.1 1.33 3.4923 3.5052 12.9 ± 0.3 9 ± 0.1 6.0 ± 0.1 
8.9 1.12 3.4897 3.5014 11.7 ± 0.3 7.8 ± 0.1 4.0 ± 0.1 

 

A comparison of the positions of XL and XU, their energetic differences and FWHM for 

the three samples given in Table 4 reveals their dependence on free carrier 

concentration and stress. The positions of XL and XU are mainly influenced by the stress 

within the Ge doped layer, but their energetic difference shrinks with increasing free 

carrier concentrations. That means both peaks are influenced by stress and free carrier 

concentration or alternatively just one peak is influenced by stress while the position of 

the second is determined by the free carrier concentration. The FWHM of both peaks 

show a similar behavior. Whereas the FWHM of XL seems mainly be related to stress XU 

is mostly related to the free carrier concentration, where the FWHM of XL increases with 

increasing stress and the FWHM of XU decreases with increasing free carrier 

concentration. The strong narrowing of the linewidth of XU from 6.8 meV to 4.0 meV 

indicates a stabilization mechanism of XU by the electron gas. This means the effect of 

the varying strain level in all samples is partially reflected by the linewidths trend related 

to XL that is influenced by the strain level in the GaN:Ge layers and the free electron 

concentration. 

Within the present work, minor strain variation the energetic FWHM of XL rises with 

increasing biaxial stress. Wagner et al. found a similar behavior for bound and free 

excitons in ZnO. [107,108] Therefore, the linewidths of XL exhibits a maximum for the 

sample with a free electron concentration of 5.1 x 1019 cm-3 as a maximal bi-axial 

compressive stress of 1.33 GPa occurs. Any further rise of the free electron 
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concentration leads to a decrease in the linewidths as the beneficial stabilization effect 

by exchange overcompensates the detrimental strain effects. 

 

5.3.2 Cross section and depth resolved cathodoluminescence 
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Figure 29: Comparison of cross section CL of the buffer layer and the Ge doped layer with 
in-plane PL of the Ge doped layer at 8 K. 

 

To prove that the luminescence of XU and XL originates from the Ge doped layers 

cathodoluminescence (CL) spectroscopy has been applied. Figure 29 shows a 

comparison of cross section CL measurements of the Ge doped layer and the undoped 

buffer layer and in-plane PL measurements with high and low excitation power densities 

of the highest doped and thicker sample. The undoped buffer layer exhibits a strong 

emission originating from donor bound excitons (DBX), similar to the GaN:nid reference 

sample in Figure 26. The positions of the DBX have an energetically lower spectral 

emission compared to XU and XL. This proofs that to XU and XL do not originate from the 

buffer layer besides the face that the penetration depth of PL measurements with an 

excitation wavelength of 325 nm is below 80 nm. [109] Nevertheless the peaks XU and 

XL are much less pronounced in comparison to the PL measurements with low excitation 
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power. Also the broad emission band at 3.42 eV disappeared. These differences can be 

explained by the high excitation power PL measurements with a quadrupled, pulsed 

Nd:YAG laser. The emission at 3.42 eV does not increase in intensity with exaction 

power, that means it saturates and originates most likely from structural and/or multiple 

point defects. The background luminescence of band-to-band transitions gains more 

intensity over excitation power density as the XU and XL.  
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Figure 30: Depth-resolved cathodoluminescence spectra 
of the Ge-doped sample with free carrier concentration of 
5.1 x 1019 cm-3 at 77 K. The excitation voltage has been 
varied from 2 to 30 kV. The spectra are normalized and 
stacked. The inset shows the CL signal strength over depth 
depending on the excitation voltage. 

 

With depth resolved CL measurements it is possible to investigate the change of 

luminescence in-depth within a sample. The inset of Figure 30 shows the strength of the 

CL signal in-depth for the investigated sample structure. For voltages below 10 kV only 

CL from the Ge doped layer is measurable. CL originating from layers below the Ge 

doped layers can only be observed with higher voltages as long as it is not absorbed by 

the Ge doped layer. An increase from 2 to 30 kV does not show any change in the 
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position or intensity of the peaks XU and XL and no additional peaks are visible. Only a 

small change in the slope of the high energy flank of the luminescence is observed which 

becomes steeper with increasing excitation voltage. 

The unchanged peak intensity of XU and XL in comparison to the band-to-band transition 

with depth proves that these peaks originate from the Ge doped layer. They do neither 

originate from the buffer layer nor are they related to surface effects. If they would 

originate from the buffer layer, they were not visible for excitation voltages below 10 kV. 

Additionally, if they were related to surface effects their intensity would diminish with 

increasing excitation voltage.  

The change of the slope on the high energy flank of the luminescence can be explained 

by the change of Ge concentration in-depth as shown in Figure 24. With decreasing Ge 

concentration in-depth decreases as well as the free carrier concentration in-depth and 

the BMS. The excitation volume of the luminescence origin in-depth increases with the 

accelerating voltage. Consequently, the change of the BMS in-depth leads to a smeared 

out high energy flank of the luminescence at higher excitation voltages. 

 

5.3.3 Absorption deep defects 

The investigated samples show no sign of any compensation mechanism up to a Ge 

concentration of 7 x 1019 cm-3 and only the onset of such an effect at 1.8 x 1020 cm-3, as 

illustrated in Figure 25. The Hall effect measurements were applied at room 

temperature, but the increase of free carrier concentration over temperature is 

negligible for degenerated semiconductors. [30] That means almost every Ge-atom 

contributes a free electron up to a Ge concentration of 7 x 1019 cm-3, before the onset 

of compensation and passivation occurs. 

