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Final Report: UV Polariton Laser 
 

Introduction 
 

The conducted research within the project “UV Polariton Laser” significantly enhanced the 

fundamental understanding of AlGaN based materials suitable for deep UV lasers. Major 

material limitation for the epitaxy of thick nitride based vertical emitting laser structures as well 

as a profound knowledge of microcavity lasers and the optical properties of nitride based multi 

quantum well emitters were gained. 

 III-nitride materials are the most promising candidates for development of vertical cavity 

surface emitting laser structures operating in the deep UV spectral range. The ternary AlGaN 

alloy enables the fabrication of versatile lasers emitting in a wavelength region between 6.2 eV 

(AlN) and 3.39 eV (GaN) with low absorption losses and high efficiency. In addition polariton 

lasing at ultra-low thresholds and with no need of population inversion is feasible. Polariton 

formation is promoted by the high excition binding energy and strong light-matter coupling 

strength in nitride materials.  

 However, deep UV or polariton lasing from vertical emitting III-nitride laser structures has 

not been reported so far. A major challenge remains the fabrication of highly reflective low loss 

Bragg mirrors (DBR), the growth of suitable, highly efficient multiple quantum well (MQW) active 

regions, the integration of both in a microcavity structure and the doping of the lasers for 

electrical carrier injection. All of these issues were addressed during the period of the project. 

Significant breakthroughs were achieved in the growth and design of high reflectivity, low 

absorption deep UV DBRs operating at 270 nm. In addition, AlGaN multiple quantum well 

emitters having high output efficiency matched to the DBR resonance wavelength (spectral 

resonance) were demonstrated for the first time. 

1. Epitaxy of high reflective deep UV distributed Bragg mirrors 
 

The fabrication of high reflectivity DBRs require the fabrication of an alternating /4 layer stack of 

a high and low refractive index material. The refractive index contrast and number of layer pairs 

directly defines the maximum reflectivity and bandwidth of the mirror. For the applied low and 

high index material AlN and Al0.65Ga0.35N respectively, the achieved refractive index contract at 

the intended resonance wavelength of 270 nm is 6%. The dispersion of the nitride materials 

compared to literature values is depicted in Fig. 1. In order to achieve a sufficient high reflectivity 

above 90% required for lasing, more than 15 layer pairs needed to be grown (Fig. 2 and 

simulated graph in Fig. 7).  
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Fig. 1: Dispersion of the AlN (red) and 

Al0.65Ga0.35N (green) materials used within the 

deep UV DBRs. The refractive index contrast at 

the resonance wavelength of 270 nm is 6%. 

Fig. 2: Reflectivity required to achieve photon 

lasing (VCSEL) in the weak coupling regime and 

polariton lasing in strong coupling for a symmetric 

MQW sample having 10 multiple quantum wells. 

 

However, thick DBR structures are prone to cracking. A large in-plane lattice mismatch and 

differences in the thermal expansion coefficient between the nitride materials AlN and 

Al0.65Ga0.35N, and the sapphire substrate during the heteroepitaxy limits the maximum thickness. 

The critical thickness before cracking for a single Al0.65Ga0.35N layer grown on an AlN template 

on top of a sapphire substrate was found to be about 1.0 µm corresponding to 15 DBR pairs. In 

order to increase the critical thickness for AlN/AlGaN DBRs a profound strain relaxation study 

was conducted. During the study three major questions were pursued: 

  role and interplay of dislocations and mismatch strain during growth 

 design of proper template structure for the heteroepitaxy of thick DBRs on sapphire 

substrates 

 strain relaxation concepts for the growth to enhance the critical thickness  

The structural design of the used AlN/Al0.65Ga0.35N DBR is shown in Fig. 3. On top of a sapphire 

substrate a 300nm thick AlN template was grown. It provides a low dislocation density in the 

order of 1010 cm-2 and an atomic smooth surface as indicated by Fig. 4 (left image). To verify the 

suitability of the template for the growth of AlN/ Al0.65Ga0.35N DBRs a structure having 20.5 layer 

pairs was fabricated. The DBR exhibit a high structural and crystalline quality as shown by the 

