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 In this study, an analysis of the optical performance of two types of distributed Bragg 

reflector structures based on GaAs and InP material systems was carried out. The structures 

were designed for maximum performance at 4 µm with their reflectivity achieving between 

80 and 90% with eight pairs of constituent layers. To further enhance the performance of 

these structures, additional Au layers were added at the bottom of the structure with Ti pre-

coating applied to improve the adhesivity of the Au to the semiconductor substrate. The 

optimal range of Ti layer thickness resulting in the improvement of the maximum reflectivity 

was determined to be in between 5 and 15 nm. 
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1. Introduction  

Mid-infrared (MIR) spectral range, extending from 3 to 

8 µm, has numerous applications in open-air communi-

cation [1] and optical gas sensing [2]. The former uses the 

atmospheric window within the MIR range (between 3 and 

5 µm) for data transmission, offering an alternative to 

conventional fibre optic networks, while the latter uses 

strong absorption lines of various atmospheric components 

in that spectral region for their efficient detection and 

quantitative evaluation. 

Detection of volatile substances such as hydrocarbons 

or aldehydes holds significance in fields such as process 

control, petrol industry, and environmental protection 

systems [3, 4], while the analysis of the composition of 

exhaled air has been proven useful in medical applications 

[5, 6]. One of the key requirements of the optical detection 

system is a specialised single-mode, spectrally narrow light 

source emitting within MIR spectral region, corresponding 

precisely to the absorption lines of investigated substances 

while maintaining exceptional optical beam quality. 

A promising candidate for a light source in this spectral 

range is a vertical cavity surface emitting laser (VCSEL) 

due to several advantages over a standard edge-emitting 

laser. The most significant is its ability to achieve single-

mode operation characterised by extended coherence, 

thanks to its reduced cavity cross-section area [7]. In single-

mode VCSELs, the emission occurs from only one optical 

mode, leading to a narrow and precisely defined spectral 

linewidth. Additionally, their low-threshold current results 

in reduced energy consumption in comparison to their 

edge-emitting counterparts [8]. Moreover, due to their high 

tunability, the emission wavelength can be easily 

customised, facilitating the detection of multiple absorption 

lines in multi-gas sensing [9] and creating a sweep light-

source suitable for 3D optical imaging [10]. A crucial 

component in the construction of a VCSEL is the resonance 

cavity with beam amplification occurring over a very short 

distance due to the compact size of the structure. There are 

several reports of enhancing the emission from the active 

region through the application of photonic crystals [11, 12] 

or, as the authors have shown in their previous works [13], 

with monolithic high contrast gratings. In the second 

approach, however, it is required to use high-reflectivity 
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reflectors, with the bottom mirror reflectivity being as high 

as possible. Distributed Bragg reflectors (DBRs) are among 

the few types of structures capable of concurrently 

providing high-reflectivity and spectral selectivity, making 

them a valuable component for application in various other 

semiconductor devices. The theoretical basis behind the 

device using monolithic high-contrast gratings and DBRs 

as the top and bottom reflectors, respectively, was 

presented in Ref. 14. 

Resonant-cavity light-emitting diodes, when equipped 

with high reflectance structures, exhibit enhanced 

extraction efficiency, greater brightness, improved 

directionality, and superior spectral purity compared to 

conventional light-emitting diodes [15–17]. In the case of 

photodetectors, incorporating an optical cavity leads to 

increased responsivity and wavelength selectivity [18, 19]. 

Additionally, high-resolution optical filters, such as Fabry–

Perot filters, are typically crafted using DBRs or metal 

mirrors [20]. Despite their diverse applications, the 

fabrication of semiconductor DBRs for the MIR spectral 

region remains a challenge, mainly owing to the 

considerable thickness of the DBR layers as for maximum 

reflectivity and selectivity, it is essential to maintain the 

thickness of each layer as close as possible to a quarter of 

the wavelength at which they are intended to operate. 

Significant thickness needed for MIR applications 

increases the probability of structural defects due to strain-

related issues and complicates the process control. 

Preferred material systems for growing III-V 

semiconductor nanostructures designed to operate within 

MIR spectral range are GaSb and InAs. There are numerous 

reports of interband cascade lasers (ICL) within these 

material systems covering a broad spectral range from  

2–8 µm [21, 22], as well as VCSELs employing ICLs as 

active regions operating at 3.4 µm [23] and 4 µm [24]. 