Further evidence for the low compensation level in the GaN:Ge samples is provided by 

photoluminescence and transmission measurements over a broad energy interval as 

shown in Figure 31. The sample with the second highest Ge concentration with a free 



5 Electronic excitations stabilized by a degenerate electron gas in highly Ge doped GaN  

 60 

electron concentration of 5.1 x 1019 cm-3 exhibits an almost identical transmission up to 

the Fermi-edge when compared to the GaN:nid reference sample with the same 

thickness. The transmission modulation in Figure 31 is caused by Fabry-Pérot oscillations 

due to the particular layer stack within samples. No trace of any defect-induced 

absorption in the visible range is noticeable [110] for this free electron concentration  

(5.1 x 1019 cm-3) as the transmission features an almost flat characteristic over the broad 

energy interval. A multitude of doping approaches is known to produce the defects 

responsible for the so-called, yellow and blue defect luminescence in GaN, [63] which 

are both not pronounced in this sample. The GaN:Ge sample with the highest free 

electron concentration exhibits a  15 % reduced transmission due to the onset of 

compensation and defect formation (e.g. induced by V-pits).  
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Figure 31: Transmissions of the GaN:nid (red line) and two highly Ge doped sample (blue 
and green line) at 300 K, and a PL spectra of one Ge doped sample at 300 K. 
 

 

Nevertheless, the entire transmission characteristic is still comparably flat over a wide 

energy interval without any distinct traces of defect-related bands that would lower the 

transmission. The level of compensation due to the influence of defects is minor in all 
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samples except for the sample with the highest doping concentration, which marks the 

onset of compensation. 

 

5.3.4 Dynamics and time resolved analysis 
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Figure 32: Decay times of band-to-band transitions at excitation 
power densities of 10 GW/cm² and 10 MW/cm² and the shift of the 
Fermi-edge over free carrier concentration. 

 

Since the band-to-band transition probability is smaller than the exciton transition 

probability, slower decay times are expected. [111] This change is visible in the time-

resolved photoluminescence (TRPL) measurements below and above the Mott density. 

With increasing free carrier concentration, excitons become screened and the 

recombination of free electrons with free holes becomes more plausible. [11] This leads 

to an increase of the decay time with free carrier concentration. The temporal evolution 

of the high energy luminescence affected by the Burstein-Moss-shift (BMS) can be most 

efficiently compared among all analyzed samples if the Fermi-edge is chosen as the 

spectral measurement position. Figure 32 depicts a comparison of the decay times close 

to the Fermi edge for two excitation powers (10 MW/cm² and 10 GW/cm²) and the shift 
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of the Fermi edge over free carrier concentration. The position of the Fermi edge is 

estimated from the shift of the high energy flank in PL measurements Figure 27. For the 

low excitation regime (in this case 100 W/cm²) the Fermi energy can be estimated by 

the saddle point of the high energy flank of each PL spectra. [79] Higher excitation power 

densities lead to an additional blue shift (not shown) and an increased decay time 

caused by band filling. The constantly increasing decay time and BMS shift over free 

carrier concentration shows that there is no or a negligible small increase of impurities, 

which would increase the non-radiative recombination or compensation.  
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Figure 33: Transients of three emission regimes (XL in red, XU in blue 
and band-to-band transmission background in green) of one GaN:Ge 
sample (5.1 x 1019 cm-3) and the energy dependent life times over the 
whole emission spectra in the inset 

 

A comparison of transients of different energetic regions of the spectral emission of the 

GaN:Ge sample with the free carrier concentration of 5.1 x 1019 cm-3 is shown in Figure 

33. All three transients seem to be mono exponential and transient of XU (blue) and the 

BMS background (green) are almost identical. Only the transient of XL (red) has a slightly 

longer decay time. The inset shows the corresponding PL spectra for taken TRPL 

measurements. The black squares mark the energy dependent decay times for a mono 
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exponential decay of the luminescence. In the green area the decay times are almost 

stable and lie at 307 ps (±2 ps), for blue at 305 ps and for red at 319 ps. In the spectral 

BGR regime the decay times decrease slowly towards lower energies. Towards the Fermi 

edge the decay times decrease much more drastically and reach 216 ps near the Fermi 

edge.  

The absence of an obvious visible second decay time means that XL and XU must have 

similar decay times to the background luminescence originating from the band-to-band 

transitions. To extract the pure transient of XL and XU without the contribution of the 

band-to-band transitions, the transient from the BMS (green area) is subtracted from 

the transients measured at the positions of XL and XU (red and blue). The resulting 

transients including the fit results are plotted in Figure 34. 
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Figure 34: Time-resolved Photoluminescence analysis of XU and XL for three doping concentrations. The 
transients are plotted on a linear scale for a clear depiction of the rise times. 

 

The extracted transients of XL and XU reveal a clear trend over free carrier concentration. 