XRD /2 scan in Fig. 5 (top image). Prominent superlattice fringes up to the 4th order indicate 

smooth interfaces between the AlN and Al0.65Ga0.35N layers as well as a high periodicity. Both 

anticipate enhanced optical properties of the Bragg mirror. The reflectivity spectra under normal 

incidence are shown in Fig. 6. A pronounced spectral region of high reflectivity, the stop band, of 

8 nm is achieved. The maximum reflectivity at the center wavelength of the stop band is 93%.  
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Fig. 3: Sketch of the 

AlN/Al0.65Ga0.35N DBR on an AlN 

template on (0001)-sapphire. 

Fig. 4: Surface morphology of the AlN (left) and Al0.85Ga0.35N (right) 

template layer. 

 

 

 
 

 

Fig. 5: XRD /2 scans of a 20.5 layer pair DBR 

grown on top of an AlN template (top) and 

Al0.85Ga0.15N template (bottom). 

Fig. 6: Reflectivity of a 20.5x DBR grown on an 

AlN (black) and Al0.85Ga0.15N template (red). The 

dashed curves shows a calculated spectrum for 

the sample on the Al0.85Ga0.15N template. 

 

However, during the growth of the DBR on the AlN template Al0.65Ga0.35N layer are exposed to 

compressive strain. The total strain energy increases gradually with increasing the number of 

layer pairs. An additional thermal strain component is introduced by cooling the structure from 

growth temperature (1100 °C) to room temperature. Both resulting in a relaxation of the 

complete structure by cracking. The critical thickness was found to be 1.57 µm equal to 23 layer 

pairs. A strong increase of the cracking limit was achieved by replacing the AlN by a 500 nm 

thick Al0.85Ga0.15N template. The Al composition was chosen at the average value between the 

AlN and Al0.65Ga0.35N used within the DBR. By relaxing the Al0.85Ga0.15N template layer the total 
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strain energy could be reduced. Now both layers, the tensile strained AlN and the compressive 

strained Al0.65Ga0.35N, contribute with a decreased fraction to the overall strain energy. To 

guarantee good optical performance of the DBR grown on the Al0.85Ga0.15N template first the 

template surface and crystalline quality needed to be verified. The sample morphology of the 

template is depicted on the right hand side of Fig. 4. The average RMS roughness is negligible 

increased to 0.4 nm compared to the AlN template (0.2 nm). The structural quality in terms of 

dislocation density and crystalline quality was found to be similar to the AlN.  

 

 

Fig. 7: Maximum reflectivity of AlN/ 

Al0.65Ga0.35N DBRs of a various number 

of layer pairs grown on a strain 

engineered Al0.85Ga0.15N template. 

Cracking occurs for DBRs of more than 

26 pairs. 

 

A proof of the strain engineering approach is given by the growth of AlN/ Al0.65Ga0.35N 

DBRs of various number of mirror pairs. Figure 7 shows the achieved reflectivity for DBRs 

having 3.5 to 25.5 layer pairs deposited on top of the Al0.85Ga0.15N template. The maximum 

reflectivity increases nonlinear following the trend of the calculated graph. The maximum 

reflectivity achieved for 25.5 layer pairs is 98%. Thicker structures above 26 pairs suffer from 

cracking. Therefore, the critical thickness could be enhanced by 3 mirror pairs to 1.98 µm 

compared to the DBRs on an AlN template while the optical performance is retained. The 

reflectivity spectra of a 20.5 pair DBR grown on both template structures is compared in Fig. 6. 

Both DBRs exhibit a similar stop band width and maximum reflectivity of 93%. A slight shift of 

the center wavelength of the stop band (Bragg wavelength) of the DBRs could be attributed to 

minor thickness deviations within the DBR. 

 

The demonstrated maximum reflectivity of above 98% for an AlN/ Al0.65Ga0.35N DBRs marks the 

highest reported value for nitride deep UV DBRs reported so far. 