This paper seeks to address the challenge of fabricating 

MIR VCSELs using an alternative InP platform. In 

previous works, MIR GaAs-based DBRs with impressive 

characteristics, such as reflectivity above 80% and 

transmittance close to 0, have been successfully 

demonstrated [25–27]. While GaAs technology is more 

advanced and widely used, the construction of InP-based 

DBRs offers the advantage in terms of compatibility with 

InP-based emitters, eliminating the need for a bonding 

process and simplifying the device production process 

significantly. However, it is worth noting that despite the 

existing technological development of the material system, 

growing InP-based DBRs remains challenging, primarily 

due to the limited availability of material pairs with a high 

contrast of refractive indices. In many cases, the fabrication 

of InP-based DBRs necessitates the use of ternary alloys, 

which further complicates the control of the growth 

process. Consequently, the designs for InP-based DBRs in 

the MIR region have been limited and are found in only 

a few publications. One approach, as described in 

Refs. 28–31, involves the use of an air gap within the DBR 

to attain a significant contrast in the refractive index of the 

DBR layers. Alternatively, another strategy to address this 

challenge is the exploration of more intricate compound 

materials [32, 33]. 

In this study, the authors conduct a comparison between 

InGaAs/InP DBR mirrors and more established AlAs/GaAs 

material system, both of which have previously been 

successfully designed for the MIR region. The growth of 

InP-based DBRs, as presented in this work, has historically 

posed challenges due to the need for precise control over 

single percent composition variations within selected 

materials and the demand for significant layer thickness 

with a high number of layers. Previously, InP-based DBRs 

were only applied for wavelengths of 1.5 µm [34, 35], 

1.9 µm [36], and up to 2.5 µm [32]. Ultimately, the authors 

explored the approach that has enabled the attainment of 

a high level of reflectivity with the growth of only a few 

layers of InP-based DBRs by applying a thin Au film on 

the back of the sample. This solution allows to shift the stop 

band to longer wavelengths (4 µm) while retaining the 

simplicity of the few-layer deposition process. Up to now, 

such an approach has been used for a 1.5 µm VCSEL 

design using GaAs-Al(Ga)As DBR [37] and in a near-

infrared (NIR) InGaAs/InP single-photon avalanche diode 

[38]. To further enhance the quality of the DBR-metal 

interface, additional Ti pre-coating was applied, as it has 

been shown that it may promote the adhesion of the Au 

layer to the semiconductor substrate [39]. 

2. Materials and methods 

The samples were grown using a metalorganic vapour 

phase epitaxy (MOVPE) within a 3 × 2” CCS Aixtron 

system. In the process, TMIn, TMGa, and TMAl were used 

as the group III precursors for indium, gallium, and 

aluminium, respectively. For group V elements, 

phosphorus, and arsenic, 100% PH3 and 100% AsH3 were 

used as sources. The carrier gas flow, which is pure 

hydrogen, through the TMIn source was kept at a constant 

level during growth of the InP and InGaAs layers, resulting 

in growth rates of 0.6 nm/s and 1.05 nm/s, respectively. 

The growth temperature was maintained at 645 °C under a 

pressure of 100 mbar. To ensure lattice matching to the InP 

substrate, InGaAs layers were tailored with a 53% indium 

content. Precise layer thicknesses were confirmed through 

the SEM microscopy, with an example provided for InP 

shown in Fig. 1. 

Following the MOVPE growth of the AlAs/GaAs and 

InGaAs/InP DBR structures, the samples were promptly 

transferred into a vacuum chamber of the evaporation 

system. Before metal deposition, the samples were 

subjected to a 24-hour vacuum treatment within the 

chamber. The metallisation process was executed using a 

physical vapour deposition (PVD 225 by Kurt J. Lesker 

Company) system, which was equipped with a cryogenic 

pump and a scroll-type vacuum pump. The gold and 

titanium metal layers were deposited onto the DBR, as 

illustrated in Fig. 2, under high-vacuum conditions with a 

 

Fig. 1. SEM image of 8 × InGaAs/InP DBR structure. 
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tuned by varying the layer thickness, spanning the spectral 

range from 2.5 to 5.0 µm. It is noteworthy that both systems 

maintain a consistent reflectivity maximum, with the 

GaAs/AlAs DBR achieving around 90% and the 

InP/InGaAs DBR achieving approximately 80%. In the 

authors’ calculations, the thickness of the layers was 

adjusted to meet the criteria that each repeated pair has 

a quarter-wave thickness, as defined by the equation 

nd = λ/4, where n represents the refractive index of the 

layer, d stands for the thickness of the layer, and λ denotes 

the wavelength of light (at the stop band). 

