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ABSTRACT 

High efficiency III‒V semiconductor multijunction solar cells hold the record of the 

highest achieved conversion efficiency. Solar cells based on new materials enabling 

more than 4-junction architectures will most likely push the highest efficiency above 

50% within the next decade. To be able to achieve this goal, every aspect of the solar 

cell structure needs to be designed and fabricated spot on, minimizing any possible 

optical and electrical losses. To this end, broadband antireflection coatings are 

instrumental for suppressing the amount of reflected light from the surface of the 

solar cell. This work contributes to the development of broadband antireflection 

coatings for primary use in connection with high efficiency multijunction solar cells. 

As the bandwidth of the utilized solar irradiation is getting increasingly wider, the 

antireflection coatings based on standard planar structures become harder to 

optimize, requiring fabrication of more complex films. On the other hand, there is a 

need to deploy simple and cost effective fabrication techniques to enable economical 

deployment of new photovoltaic technologies. 

This work focuses on developing multilayer antireflection coatings that utilize a 

nanostructured top layer to surpass the limitations of the conventional planar 

structures. As a first strand of work, material properties and their relation to the 

fabrication processes are investigated for low refractive index MgF2 films deposited 

by  electron beam evaporation and the high refractive index Ta2O5 films deposited 

by ion beam sputtering. The second major part is related to the investigation of a 

novel technique to fabricate nanostructures with antireflective properties employing 

a simple de-ionized water treatment. The process is applied to form randomly 

distributed nanostructures on thin planar amorphous Al2O3 layer. A key result 

introduced in this work is the novel integration of the alumina nanostructuring with 

an underlying multilayer antireflection coating, specifically aimed to be used in 

lattice-matched III‒V semiconductor multijunction solar cells. The performance of 

the nanostructured coating was assessed in practical III-V multijunction solar cells, 

revealing its suitability for practical applaiction. Finally, the stability and durability of 

the nanostructrure has been improved using a hydrophobicity treatment based on 

fluoropolymerization, and evaluated under atmospheric icing conditions. 
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TIIVISTELMÄ 

Tähänastisesti korkein aurinkokennolla saavutettu hyötysuhde on tuotettu III‒V 

puolijohteisiin perustuvilla korkean hyötysuhteen moniliitoskennoilla. Nämä uusiin 

materiaaleihin pohjautuvat aurinkokennot mahdollistavat yli neljän kennoliitoksen 

rakenteet, joilla todennäköisesti ylitetään 50 %:n hyötysuhde vuosikymmenen 

loppuun mennessä. Tällöin koko aurinkokennon pitää olla loppuun asti optimoitu ja 

valmistettu, jotta vältytään ylimääräisiltä optisilta ja sähköisiltä häviöiltä. Tavoitteen 

saavuttaminen vaatii soveltuvia laajakaistaisia heijastuksenestopinnoiteita erilaisille 

moniliitosrakenteille estämään hyödyllisen auringonvalon heijastuminen kennon 

pinnalta. Tässä työssä on keskitytty kehittämään heijastuksenestopinnoitteita 

korkean hyötysuhteen moniliitoskennoille.  

Mitä leveämpi kaista auringonvaloa hyödynnetään, sitä vaikeammaksi tasomaisten 

pinnoitteiden optimointi käy. Halutun pinnoitteen täytyisi laajakaistaisuuden lisäksi 

olla yksinkertainen valmistaa toistettavasti erilaisille uusille aurinkokennoratkaisuille. 

Potentiaalisena ratkaisuna vaatimuksille on käyttää tasomaisten kerrosten lisäksi 

nanokuvioitua pintaa, jota hyödyntämällä voidaan suhteellisen yksinkertaisesti 

minimoida heijastus laajalta auringonvalon kaistalta. 

Työssä tutkittiin pinnoitteiden kerrosmateriaaleina matalan taitekertoimen 

magnesiumfluoridia ja korkean taitekertoimen tantaalipentoksidia. Näiden lisäksi 

tutkittiin uuden nanopinnoitusmenetelmän soveltamista monikerroksisiin 

heijastuksenestopinnoitteisiin. Menetelmässä alumiinioksidikerroksesta muokataan 

satunnainen nanokuvioitu pinta de-ionisoidussa vesihauteessa. Pinnoitetta käytettiin 

hilasovitetuille III‒V moniliitoskennoille, sen toimivuutta tarkasteltiin normaaleissa 

käyttöolosuhteissa, ja nanokuvion säilyvyyttä tutkittiin syklisen jäädyttämisen 

alaisena. Nanorakenteen kestävyyden parantamiseksi testattiin  myös 

hydrofobisuuskäsittelyä päällystämällä pinnoite ohuella fluoropolymeeri-kerroksella. 
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1 INTRODUCTION 