Not only the decay times of the BGR- and BMS-luminescence increase with rising doping 

concentration (see Figure 32), also the decay times of XU ( ) and XL ( ) follow 



5 Electronic excitations stabilized by a degenerate electron gas in highly Ge doped GaN  

 64 

this trend. While the high energy peak (XU) features a fast rise time (  < 10 ps) in all 

transients, its low energy counterpart (XL) exhibits a well-resolvable rise time  that 

diminishes with rising doping concentration. The solid lines in Figure 34 represent the 

results of biexponential (consideration of rise and decay times) fitting model 

(n = 3.4 x 1019 cm-3 and 5.1 x 1019 cm-3), while only the highest doped sample required 

the inclusion of a second decay time due to the onset of compensation and structural 

defect formation. [100] Also the reduced decay time of the highest doped sample 

(n = 8.9 x 1019 cm-3) in comparison to the lower doped sample (n = 5.1 x 1019 cm-3) is 

most likely caused by the increased compensation (cf. chapter 5.2.2.2). The decay times 

of the XL and XU excitations surpass the value of the background BGR- and BMS-

luminescence, indicating a localization mechanism induced by the Fermi sea of 

electrons. 
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5.3.5 Excitation channels  
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Figure 35: Photoluminescence excitation (PLE) spectra (top) along 
with the corresponding photoluminescence spectrum (bottom). All 
PLE spectra are shown in energetic difference in regard to the 
energetic position of XU at the given free electron concentration in 
order to eliminate the influence of strain. The PLE spectra are color 
matched with their corresponding detection energy (dashed lines). 

 

The lower part of Figure 35 shows a section of the PL spectrum of the highest doped 

sample including XL, XU and the near band edge broad defect band luminescence. The 

upper part shows PLE spectra of the highest doped sample with detection energies 

indicated by the dashed lines in the PL spectrum (green = defect luminescence, red = 

spectral position of XL, blue = spectral position of XU). Additionally, there are two PLE 

spectra of the two lower doped samples (n = 3.4 x 1019 cm-3 and 5.1 x 1019 cm-3). All PLE 

spectra are depicted in energetic difference in regard to energetic position of XU at the 

given free electron concentration in order to eliminate the influence of strain. The 

influence of varying strain levels is explained in the following Figure 36. The green and 
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the blue PLE spectra are increased by the factors 2.5 and 10 respectively. None of the 

spectra are shifted vertically.  

The PLE spectrum of XU (blue) features only one excitation channel ( ) comprising 

a hole from the A-valence band and an electron in the first excited state of the exciton-

like complex, a situation similar to the excited A-exciton in high-quality, undoped GaN 

samples.  [26,28,112] In contrast, the PLE spectra related to XL (red - color gradient) are 

much less perturbed due to the enhanced localization. That means, in the high energy 

regime, two additional excitation channels appear, comprising holes from the B- ( ) 

and C- ( ) valence band along with an electron in the ground state.  

In addition, close to resonant excitation of XU boosts the intensity of XL, driving a 

quasiparticle transformation process, whose dynamics is quantified by the rise time of 

XL (  extracted from the time-resolved analysis (Figure 34). Interestingly, the 

intensity of the excitation channel related to XU rises with doping concentration, while 

the entire PLE spectrum of XL gets more distinct. This observation, in addition to the 

particular scaling behavior of the rise time with doping concentration, supports the 

identification of XU and XL as the exciton-like 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 shift between the 

maxima of the PLE spectra related to XU and the corresponding PL features rises towards 

higher energies with increasing free electron concentration. In addition, a similar, 

electron-density-dependent shift can be observed for all excitation channels related to 

 and . The PLE maximum related to XL is also shifted towards higher 

energies when compared to its PL counterpart as evidenced in the PLE spectrum 

associated to the defect band situated at 3.425 eV. Similar shifts between PLE and PL 

maxima have been attributed to self-absorption processes often related to donor-

acceptor-pair luminescence in, e.g., GaN [100] and CdS  [113]. In this case, any excitation 
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energy in close resonance to XU promotes the generation of XL related complexes scaling 

with free electron concentration due to an intensification of the closely related 

scattering process quantified by means of . The pronounced generation of XU 

complexes at the GaN:Ge sample’s surface also promotes the absorption of light that 

arises from the decay of XL by means of XU dissociation, a process similar to infrared 

absorption of free excitons in Si and Ge that shows an absorption extension towards the 

free excitonic continuum. [114,115] The most efficient generation of XL via the total 

resonant excitation of XU complexes is not necessarily accompanied by a maximum in PL 

intensity as the entire process is counterbalanced by a self-absorption process. It is 

exactly this subtle balance between close to resonance excitation and self-absorption 

processes that governs the particular structure of the PLE spectra shown in Figure 35. In 

this picture it is also possible to understand the electron-density-dependency of the 

maximum in the PLE spectra related to XL. As long as the scattering process that feeds 

XL via XU is of limited efficiency due to a comparably low number of free electrons 

(3.4 x 1019 cm-3), the self-absorption process is negligible and only a minor shift in 

between the maximum in the PLE and PL spectrum occurs. However, as soon as the free 

electron concentration rises, the resonant excitation of XL via XU becomes increasingly 

efficient as the underlying scattering processes are enhanced (5.1 x 1019 cm-3 and 

8.9 x 1019 cm-3). A closer look to the PLE spectrum of the defect-related band (3.425 eV) 

in Figure 35 even shows that the offset between the PLE and PL maxima is here more 

pronounced for XL. Here, XL constitutes the supreme excitation channel of this defect-

band as the strongest sign of a self-absorption process is observed, despite the fact that 

both excitation channels related XU and XL show similar intensity in the PLE spectrum. A 

detailed analysis of the microscopic origin that balances the intensity ratio for this 

defect-band goes beyond the scope of the present thesis and must remain a task for 

future work. 