 

Fig. 3. The calculated reflectance spectra for eight pairs of 

GaAs/AlAs DBR [panel (a)] and eight pairs of 

InP/InGaAs [panel (b)] in a function of increasing layers 

thickness, respectively. 

 

 

 

Fig. 2. The schematic principles of reflectance measurement for samples without metal coating [panel (a)], 

with Au layer [panel (b)], and with Ti precoating followed by Au layer [panel (c)]. 

 
base pressure maintained below 10–6  mbar. While the Au

metal layer was deposited (100  nm for all samples) using a

resistive  thermal  evaporator,  the  Ti  layer  was  applied

through  an  electron  beam  evaporator.  The  thickness  (5–

20  nm)  of  the  metal  layers  was  quantified  using  a  quartz

crystal microbalance monitoring system.

  Reflectance  measurements  were  conducted  using  a
vacuum  Fourier  transform  infrared  spectrometer  (FTIR),

specifically  Bruker  Vertex  80v  [40–42].  Over  the  years,

FTIR spectroscopy has been widely acknowledged for its

advantages  compared  to  dispersive  setups  [43,  44].  To

enable  rapid  and  extensive  data  acquisition,  a  rapid  scan

mode was  used  in conjunction with a polychromatic light

source  (a  glow  bar)  for  these  measurements.  Parabolic

golden  mirrors  were  used  to  direct  the  light  to  the

Michelson  interferometer,  which  then  focused  the  light

onto the sample at an angle of approximately 12° to normal

incidence,  creating  a  spot  with  a  diameter  of  roughly

0.25  mm, as depicted in  Fig.  2  in Ref.  45. After interacting

with the sample, the reflected light was directed towards an

InSb  detector  cooled  with  liquid  nitrogen,  where  it  was

converted  into  an  electrical  response  and  then  into

a  spectrum  using  fast  Fourier  transform  (FFT).  This

resulted in spectra with a resolution of 1  cm−1  spanning the

spectral  range  from  1.3  to  5.5  µm.  As  a  reference

reflectance,  the silver mirror was used.

3.  Results

  Figure  3  illustrates the calculated reflectance spectra for

two different DBR systems: eight pairs of GaAs/AlAs DBR

in  panel  (a)  and eight pairs of InP/InGaAs DBR in  panel  (b).

These spectra depict how the stop band of the DBR can be

https://doi.org/10.24425/opelre.2024.149168
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The enhancement of the stop band reflection is mainly 

achieved by increasing the number of layer pairs within the 

DBR. Figure 4 shows the calculated reflectance spectra for 

two types of DBR: GaAs/AlAs DBR in panel (a) and 

InP/InGaAs DBR in panel (b), specifically designed for a 

4 µm wavelength. These graphs demonstrate how the shape  

and peak intensity of the reflectivity spectra evolve with the 

incremental addition of DBR pairs. The characteristic 

spectral shape of the DBR can be observed consistently 

starting from eight pairs, and the maximum reflectivity 

reaches approximately 97% at around 4 µm, which is 

achieved with 12 pairs of combined layers. The results 

presented in Figs. 3 and 4 introduce two distinct DBR types 

based on GaAs and InP. These findings hold promise for 

potential applications in MIR optoelectronics. It is 

important to note that while using AlAs/GaAs requires 

advanced bonding procedures to integrate them with 

devices grown on currently popular MIR semiconductor 

substrates, InGaAs/InP DBRs are inherently compatible 

with the commonly used InP substrate in the MIR domain. 

Two commercially available software were used in our 

calculations, namely Filmetrics Reflectance Calculator and 

Lumerical. The calculations were based on materials 

parameters available at https://refractiveindex.info/ and 

https://www.filmetrics.com and were performed at room 

temperature. The nominal thickness was modified by 

around 2% to achieve the best agreement between the 

experiment and calculations. 