Antireflection coatings (ARC) have been around for a quite long time [1], [2]. They 

are key components of every optics system starting from simple eye glass lenses [3] 

and ranging to industrial lasers [4]–[6], and high-efficient solar cells [7]–[9]. Out of 

all optical coatings market, that is estimated to reach USD 37.5 billion by 2030, about 

one third is covered by antireflection coatings [10]. Although ARCs have been 

around for a while, they are still under active research. A simple Google Scholar 

search for “antireflection coating”, limited only to the year 2021, yields ~8400 

results, so the amount of available information about the topic is vast. In 

comparison, similar search for “multijunction solar cell” yields only 2780 results. 

Combining the search phrases shows 1030 results and it is there where this thesis 

aims to contribute to by developing improved and more practical broadband ARC 

solutions for the high efficiency III‒V multijunction solar cells. 

A key material group for the optoelectronics is the III‒V compound 

semiconductors, that can be used both for light-sources, such as lasers [11], [12], and 

optical receivers, including detectors and solar cells [13]–[16]. The III‒V 

optoelectronics have enabled vast wavelength coverage in lasing wavelengths from 

ultraviolet (UV) [17]–[19] to infrared (IR) [12], [20], [21] and similarly extended the 

solar cell efficiencies as high as 47.1% [15] via utilization of a broader spectrum of 

solar irradiation (270-1770 nm) [14], [22] than the conventional silicon solar cells 

(270-1100 nm) [23], [24]. Lattice-matched III‒V heterostructures grown by 

molecular beam epitaxy is one of the approaches used to fabricate multijunction 

solar cells (MJSC) that aim to exceed 50% conversion efficiency [25]–[27]. The high 

efficiency III‒V MJSCs are mainly used in space photovoltaics and terrestrial 
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concentrator systems [28], [29]. In space the solar cell is capsulated under a cover 

glass that protects the MJSC from UV light, atomic oxygen, and electron and proton 

radiation, together with providing thermal and mechanical protection [30], [31].  

Similarly, the MJSC is housed behind a concentration lens(es) in concentrated 

photovoltaics and is not usually in direct contact with the environment [32]. For 

these applications, the higher fabrication costs are affordable owing to the need for 

high efficiency and reduced size of active III-V materials when solar concentrators 

are used. Besides deploying new absorbing heterostructures, these MJSCs require 

broadband ARC solutions that can maintain their current-balancing requirements 

and enable as low optical losses as possible [9], [33]–[36].  

The term “coating” refers to a thin film structure applied on a surface. Similarly, the 

item with the target surface is called a substrate. Figure 1 presents an illustration of 

a coating on a substrate together with two common substrates for ARCs. 

 
Figure 1 A coating is an overlaying thin film structure applied on a substrate. Typical substrates 
for antireflection coatings include solar cells and glass lenses. 

From the perspective of ARCs, the key distinction between solar cells and glass is 

the atomic structure of these solids. Glasses are mostly amorphous materials, 

whereas most of the semiconductor solar cells are crystalline with a periodic order 

of the constituent atoms. Glasses are also chemically an inert material group, but the 

semiconductor surfaces readily react with the surrounding atmospheric oxygen and 

moisture [37]–[39] that alters their properties in unwanted ways. For glass substrates, 
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the functionality is conventionally provided by the refractive index of the material 

and the shape of the component, for example concave or convex lenses, but with 

the semiconductors the electronic properties defined by the atomic structure play a 

major part of the device performance. Therefore, applying antireflection coatings 

using established coating methods optimized for glass onto the III‒V 

optoelectronics is not a trivial task.  

Antireflection coatings are usually made out of transparent, dielectric materials, 

such as trans-metal oxides [40]–[43]. In this work, I have focused on materials 

deposited by physical vapor deposition (PVD), regularly used for coating 

optoelectronics as well as glasses. The advantages of these materials are the high 

transparency and the wide selection of available refractive indices [40], [42]. The 

challenge, and the focus of this thesis, lies in finding the optimal procedures, 

materials, and coating parameters for achieving seamless functionality for both the 

underlying semiconductor MJSC and the antireflection coating on top of it. Figure 

2 a) shows how optimal process conditions provide repeatable and uniform 

antireflection coatings, whereas b) and c) demonstrate the challenges of coating III‒
V materials. 
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Figure 2 a) Uniform ARCs on glass substrates without any visible flaws. b) A thermal 
processed coating on a semiconductor slab that flakes off. c) A top view of a shattered mirror 
coating broken by the strain in the structure. 