Nevertheless, the assignment of the luminescence peaks to the corresponding 

excitation channels is apparent from Figure 35, showing that holes from the three 

topmost valence bands contribute to XL, while the complexes related to XU possess an 
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efficient conversion pathway towards XL. Naturally, both complexes can dissociate and 

therefore contribute to any luminescence at lower energies as their components 

(electrons and holes) relax towards the corresponding defect bands. 

 

5.3.6 Strain introduced shift  
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Figure 36: A comparison of the theoretical biaxial strain related shift of GaN 
exciton emissions with exciton emissions and exciton-like recombination 
channels measured by PL and PLE. The solid lines represent the shift of the 
free excitonic emissions related to the A-, B-, C-valence band and first 
excited state of the A-exciton over biaxial strain, calculated by exciton 
deformation potentials. The rectangles show the positions of the free 
exciton emission of the GaN:nid sample. The circles show the positions of 
the exciton like emissions and recombination channels of the highly Ge 
doped samples. The strain values are given by Raman spectroscopy 
measurements. 

 

The strain variation in the germanium doped samples is discussed in detail in chapter 

5.2.2.1 based on Raman spectroscopy. The E2(high) mode can be used to derive, the 

corresponding strain tensor component  based on a set of stiffness constants  [26] 

and phonon deformation potentials. [21] Figure 36 correlates the change of the c-lattice 

constant  for the GaN:nid sample (triangles) with the free exciton transition energies 
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related to the A- (grey), B- (light red), and C- (light blue) valence band in addition to the 

first excited state of the A-exciton (light green, n = 2). For the GaN:nid sample a perfect 

agreement between the free exciton transition energies derived from PL and PLE 

measurements is observed.  

Figure 36 summarizes the energy of all XU-related excitation channels from PLE 

measurements (circles) observed for the three highest doped GaN:Ge samples, in direct 

relation to the strain tensor element . As introduced in Figure 35, these excitation 

channels of XU stand in close relation to the three topmost valence bands of GaN and 

are labelled accordingly, where  and .  denotes the excited state 

excitation channel (n = 2)‚ related to the A-valence band. Based on Ref. [26], all  

values can be translated into corresponding free-exciton emission energies as shown in 

Figure 36 (solid lines). The Ge doped samples with free carrier concentrations below 

3.4 x 1019 cm-3 do not show any similar luminescence features. As a result of this 

comparison, it is apparent that the absolute energetic positions of all PLE excitation 

channels are dominated by the varying strain level in the samples, an observation that 

also directly applies for all emission energies derived from PL measurements. 

Nevertheless, especially for the sample with the highest free electron concentration 

(8.9 x 1019 cm-3) one observes an additional shift of the excitation channels towards 

higher energies in comparison to the expected values based on the strain level 

determined by Raman spectroscopy (solid lines). This phenomenon can be related to the 

offsets between PL and PLE resonances as shown in Figure 35.  

In addition any offsets in Figure 36 are caused by the fundamentally different physical 

origin of free excitons and collexons leading to deviating electronic deformation 

potentials. In both cases an influence for the strain dependence of the valence bands is 

directly demonstrated. 

 



5 Electronic excitations stabilized by a degenerate electron gas in highly Ge doped GaN  

 70 

5.3.7 Excitation energy dependent photoluminescence and reflection 
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Figure 37: Photoluminescence excitation spectra and reflected light 
of the XBO lamp of the highest doped sample. The high intensity 
peak on the high energy side of each spectrum originates from the 
excitation source and marks the excitation energy. The change of the 
whole spectrum and the amount of the reflected light over 
excitation energy becomes visible. 

 

The change of the whole PL spectra over excitation energy is shown in Figure 37. The 

major difference to the PLE spectra shown in Figure 35 is the excitation source. The 

monochromatic XBO lamp has an excitation power density of 0.1 W/cm² and is therefore 

more than two orders of magnitude weaker than the applied dye Laser or the HeCd Laser 

as shown in Figure 35 and Figure 27. Nevertheless has the PL spectrum for excitation 

energies above the Fermi edge (violet spectrum) the same shape as for the HeCd Laser, 

which means the difference in the excitation power is in this case negligible. Decreasing 

excitation energies cause a number of changes to the whole PL spectrum. The high 

energy flanks of the PL spectra shift towards lower energies with decreasing excitation 

energy, because only transitions below the excitation energy are generated. Excitation 

energies close to the Fermi edge (dark and light blue spectra) cause an increase of the 

PL intensity. This effect is caused by an increased absorption and is known as the Fermi 
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edge singularity. [51] This singularity of the absorption arises from the growing Fermi 

surface and the modification of the effective electron-hole attraction due to the CB 

filling. [11]  

Excitation energies below the Fermi edge (yellow and orange spectra) lead to the 

disappearance of the band-to-band transition luminescence, while the luminescence of 

XL and XU remains visible. The intensity of XL stays roughly the same and the intensity of 

XU is strongly decreased in comparison to over Fermi edge excitations. The reason for 

the change of the intensity is not clear. However, it seems as if XU is more efficiently 

generated via over Fermi edge excitation and XL is less dependent of the excitation 

energy. The TRPL and PLE measurements as shown in Figure 34 and Figure 35 reveal a 

transfer process from XU to XL, including that a decrease of the intensity of XU should 

also lead to a decrease of XL. Accordingly this transfer process from XU to XL is strongly 

enhanced for under Fermi edge excitation and supports the many particle interaction 

theory as explained later in the discussion in 5.4.  