In the authors’ fabrication procedure, a DBR designed 

for a 4 µm wavelength was selected, which consists of eight 

pairs of AlAs/GaAs and eight pairs of InGaAs/InP based 

on the calculations presented in Fig. 3. The nominal values 

of thicknesses were presented in Table 1. 

Table 1.  

 The nominal thicknesses of investigated DBRs layers. 

Material GaAs AlAs InP InGaAs 

Thickness of layers [nm] 303 351 324 274 

An 8-pair design of the DBR was chosen intentionally 

to be cost-efficient and clearly assess the expected 

improvement of the reflectivity coefficient by application 

of metallic layers with no need for growing 20 or more 

pairs. In Fig. 5, panel (a), the authors present both 

calculated (green curve) and measured (black curve) 

reflectance spectra for the AlAs/GaAs DBR. In panel (b), 

the authors display the measured reflectance spectra (from 

the substrate side) for the same DBR, shown as the lower 

black curve. Additionally, the authors show the reflectance 

spectra for the DBR coated with an Au layer (lower green 

curve), a modified DBR structure with thickness of the last 

layer doubled (higher black curve), and Au-coated 

modified DBR (higher green curve). Upon analysis of the 

two lower curves in panel (b), it is evident that the 

reflectivity coefficient falls significantly below the 

projected value. This discrepancy is primarily attributed to 

free-carrier absorption, a consequence of growing the 

structure on a doped GaAs substrate. Furthermore, it is 

evident that the application of thin layers of gold enhances 

the overall reflectivity. However, this enhancement comes 

at the cost of losing the characteristic shape of the DBR. 

This effect is a consequence of unintended light 

confinement between the Au layer and the DBR, leading to 

the opposing behaviour of the structure. Between the metal 

layer (below the plasma frequency) and the DBR, there is 

a possibility of electromagnetic mode confinement arising 

from the photonic stop band of the mirror, not the negative 

dielectric constant, as typically observed in regular 

plasmon-polariton phenomena. This phenomenon was 

initially described as a Tamm plasmon and observed in 

DBRs designed for NIR applications [46]. To address this 

challenge, the authors recalibrated the DBR design and 

doubled the thickness of the last layer in the DBR to 

eliminate the confinement. Additionally, the authors grew 

the structures on undoped GaAs substrates to reduce the 

number of free carriers and enhance transmittivity through 

the substrate. Although the reflectance spectrum is not yet 

optimized (black upper curve), the correct shape and high 

reflectivity of approximately 92% are achieved after 

applying the Au layer (top green curve). 

 

Fig. 4. The calculated reflectance spectra for GaAs/AlAs DBR 

[panel (a)] and InP/InGaAs [panel (b)] in a function of 

numbers of applied pairs. 

 

 

Fig. 5. Panel (a): calculated (green curve) and measured (black 

curve) reflectance spectra of AlAs/GaAs DBR. Panel (b): 

measured reflectance spectra (from the substrate side) for 

the DBR (lower black curve), DBR additionally gold-

coated (green middle curve), modified DBR (black middle 

curve), and modified and gold layer coated DBR (top 

green curve). 
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DBRs with a different material combination were also 

fabricated, consisting of eight pairs of InGaAs/InP. In 

Fig. 6, panel (a), both calculated (green curve) and 

measured (black curve) reflectance spectra for the 

InGaAs/InP DBR are presented. Like the AlAs/GaAs DBR 

discussed earlier, the application of a gold layer on top of 

the DBR without any modification did not yield the desired 

results. Thus, the authors started with an already modified 

DBR design, following a similar approach as with the 

previous GaAs-based DBRs. 

In Fig. 6, panel (b), the measured reflectance spectra 

(from the substrate side) for the modified DBR were 

displayed, depicted as a lower black curve, and the 

modified DBR additionally coated with an Au layer, 

presented as the top green curve. 

As observed, following the same procedure as with the 

GaAs/AlAs DBR, the characteristic shape of the DBR in 

the spectra (black curve), which was subsequently restored 

upon applying the Au layer, was initially lost. Additionally, 

there is a notable increase in reflectance, with a reflectivity 

reaching up to 75%. These samples were also grown on 

undoped substrates, although some level of free-carrier 

absorption may be still occurring, potentially accounting 

for the decrease in reflectance. 