In the published reports of the high efficiency III‒V MJSCs [15], [44]–[47] the focus 

usually lies in the MJSC structure and materials, so the development, fabrication 

methods, and constituents of the used ARC are sometimes neglected. All the record 

efficiency III‒V MJSCs, out of those that mention the ARC at all, use planar 

coatings, and the most frequently used high and low refractive index material pair is 

MgF2 and ZnS [15], [45], [46], [48]. Despite the fact that the optimal utilization of 

the solar spectrum would require going beyond the typical two-layer ARC structure 

[9], [33]–[36], it is still the most common approach due to its simplicity and 

established fabrication procedures [16], [33], [47]–[49]. Ongoing research addresses 

the use of both multilayer (ML) ARCs [50]–[52] as well as nanostructure based 

approaches for MJSC ARCs [53]–[60], but amongst the publications reporting the 

highest efficiencies there are only a few mentions about four-layer MgF2/ZnS-ARCs 

[15], [61]. Therefore, the need for developing practical and efficient ML ARC 

fabrication approaches matching the ever-increasing requirements for broadband 
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operation and simplicity is evident. Thus, the generic requirements for such an ARC 

can be divided into two subgroups: 

1. Functionality: The ARC needs to be easily repeatable, so that each 

deposition run provides the same good results. It needs to provide the 

needed broadband low reflectance. The deposition process for the ARC 

should be unharmful for the MJSC itself, as the gain by reducing optical 

losses can be easily mitigated by generating additional electrical losses. And 

lastly, it should provide current-matched operation for the MJSC in 

question. In practical sense, it needs to match with the specific MJSC and 

that there is no possibility of drifting of the reflectance minima.  

2. Durability: The ARC should remain ideally the same from the moment it 

is deposited to the end of the life cycle of the solar cell. The temporal 

stability is easy to overlook, but with some materials and designs the change 

due to time in performance can be significant. In addition to time, the ARC 

should be able to withstand the environment it is used in. And finally, no 

matter how good the ARC optically is, it needs to stick on the substrate. 

Peeled-off coatings, as in Figure 1 b) and c), are the worst kind of failure in 

any deposition process. So, the ARC needs to have good adhesion to the 

sample. 

 

With the laid-out requirements we can set the scope and objectives for the thesis. 

1.1 Scope and Objectives 
 

The scope and the main objective of the thesis is to progress the development of 

ARCs used for broadband MJSCs. Figure 3 presents the direction lines of the thesis, 

starting from known ARCs [15], [61], i.e. the ARC structure we have previously used 

(status quo). The ultimate target of the thesis is to have a working broadband ML 

ARC with a nanostructured top layer that can be utilized on III‒V MJSCs. 
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Figure 3 Starting point of the ARC development together with the research objectives, and the 
final target of utilizing a ML ARC with nanostructure on top for the III‒V MJSCs. 

The five publications included in this thesis have aimed to contribute to the 

development of a practical and efficient ML ARC for MJSCs by looking into the 

material properties of MgF2 and Ta2O5, their processing requirements, and 

investigating nanostructured Al2O3 integrated into a new kind of ML ARC (nano-

ARC).  

 

Table 1 summarizes the research questions for each of the publications and the 

specific aspects that were considered in the studies. 
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Table 1 Research questions for the articles (P1-P5) included in the thesis and the key 

aspects studied for each publication
. 

 Research Question Aspects 

P1 

Could post-deposition annealing for 
electron beam evaporated MgF2 be 

beneficial when using MgF2 as a low 
refractive index material for MJSC 

ARC? 

• Process parameters 

• Material properties 

• Temporal stability 

• Influence of post-deposition 
thermal treatment 

P2 

Can reactive ion beam sputtered 
Ta2O5 be successfully utilized as a 
high refractive index material for 

MJSC ARC? 

• Process parameters 

• Material properties 

• Understanding the physics of 
sputtering 

• Influence on MJSC performance 

P3 

Can nanostructuring process of Al2O3 
be used with electron beam 

evaporated and ion beam sputtered 
materials to achieve broadband ML 

ARCs? 