Once the excitation energy approaches the energetic position of XU the intensity of XL 

increases in the same manner as for the PLE measurements with the dye laser (Figure 

35). Additionally, the intensity of the detected excitation source is increased as well, but 

by one order of magnitude stronger that the luminescence of XL. The same behavior for 

the intensity of the detected light from the excitation source is visible for the energetic 

position of XU. Contributions of the luminescence to the increase of the detected light 

from the light source are negligible small, because the luminescence is more than two 

orders of magnitude smaller. Consequently the reflection from the sample’s surface 

increases in vicinity of XU and XL. This effect is known from reflection measurements of 

free excitons. [28] 

The only difference to conventional reflection spectroscopy is that the angle of the 

optical pathway of the excitation and detection to the surface normal is not the same. 

This unusual configuration is unfavorable for high quality reflection spectra. However, it 
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facilitates for the omission of Fabry-Pérot interferences, which are very strong for the 

given sample structure, and would strongly interfere with the reflection spectrum.   
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Figure 38: The change of the reflectivity over Energy of the highest 
doped sample in comparison to the above Fermi edge excitation PL 
spectra. 

 

Figure 38 contains a PL spectrum of the highest doped sample with above Fermi edge 

excitation (black line) and reflectivity data (green line). As the back reflected lamp 

intensity is continuously monitored during the recording of the polychromatic PLE 

spectra, a reflectivity spectrum can easily be extracted. A pronounced change in 

reflectivity is observed in close energetic vicinity to the spectral position of XU and XL in 

the PL spectrum. Such behavior is known for complexes like free excitons causing major 

reflectivity changes in contrast to classical bound excitons. [28] This observation 

supports the interpretation of XU and XL as an exciton like quasiparticles unaffected by 

impurities, like Ge-donors. Figure 38 indirectly proves that neither XL nor XU arise from 

the buffer layer underneath the GaN:Ge layer. Any luminescence contribution of the 

GaN buffer layer would always be dominated by bound-excitonic luminescence that 
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stands in stark contrast to the strong change in reflectivity. At this point, low-

temperature ellipsometry measurements are a task for future work. 

 

5.3.8 Thermalization 
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Figure 39: The Intensity of XL, XU and the band-to-band transition luminescence over 
temperature of the highest doped sample in an Arrhenius plot (symbols). For each fit (solid 
lines) are two activation energies used. The inset shows the development of XL and XU over 
temperature. 

 

The exciton like character of XL and XU is confirmed by their rapid thermalization 

behavior as shown in the inset of Figure 39. Both emission bands vanish simultaneously 

with increasing temperature, while the Burstein-Moss shifted background luminescence 

of band-to-band transitions remains comparably stable. Figure 39 summarizes the 

corresponding thermalization behavior of XL, XU, and BMS in an Arrhenius-plot. The 

trend of diminishing intensity with rising temperature is fitted in accordance to 

Ref.  [116] under consideration of two separate thermal activation energies. The 

background of the band-to-band transitions is most robust against all thermalization 
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processes, while XU and XL thermalize more rapidly. This behavior can be understood as 

soon as the particular physical origin of XL and XU as a bicollexon and a collexon is taken 

into account. The liberation of one of the constituents (electron or hole) of the individual 

many-particle complex always leads to a complete dissociation of XL or XU. Hence, an 

increasing number of particles that form the underlying excitonic complex (collexon  

bicollexon) increase the susceptibility to thermalization. Hence, XL exhibits smaller 

thermal activation energies than XU, while the BMS luminescence constitutes the most 

simplistic and therefore the most resistant luminescence with increasing temperature. 

More detailed studies of this particular temperature dependency must be undertaken 

with focus on the doping and excitation power - another motivation for future research. 

 

5.4 Discussion  

Several observations based on Figure 27 and Figure 28 contradict the standard model 

for the behavior of highly doped semiconductors. First the high doping level in the 

present case causes the appearance of distinct peaks (XL and XU), and second the entire 

luminescence intensity in the band edge region rises with nGe due to an extraordinarily 

high crystal quality. Additionally, the lifetime τBMS of the BMS-shifted band-to-band 

transitions close to the Fermi edge increases with nGe, a clear sign of negligible 

compensation. The combination of SIMS, Hall-effect, Raman, transmission, reflection, 

and PL measurements, proves that the present set of highly germanium-doped GaN 

samples exhibits only minor compensation effects as only a well-tolerable concentration 

of extended structural defects and deep carrier traps is introduced. [30,89] The free 

electron concentration, n, scales with the dopant concentration, nGe, in an almost linear 

fashion, with the highest doped sample as only exception. The main reason for the 

overall high crystalline quality is given by the similarity of the Ge4+ and Ga3+ core radii 

and bond lengths in GaN. [81] The only significant doping-induced difference is the 

additional valence electron of Ge that leads to the Fermi sea formation a most ideal 

textbook-like doping situation. 
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The effect of the high doping concentration in combination with low compensation is 

directly revealed by the particular luminescence characteristics of XL and XU. The spectral 

splitting between both peaks, the binding energy of XL (  = ), while XU, 

diminishes with rising free electron concentration. Simultaneously, the line-broadening 

(FWHM) of XU and XL peaks decrease indicating a stabilization mechanism. In addition, 

the time-resolved PL (TRPL) measurements from Figure 34 reveal a characteristic scaling 

behavior of the associated decay times along with pronounced quasiparticle 

transformation processes studied in more detail based on PL excitation (PLE) 

spectroscopy (see Figure 35). All these observations underline the novel characteristics 

of the elementary excitations that are not inhibited, but instead truly stabilized by the 

degenerate electron gas. 