Further enhancements in reflectivity were achieved by 

growing the modified InGaAs/InP DBR with a Ti pre-

coating before the deposition of the Au layer [as shown in 

Fig. 2(c)]. In Fig. 7, measured reflectance spectra for the 

sample with only the Au layer (solid black curve) and with 

varying thicknesses of Ti pre-coating, ranging from 5 to 

20 nm were presented. In comparison to the sample without 

the pre-coating, the 5 to 15 nm thickness range leads to a 

substantial improvement in reflectivity. Moreover, the 

effect appears to maximize for 10 nm of Ti, as increasing 

the thickness beyond this value actually reduces the 

reflectivity. The maximum reflectivity values as a function 

of Ti layer thickness are presented in the inset of the graph. 

The observed improvement of over 10% in reflectivity 

with an additional application of thin Ti layers is 

unexpected, considering that gold has a higher-reflectivity 

coefficient. The deposition of metallic layers on 

semiconductors can be imperfect, especially when 

considering the atomic scale. Several factors may explain 

these unconventional experimental results. Most prior 

research has primarily focused on the influence of adhesion 

layers on gold deposition from an electrical perspective. 

The authors, in their work, considered the optical properties 

associated with the application of such layers to enhance 

the reflectivity. Several noteworthy topics deserve 

mentioning in this context: 

• A thin, continuous layer of titanium plays a crucial role 

in promoting the adhesion of gold to the semiconductor 

surface. It also impacts the texture of the gold layer, 

resulting in smaller grain sizes compared to bulk gold 

material [39]. 

• The reflectance at the interfaces, particularly the Ti/InP 

and Ti/Au interfaces, differs from that at the Au/InP 

interface due to variations in the chemical bonds. 

Titanium is known for its high reactivity, contrasting 

with gold, which has a more inert nature. These distinct 

chemical properties can lead to differences in 

reflectance properties at these interfaces [47]. 

• The titanium layer can act as a barrier, preventing or 

limiting the diffusion of gold atoms into the epitaxial 

semiconductor structure. This is an important 

consideration for maintaining the integrity of the 

semiconductor materials and their performance 

[48, 49].  

The observed experimental phenomenon represents a 

compelling area for further investigation, motivating 

extended studies involving new samples and the 

application of other metals. Such studies have the potential 

to provide a deeper understanding of this effect and its 

underlying mechanisms. Significant implications for the 

design of highly reflective mirrors, particularly within the 

context of structures featuring devices with resonant 

 

Fig. 6. Panel (a): calculated (green curve) and measured (black 

curve) reflectance spectra of InGaAs/InP DBR.   

Panel (b): measured (from the substrate side) reflectance 

spectra for modified DBR (lower black curve), modified 

and Au layer coated DBR (top green curve). 

 

. 

 

Fig. 7. Measured reflectance spectra of modified InGaAs/InP 

DBR with different use of titanium layer before gold 

layer deposition. Reflectance spectra for the sample with 

only gold layer (black solid curve) and additional Ti pre-

coating thickness of 5 nm (green solid curve), 10 nm 

(green dashed curve), 15 nm (olive curve), and 20 nm 

(black dashed curve). Inset: maximum reflectivity 

obtained in the middle of the stop band vs. Ti layer 

thickness.  
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cavities, are underscored by the notable improvement in 

reflectivity, even at the modest level of 10%. The ability to 

reach high-reflectivity levels while simultaneously reducing 

the thickness of the entire device can have substantial 

benefits for the performance of optoelectronic devices. 

4. Conclusions 

In this study, AlAs/GaAs and InGaAs/InP DBRs 

designed for a 4 µm wavelength were successfully fabrica-

ted. InP-based DBR has the potential to serve as a bottom 

reflector in a hypothetical VCSEL device comprising 

hybrid-DBR, quantum cascade laser core, and monolithic 

high-contrast grating designed for MIR emission. These 

DBRs, comprising only eight pairs, achieved around 90% 

and 80% reflectivity, respectively. The authors have also 

demonstrated that the number of layer pairs in the DBR can 

be effectively reduced by the application of metallisation 

layers. This reduction is particularly significant in the MIR 

spectral range, where the use of thick layers near the total 

thickness limits is often necessary. 
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