• Process comparison of electron 
beam evaporated, and ion beam 
sputtered oxides 

• Properties of the nanostructured 
Al2O3 

• Proof-of-concept ML ARCs 

P4 
How does the nano-ARC perform on 

III‒V MJSC? 

• Angle-dependent properties, EQE 

• Electrical properties of the MJSC, 
LIV 

• Reflectance reduction in contrast 
to the current-balance and 
subjunction bandwidths 

P5 
How can the nano-ARC endure harsh 

conditions? 

• Atmospheric icing 

• Hydrophobicity treatment 

• Durability and performance 
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The next subchapter presents the structure for the rest of the thesis and how the 

background and the results of the publications are addressed in this work. 

1.2 Outline 

The 2nd chapter of this thesis will introduce the basic concepts and requirements for 

designing and fabricating an ARC for a MJSC. The chapter goes through the thin 

film fabrication methods used in the study. The 3rd chapter presents a selection of 

characterization methods important for assessing the quality of the coatings. The 4th   

chapter will introduce the key results of the thesis and is divided into three sub-

chapters, as one for annealing low refractive index MgF2, the second for reactive ion 

beam sputtering of high refractive index Ta2O5, and the third for the nanostructured 

Al2O3 ML ARCs. The 5th and the final chapter summarizes the work of the thesis 

and presents a development outlook for future work. 
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2 COATING DESIGN AND FABRICATION METHODS 

It all starts with a design. Fortunately, the long history of optical coatings provides 

numerous tools and tips to use for designing an antireflection coating [62]–[66].  

A basic starting point for any coating optimization is usually a quarter wavelength 

optically thick (QWOT) layer, that equals a physical thickness of: 

 

QWOT =
𝜆

4 𝑛film
     (1) 

in which 𝜆 is the wavelength in consideration and 𝑛film is the refractive index of the 

material at that wavelength. At the design wavelength QWOT layer produces the 

strongest interference effect. Adding another QWOT of the same material leads to 

a half wavelength optically thick layer which returns the intensity back to its original 

value at the given wavelength. As it is rarely enough to consider just a single 

wavelength or to be able to reach your target value with just one layer, QWOT offers 

just a reasonable starting point for a design optimization. The thin film interference 

principle on a substrate is elaborated in Figure 4.  
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Figure 4 The interference principle of having an optimal QWOT ARC on a substrate or a half 
wavelength optically thick layer.  

The optimal refractive index for a single-layer ARC for a certain wavelength on any 

known substrate with air/vacuum (𝑛air ≈ 1) as an incident medium can be 

calculated as: 
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𝑛film = √𝑛air𝑛substrate.    (2) 

The optimal layer thickness would be a QWOT at that wavelength. Eq. 2 does not 

usually yield a realistic solution, as the refractive index of the thin film is limited by 

the availability of materials. For example, matching the refractive index of glass to 

air requires a material with 𝑛film = 1.22 which cannot be matched with the 

conventional homogeneous dielectric materials. Nowadays, as glass is one of the 

most abundant substrate material and air is the most common incident medium, 

there are available workarounds such as nanostructured layers [67], [68] and 

metamaterials [69]. Nevertheless, when designing ARCs, one should keep in mind 

that the material properties cannot usually be arbitrarily selected and optimize the 

design within the limits of practicality.  

The logical next step for a design improvement after considering a single-layer design 

is to add another layer material and see where that gets you. How to appropriately 

choose the layer materials for an optimal 2-layer ARC can be broken down into a 

few ground rules that will also apply to ML ARCs. Optimizing ARCs for variable 

substrates and bandwidths has a long history that gives useful limitations and 

considerations to take into account [7], [9], [52], [70], [71] and have been narrowed 

down by Ronald Willey and his team [66] into an experimentally fitted equation for 

the minimum achievable average reflection as a function of the bandwidth (𝐵), the 

lowest refractive index (𝑛L) used in the design, the optical thickness of the complete 

coating (𝑇), and the difference between the highest and the lowest refractive index 

(𝐷) which can also be called the refractive index contrast:  

 

𝑅ave(𝐵, 𝑛L, 𝑇, 𝐷) =
4.378

𝐷
𝑇−0.31[𝑒(𝐵−1.4) − 1](𝑛L − 1)3.5 . (3) 