All experimental observations correlate with the formation of many-particle complexes. 

The XU peak is identified as a complex interacting with the Fermi sea, achieving its 

stabilization by exchange of electrons. The most important energy gain mechanism 

providing stability in an electron gas is particle exchange. [44] This effect is illustrated in 

the upper, left panel of Figure 40. 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 Figure 40). In contrast to the interband 

electron-hole pair forming the complex XU, 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, the bicollexon, is consequently stabilized by 

electron exchange and Coulomb attraction. Its total excitation energy is lowered by the 

effective binding energy of the additional intraband electron-hole pair. Here, this 

effective value is the full binding energy minus the excitation energy of an electron from 

the Fermi sea above the Fermi level, leaving a hole behind.  
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Figure 40: Depiction of the many particle interactions of collexons and 
bicollexons in the 3D Fermi sea. The ground state (G) is formed by the 
degenerate electron gas, the Fermi sea. Upon optical excitation, inter-band 
excitations are formed and stabilized by the Fermi sea of electrons giving 
rise to the first excited state, the collexon (XU) with a decay rate γU. In this 
high density regime, such collexons scatter with electrons in the Fermi sea 
(γU L), enabling the formation of the bicollexon (XL). The bicollexon 
represents a mixed complex of inter- and intra-band electron-hole pairs that 
decays (γL), forming the second excited state. 
 

 

In contrast to trions, [95–97,99,117] the bicollexon is electrically neutral, spinless, and 

of bosonic nature. PL measurements in presence of a magnetic field up to 5 T (not 

shown) do not reveal any shift or splitting of the collexon lines. 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 cannot be excluded. In 

Figure 39 the XL peak exhibits a prominent line-shape asymmetry below 10 K that may 

be traced back to additional, weakly bounded intraband electron-hole pairs. The 

theoretical picture developed for low or moderately doped semiconductor 
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nanostructures such as quantum wells, wires, or dots cannot be applied in the present 

case. The measured free electron concentrations (n = 3.4 x 1019 cm-3, 5.1 x 1019 cm-3, 

8.9  x 1019 cm-3) correspond respectively to Fermi energies of  166, 

217, and 315 meV in the conduction band with a Fermi wave vector of 

 1.00, 1.15, and 1.38 nm-1, if an isotropic electron mass  0.231  is 

assumed. [50] Direct comparison with the Bohr radius of an A-exciton in GaN 

(  2.16 nm) shows that the high-density limit  1 beyond the Mott density is 

reached, where free excitons and their charged, trionic counterparts are completely 

dissociated, nullifying their relevance for optical data in the high-density regime.  

The extraordinary role of the degenerate electron gas for the formation of XU and XL is 

illustrated in Figure 40. The ground state (G) of the system is given by the Fermi sea in 

the Γ7c conduction band of GaN:Ge. Upon optical inter-band excitation, the 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 G 

state. The collexon forms a first excited state stabilized by the Fermi sea of electrons 

through unscreened electron exchange (illustrated by the arrows in Figure 40). It is 

protected against interactions with polar optical phonons, since the Fröhlich 

coupling [118,119] is also screened. 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, a collexon is excited. Second, scattering of the collexon in the Fermi sea 

excites an electron and leaves a hole behind, yielding a bicollexon complex, which emits 

at lower energies with respect to the collexon. XL is a highly unconventional, mixed 

complex constituting intra- as well as interband excitations that originate from the 

optical excitation and the subsequent exciton-electron scattering (γU L) and coupling 

mechanism to the Fermi sea. The optical decay of a bicollexon leaves an intra-band 

excitation behind that will relax rapidly towards the G state, the unperturbed Fermi sea 

in the conduction band. 
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The particular formation process of the bicollexon XL explains the occurrence of the rise 

time ( ) in the corresponding PL transients in Figure 34 and the particular excitation 

channel in close energetic vicinity to the collexon XU (see Figure 35). The rising free 

electron concentration promotes the excitation channel associated to XU as the 

probability for electron exchange events is enhanced. The PLE spectra of XL (red - color 

gradient) from Figure 35 confirm their correlation. The increasing stabilization 

mechanism via electron exchange is quantified by  and  and their particular 

scaling behavior with rising doping concentration in qualitative agreement with the 

spectral narrowing in Figure 28. 