 

2. Strain relaxation concepts to enhance the maximum reflectivity 
 

To increase the critical thickness above the demonstrated limit further strain relaxation concepts 

needed to be applied. Even if the total strain energy is reduced by using the Al0.85Ga0.15N 

template, strain is still accumulated during DBR growth. In order to grow thick crack-free 

structures a partially relaxation and relief of the total strain energy is required. However, 

relaxation in the wurtzite crystal system is a topic of ongoing research and strongly discussed. 
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Besides cracking, favored relaxation mechanisms include: nucleation of new dislocations, 

“bending” or transformation of already existing dislocations, surface roughening, buckling, or 

cracking [3].  

In order to partially relax the structures we pursued the concepts of the periodic incorporation of 

thin relaxation layers during the DBR growth. A strain relief is provided by dislocation bending 

and surface roughening by a 3 dimensional grown low temperature renucleation layer. The 

concept and a schematic cross section of the fabricated samples are shown in Fig. 8.  

 

 

Fig.8: Strain 

relaxation by 

introducing a low 

temperature AlN 

interlayer during 

growth (top). The 

bottom AFM 

amplitude images 

show the sample 

surface of the 

structures before and 

after the renucleation 

step.    

 

On top of a 9.5 layer pair AlN/ Al0.65Ga0.35N DBR, grown at 1100°C, a low temperature AlN (LT-

AlN) layer at 800°C was deposited (Fig. 8, middle left). The total thickness of the layer is about 

17 nm. In order to keep the right /4 thickness periodicity within the DBR the layer was covered 

by an 15 nm thick high temperature AlN layer (1100°C, Fig.8 middle, right) and a 5.5 pair DBR 

(grown at 1100°C, Fig. 8 right). The sample morphology before and after the deposition of the 

low temperature renucleation layer is depicted in the bottom AFM images of Fig. 8. A 

significantly surface roughening and increase of the structural grain size is observed for the low 

temperature renucleation layer (second column in Fig. 8). The achieved three dimensional 

grains are expected to be suitable for a partially relief of the accumulated strain of the DBR. With 

continuing the growth at higher temperatures the surface features increases in size while their 

density is decreased. The final morphology of the 15.5 pair DBR is decorated by Hillocks 

composed of single atomic steps as known for the growth of AlGaN materials.  
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Fig. 9: XRD 

reciprocal space 

maps on the 

structure before 

(two left images) 

and after the 

renucleation (right) 

indicating a 

pseudomorphic 

growth and a high 

periodicity as well 

as sharp interfaces 

within the DBR. 

 

In order to investigate the relaxation behavior of the renucleation layer XRD reciprocal 

space maps (RSM) were conducted. Fig. 9 summarized the RSMs before (left, middle) and after 

the renucleation (right). All layers are grown pseudomorphic with respect to the AlN template. 

Furthermore, an equidistant layer distribution and sharp interfaces are indicated by pronounced 

superlattice fringes at low QZ values in both DBR structures. No influence of the low temperature 

interlayer on the periodicity could be observed. However, a verification of the relaxation behavior 

of the LT- AlN and the subsequently grown DBR is difficult. A clear distinction between the AlN 

used within the DBR, the template, and the low temperature AlN renucleation layer is not 

possible. An evidence for a changed strain state in the structure including the renucleation layer 

is given by additional diffraction features at low QX and high QZ indicated by the arrow in right 

image of Fig. 9. 

 

Optical properties of the DBR including a LT-AlN strain relaxation layer 

 

 

Fig. 10: Comparison of the 

reflectivity spectra for different 

growth steps before (bottom) 

and after the deposition of the 

low temperature AlN 

renucleation layer (top).  
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The effect of the renucleation layer on the evolution of the stop band of the DBR is 

shown in Fig. 10. Starting from the AlN-template (bottom) an almost constant reflectivity of 20% 

superimposed by thickness fringes is achieved. By introducing the DBR the reflectivity increases 

within the stopband region. A clear stop band, centered at around 265 nm emerges for the 

structure including the LT-AlN renucleation layer. No optical degeneration is observed. The final 

15.5 pair DBR structure (Fig. 10, top) exhibit a well-defined stopband consistent with the 

previously observed center wavelength of the structure including the LT renucleation layer. The 

achieved maximum reflectivity matches with previous observations on DBRs without 

renucleation layer as shown in Fig. 7. Consequently, no deviation of the optical performance of 

the DBR by the renucleation layer is expected.  