The bandwidth is calculated here as the ratio of the limiting longest and shortest 

wavelengths, as 𝐵 =
𝜆long

𝜆short
. As the optical thickness, and refractive indices, due to 

the dispersion, are dependent on the wavelength, these values are calculated at the 

geometric mean of the bandwidth (𝜆mean = √𝜆long𝜆short). The optical thickness T 

is defined as: 
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𝑇(𝜆) =
𝑑∙𝑛(𝜆)

𝜆
,      (4) 

where d is the physical thickness of a layer and 𝑛(𝜆) is its refractive index at the 

design wavelength 𝜆. To get the total optical thickness of a coating, one needs to 

sum up all the individual optical thicknesses of the layers in the design. Eq. 3 is an 

experimental derivation that does not provide an exact solution for any certain case 

of an ARC optimization. However, it is extremely useful in presenting the relations 

between the chosen materials and the design targets and helps to quantify the key 

rules of an ARC design. For instance, it is seen that the refractive index of the lowest 

index material is proportional to the average minimum reflectance, so that the closer 

the value is to 1, the smaller the average reflectance. Similarly, if the bandwidth 

increases, so does the minimum achievable average reflectance. On the other hand, 

the minimum average reflectance decreases as the contrast increases. Only the 

quantity 𝑇, the total optical thickness, is not as straightforwardly interpreted as it 

seems in Eq. 3. There it shows that the thicker the ARC the smaller the minimum 

average reflectance. Mathematically that holds true, but such designs might not be 

practical or even manufacturable in some cases. Main issues rise from the arbitrarily 

thin layers and the large total number of layers required to achieve the calculational 

minimum average reflection. Too thick coatings may also increase fabrication costs, 

while simultaneously decrease the yield of acceptable coating runs and generally 

result in poor long-term stability and delamination issues. So, the rule of thumb for 

thickness is to keep the design simple. From these principles the ground rules for 

searching an optimal ARC can be listed as: 

 

I. The low refractive index material should have as close refractive index to air 

as possible. 

II. The refractive index contrast between the highest and the lowest index 

materials should be as high as possible.  

III. The bandwidth for the ARC should not be any wider than strictly necessary. 

IV. The total thickness should be kept within reasonable limits. 
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Additionally, the used materials should exhibit little to no absorption within the 

bandwidth of interest when it is as important to have high transmittance through the 

coating as it is to reduce the reflectivity. Rule IV is not so precisely limiting, but 

thinner and simpler usually produces better results. Eq. 3 does not mention anything 

about the number of layers or the effect of the substrate refractive index. Namely, 

because mathematically they do not matter. In practice, one should also consider the 

substrate refractive index when choosing a starting layer material for an ARC. Too 

close refractive index does not produce enough index contrast in the first interface 

and too large does the opposite. Unless a fully graded-index profile 

from 𝑛substrate to 𝑛air is possible, this also plays a role in the overall design quality. 

Moreover, the probability of observing long term degradation and delamination 

issues increases with the number of layers owing to different thermal expansion 

coefficients between different materials and surface strain.   

2.1 Broadband Antireflection Coatings 
 

For solar cells a single-layer ARC is mostly an outdated solution, but due to its 

simplicity and passivation properties, single-layer SiNx ARCs can still be seen both 

in experimental research as well as in commercial silicon solar cells [72]–[76]. The 

bandwidth of a single-layer ARC is quite limited as is shown in Figure 5 a) for a 

simulated SiNx ARC on silicon. For MJSCs that narrow bandwidth would not suffice 

and even the simplest MJSC ARCs are made of double-layer structures. The basic 

high refractive and low refractive index material pair can have two effective ARC 

constructions: a V-ARC and a W-ARC [62]. The letters V and W refer to the shape 

of the reflectance band as is demonstrated in Figure 5 b), that shows two simulated 

TiO2/SiO2 ARCs on GaAs. Out of these two structures, the V-ARC has lower 

reflectance at the design wavelength, but the W-ARC has a wider bandwidth with its 

double minima and is thus more suitable for MJSC applications. 
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Figure 5 a) Simulated reflectance of silicon and a single-layer silicon nitride (SiNx) ARC on 
silicon. b) Simulated reflectance of bare GaAs, and GaAs with 2-layer TiO2/SiO2 V- and W-
ARCs. 