 

5.5 Theoretical model 

The theoretical description of the novel many-particle complexes, collexon and 

bicollexon, stabilized by the presence of a degenerate electron gas from first principles 

requires the calculation of the spectral behavior of the two- and four-particle Green 

functions, including the correct occupation of the quasiparticle bands. For the two-

particle case this is possible by solving a corresponding Bethe-Salpeter equation 

(BSE). [44] Typically, Hedin’s GW approximation [120] is applied, where for the 

description of quasi-electrons and quasi-holes vertex corrections to the single-particle 

self-energy are neglected, and only a statically screened Coulomb attraction between 

electrons and holes is taken into account. [10,121] In this limit, the BSE can also be 

solved in the presence of the degenerate electron gas. [11] This solution contains the 

band-gap renormalization and the Burstein-Moss shift on the single-particle 

level [35,50,11,92] as well as the additional screening of the electron-hole interaction, 

which may lead to a dissociation of the exciton bound states and, hence, to the Mott 

transition [49], Fermi edge singularity, and Mahan excitons. [51] However, even this 

theory is unable to describe bound electron-hole excitations coupled to the degenerate 

electron gas with an excitation energy close to that of excitons in the absence of free 

carriers, [11] mainly due to the omission of vertex corrections in the BSE kernel. [44] The 
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inclusion of the vertex function modified by the degenerate electron gas is a challenge 

for future theoretical investigations of the novel complexes. For more particle 

excitations such as in the case of biexcitons and trions in the low-density limit, the 

situation becomes worse as many-particle Green functions are required. Typically, such 

problems are approached constructing model Hamiltonians (see Refs.  [122,123]). A 

T-matrix approximation containing particle-particle and particle-hole channels allows 

the description of charged excitons. Such approximations are also applicable in the 

biexciton case, [124] in particular to describe the additional binding between the two 

electron-hole pairs. Until now, there is no attempt to study the influence of a degenerate 

electron gas on such a four-particle excitation. 

In order to describe collexon and bicollexon complexes additional approximations, 

based mainly on physical, but less on mathematical grounds, have to be introduced.  

For the investigation of near band edge optical phenomena of n-doped wurtzite GaN, 

only a two band model is considered. Near the -point only the 7c conduction band and 

the uppermost valence band 9v are taken into account. In the undoped case this 

restriction would be consistent with a study of the A-exciton. The two bands are 

assumed to be isotropic as well as parabolic with the effective masses   and  and 

to be separated by a density-dependent direct gap Eg(n). [92] Details regarding the band 

structure as the differences between the effective masses parallel and perpendicular to 

the c-axis [125] and the band coupling giving rise to the non-parabolicity [126] can be 

found elsewhere. The optical transition 9v  7c is dipole-allowed at the -point for 

light polarization perpendicular to the c-axis. [125] This polarization anisotropy will not 

be discussed further in the following discourse.  

In the low excitation limit, the absorption and emission properties are dominated by 

bound states, e.g., of free 1s-excitons [44,124] or trions [122,123,127] and can be 

simulated by the imaginary part of a frequency-dependent optical susceptibility  as 

a sum of such quantities in oscillator form. Following this approach it is possible to 

describe the collexon and bicollexon by: 
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 and  denote the density-dependent excitation energy and the line-

broadening of the collexon (XU). The capture process of an additional electron-hole pair 

constituting the bicollexon (XL) is described by a self-energy . [123,127] Its 

negative real part  is the effective binding energy of the 

additional intraband electron-hole pair affected by the degenerate electron gas, 

, while the negative imaginary part  

characterizes the modification of the bicollexon's line-broadening 

. The density-dependent envelope functions  and  of the many-

particle complexes XU and XL appear in real space at the coordinate centre because the 

optical transition matrix element  is approximated by its value at the Γ-point. [44,124] 

Their squares characterize the localization of the many-particle complexes with rising 

electron density. The index  labels the stabilizing degenerate gas with  electrons, the 

corresponding index  indicates that the intraband electron gas is excited with an 

electron above the Fermi level and a hole in the Fermi sea, while the pre-factors  and 

describe the number of corresponding complexes. Only the rate γU L, introduced in 

Figure 40, is directly accessible via TRPL measurements yielding .  

To describe PL and PLE spectra it is assumed that the density-dependent envelope 

functions of the two complexes at vanishing particle distances are  and . 

This fact indicates that the sum of the oscillator strengths of the two complexes is not 

conserved for varying electron density as observed experimentally for trions and 

excitons. [128,129] In the collexon case it is described by the density-dependent Fourier-

transformed envelope function, here given by: [10,123] 
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One may approximate this expression by the Fourier transform of a hydrogenic 1s-wave 

function 

 

with a characteristic radius . However, its density dependence strongly deviates 

from that of a screened Wannier-Mott exciton, which underlies a Mott transition in 

contrast to the collexon. This is a complex whose characteristic extent is reduced by the 

exchange interaction with the electron gas. For the four-particle bicollexon complex, 

three different relative motions appear. The most important one is the relative motion 

of the electron with respect to the corresponding hole in different bands. In order to 

illustrate the small spatial extent of the complex, this matter is similarly specified by 

assuming vanishing relative particle distances as indicated by .  

The localization of the complexes in the presence of the electron gas leads to excitation 

energies  and  of the complexes, which are not coupled to the Burstein-

Moss edge  as in the high-density limit of Mahan excitons. On the contrary, 

collexon and bicollexon appear below the excitation energy of an exciton in the absence 

of free carriers. This observation may be interpreted as a consequence of the 

unscreened particle-particle exchange with energies of the order of  for the electron-

hole pairs excited virtually in the degenerate electron gas, thereby almost compensating 

the Burstein-Moss shift. 