 

3. Fabrication of a resonant half microcavity structure 
 

The fabrication of a vertical emitting laser structure requires the integration of an active medium, 

emitting at the intended resonance wavelength, between a top and bottom Bragg mirror. In order 

to verify spectral resonance between the Bragg wavelength of the bottom AlN/ Al0.65Ga0.35N DBR 

and the active medium a half microcavity was grown. As depicted in the cross-section scanning 

electron microscopy image Fig. 11 it consist of a 3.5x layer pair bottom DBR an optical  thick 

cavity including a 5 fold multiple quantum well (MQW) active region. In order to allow a 

maximum light-matter coupling, the MQW was positioned at the maximum of the standing wave 

pattern in the center of the  cavity.  

 

 

 

 
Fig. 11: Cross section scanning electron 

microscopy image of a half microcavity 

structure consisting of a 3.5 pair bottom 

DBR and an optical  thick AlN cavity. 

Multiple quantum wells as active medium 

were centered in the  cavity. 

Fig. 12: Spectral resonance between the Bragg 

wavelength (black) of the DBR and the MQW emission 

(red) is found across the full radius range of the wafer. 
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Spectral resonance between the Bragg mirror and the active medium 

 

The optical properties of the bottom DBR and the emission behavior of active MQW region were 

investigated by spatially resolved reflectivity and photoluminescence (PL) measurements. 

Reflectivity and PL spectra were recorded at the same spot across the diameter of the wafer. 

The spatial behavior of the center wavelength of the stop band of the DBR is shown by the black 

line plotted in Fig. 12. The Bragg wavelength in the center of the wafer is located at 271 nm and 

decreases nonlinearly toward the edge by 25 nm. The change could be attributed to a 

monotonously changed DBR layer thickness from the center to the edge of the wafer, as 

indicated by the green line in Fig. 12.  

 The exact same spatial behavior across the wafer as found for the stopband is observed 

for the MQW emission (red graph in Fig. 12). Consequently, spectral resonance between the 

Bragg wavelength and the MQW emission wavelength is achieved on the full wafer. It indicates 

the suitability of the structure for the fabrication of microcavity lasers operating in the weak 

(photon laser) or strong coupling regime (polariton laser).  

 

4. Conclusion 
 

Significant progress was achieved in the epitaxy of deep UV AlN/ AlGaN Bragg mirrors and 

microcavity structures paving the way to the successful fabrication of vertical cavity emitting 

laser structures and polariton lasers. For the first time DBRs providing sufficient high reflectivity 

for polariton emission were demonstrated. Thanks to a developed strain balanced Al0.85Ga0.15N 

template, the critical thickness before cracking could be enhanced to 1.95 µm. The fabricated 

25.5 pair AlN/ Al0.65Ga0.35N DBR exhibit a maximum reflectivity above 98% at a Bragg 

wavelength of 270 nm. 

 

In addition a relaxation mechanism by introducing periodic low temperature relaxation layers 

during DBR growth was proposed a demonstrated. No effect of the LT-AlN layers on the optical 

properties of the DBR was found. A partially relaxation of the DBR structure by the incorporated 

interlayers allows to increase the critical layer thickness in order to grow crack-free high 

reflective DBRs above 99%.  

 

The practical implementation of our DBRs and multiple quantum well active regions was 

demonstrated by the fabrication of a full resonant half microcavity structure. Spectral resonance 

between the center wavelength of the stop band of the DBR and the MQW emission wavelength 

was found across the full radius region of the wafer. 
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