Taking the collexon and bicollexon into account, their spectra can be approximated in 

the high density regime by 

 

where collexon and bicollexon parameters, are functions of the free carrier density. 
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The relation of the two many-particle complexes, collexon and bicollexon, can be 

discussed in two ways. The collexon may be considered as a dissociated bicollexon, 

where the intraband electron-hole pair recombines. The more intuitive picture is a 

bound interband electron-hole pair stabilized by the electron gas, the collexon. Due to 

the strong interaction with the Fermi sea, the collexon may capture a low-energy 

electron-hole pair, whose binding in the complex overcomes its virtual excitation 

energy. This capturing is described by a pair self-energy . The self-energy  

may be approximated in the framework of a T-matrix approximation with an effective 

attracting potential, similar to the treatment for quantum wells. [123,127] 

Additionally, especially in GaN, it is important to note that the emission linewidth of 

excitons is not trivially related to the inherent decay time. The particular spectral line 

shape depends on many factors such as, excitation energy, strain, and impurity 

density. [130] Specifically high doping densities lead to a pronounced broadening of 

spectral emission lines in bulk GaN as well as related nanostructures. [131,132] Starting 

at a free electron concentration of  = 3.4 x 1019 cm-3, the emission linewidth of XU and 

XL diminishes as all detrimental effects of the host lattice - dictating the initial linewidths 

of XU and XL - are overcompensated by the beneficial stabilization action of the Fermi 

sea of electrons. By increasing the free electron concentration, the weight for the origin 

of the observable linewidth is shifted from the crystal lattice to the degenerate electron 

gas. The rising doping concentration continuously weakens the quasi-bosonic character 

of all excitonic complexes until a re-bosonization is achieved in the form of XU and XL 

with rising free electron density and diminishing emission linewidths. 
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6 Summary 
The main topic of this work is the detailed investigation of electrical, optical and 

structural properties of highly Germanium doped GaN. The correlative analysis of two 

series of Germanium doped samples reveals the strong influence of the growth 

conditions on point defects and compensation mechanisms in semiconductors. A low 

growth temperature of 960 °C facilitates a very efficient incorporation of Germanium 

atoms into the GaN crystal. The maximum Germanium concentration of 1.2 x 1021 cm-3 

corresponds to more than 1% Germanium content in the GaN crystal. The maximum 

free carrier concentration of 2.3 x 1020 cm-3 is achieved at a Germanium concentration 

of 2.5 x 1020 cm-3, which also marks the onset of measureable compensation effects. The 

strength of these compensation effects increases with increasing Germanium 

concentration. The higher the Germanium content the lower the FWHM of the 

Germanium doped layer, which corresponds to a decrease of the crystalline quality. The 

reduction of the intensity and decay time of the NBE luminescence while the YL 

increases is attributed to an increase of VGa and/or Carbon impurities. Other point 

defects are less likely to play a role in this compensation mechanism due to their 

relatively high formation energy. PL measurements show an energetically shallow 

Germanium related strong luminescence. This luminescence evolves with increasing 

Germanium content from a Germanium related defect band into the conduction band 

of the ternary semiconductor GeGaN.  

Higher growth temperatures in the range of 1075 °C lead to better crystalline quality of 

GaN layers, which is shown by the remarkably small FWHM of the E2(high) of 2.7 cm-1. 

However, two to three orders of magnitude higher flow rates of the precursor of the 

dopant are necessary to achieve similar Germanium concentrations as for lower growth 

temperatures. For comparison Silicon doped samples with similar doping concentrations 

were grown with the same growth conditions. High Silicon concentrations in GaN cause 

a change of the inclination angle of edge type dislocations, which results in tensile stress 

and a strong decrease of the crystalline quality. Irregular strain fields in Silicon doped 
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GaN samples increase the tendency of inhomogeneous incorporation of the dopant and 

significantly increase the concentration of compensating defects.  

The Raman spectra of the Ge-doped samples exhibit a homogenous strain distribution 

over the entire epitaxial layer in strong contrast to the observations for any Silicon 

doped samples. Germanium doping in GaN has a negligible small impact on the strain 

and a remarkably small influence on the crystalline quality in comparison to Silicon 

doping. A comparison of the Germanium concentration, measured by SIMS, with the 

free carrier concentrations, measured by Hall effect and Raman spectroscopy, reveals 

that only the highest Germanium doped, thicker sample shows compensation. The 

excellent crystalline quality of the GaN crystal is also shown by the clear signature 

luminescence of free excitons. With increasing Germanium content samples reveal a 

text book like behavior of the NBE luminescence, which broadens and shifts towards 

higher energies due to the BMS and BGR. From a free carrier concentration of 

3.4 x 1019 cm-3 two pronounced narrow peaks appear, which originate from an, prior to 

this work, unknown quasi particle, the collexon. With increasing free carrier 

concentration the intensity and decay time of the collexon luminescence increases, 

while the FWHM decreases. The increasing density of the three dimensional electron 

gas stabilizes the many particle complex of the collexon. Scattering of the collexon in the 

Fermi sea excites an electron and leaves a hole behind, yielding a bicollexon complex, 

which emits at lower energies with respect to the collexon. The bicollexon is a highly 

unconventional, mixed complex constituting intra- as well as interband excitations that 

originate from the optical excitation and the subsequent exciton-electron scattering and 

coupling mechanism to the Fermi sea. Significantly, the previously unreported two 

fundamental excitations discovered in this work should occur in the optical signature of 

any highly doped and at the same time lowly compensated semiconductor with an 

extraordinary high crystalline quality. No additional spatial confinement of carriers, as 

in quantum well and quantum dot structures, is needed. Dopants that achieve a close-

to-perfect substitution of the corresponding host atom should lead to near perfect, 
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doped crystals comprising a degenerated electron gas, which will stabilize with 

collexons.  
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