From Figure 5 b) is seen that the TiO2/SiO2 W-ARC is already a good starting point 

for a III‒V MJSC ARC, having a suitably low reflectance with a bandwidth of 

500 nm to 1200 nm. For that reason it has been the standard solution used in our 

prior works [16], [77]–[79] and presents a benchmark for the comparison of the 

developed ML ARCs. Using Eq. 3 we can calculate for that bandwidth the minimum 

achievable average reflectance for TiO2/SiO2 ARC which is 0.63%. By switching 

silica to lower refractive index MgF2 the minimum average reflectance could be 

lowered to 0.32%. Similar calculation for Ta2O5 and MgF2 ARC shows achievable 

average minimum reflectance as low as 0.44%. Additionally, tantala has lower 

absorption at the UV range than TiO2 [80], [81]. In these calculations the optical 

thickness was fixed to 𝑇= 0.5. Eq. 3 shows the potential for the material 

combinations, but reaching the minimum average reflectance requires optimal 

multilayer structures that should be numerically evaluated during the design phase. 

If we expand the bandwidth to 300-1800 nm range, which the most developed MJSC 
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architectures utilize, we quickly notice that the achievable average minimum 

reflectance rises quite high, even if we raise the optical thickness to 𝑇= 2.5 (equals 5 

high/low refractive index QWOT layer pairs). The corresponding reflectance values 

for the material pairs TiO2/SiO2, TiO2/MgF2, and Ta2O5/MgF2 are 21.7%, 11.1%, 

and 15.1%, respectively. Although the high reflectance at the edges of the defined 

bandwidth, as is seen in Figure 5 b), raise the average reflectance without necessarily 

affecting the current balancing of the MJSC, it is clear that the higher achievable 

average minimum reflectance values indicate that the planar layer designs will not 

fulfill the more advanced needs for MJSC ARCs required to operate from UV to 

beyond 1600 nm. 

In terms of design tools, evaluating the complete thin film coating performance 

is commonly done using a transfer matrix method (TMM) [82]–[84] by calculating 

the reflectance and transmittance of the coating over the relevant bandwidth. In the 

case, where all the light comes from the direction of the incidence medium, i.e. no 

incoming light from the substrate side, the TMM can be written as: 

 

[
1
𝑟

] = 𝑴 [
𝑡
0

]     (5) 

in which the 𝑴 is the characterization matrix of the multilayer structure, 𝑟 the 

reflection coefficient, and 𝑡 the transmission coefficient. For single interfaces the 

coefficients can be written for s-polarization as: 

 

𝑟𝑖,𝑖+1 =
𝑛𝑖 cos 𝜃𝑖−𝑛𝑖+1 cos 𝜃𝑖+1

𝑛𝑖 cos 𝜃𝑖+𝑛𝑖+1 cos 𝜃𝑖+1
,  𝑡𝑖,𝑖+1 =

2𝑛𝑖 cos 𝜃𝑖

𝑛𝑖 cos 𝜃𝑖+𝑛𝑖+1 cos 𝜃𝑖+1
,  (6) 

and for p-polarization as  

 

𝑟𝑖,𝑖+1 =
𝑛𝑖+1 cos 𝜃𝑖−𝑛𝑖 cos 𝜃𝑖+1

𝑛𝑖+1 cos 𝜃𝑖+𝑛𝑖 cos 𝜃𝑖+1
,  𝑡𝑖,𝑖+1 =

2𝑛𝑖 cos 𝜃𝑖

𝑛𝑖+1 cos 𝜃𝑖+𝑛𝑖 cos 𝜃𝑖+1
  (7) 

where 𝜃𝑖 is the incidence angle. 𝑴 is calculated as: 
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𝑴 =
1

𝑡0,1
[

1 𝑟0,1

𝑟0,1 1
] 𝑀1𝑀2 … 𝑀𝑁−2 = [

𝑴00 𝑴01

𝑴10 𝑴11
],   (8) 

where the suffixes indicate the layers for a total number of considered layers 𝑁 

(including the incidence medium = 0, and the substrate = 𝑁-1) and 𝑀𝑖 is a transfer 

matrix of a layer 𝑖. 𝑀𝑖 can be written as: 

 

𝑀𝑖 = [𝑒−𝑗𝛿𝑖 0
0 𝑒𝑗𝛿𝑖

] [
1 𝑟𝑖,𝑖+1

𝑟𝑖,𝑖+1 1
]

1

𝑡𝑖,𝑖+1
,     (9) 

in which 𝛿𝑖 =
2𝜋

𝜆
𝑛𝑖𝑑 corresponding to a phase change of a layer with the thickness 

of 𝑑. For an arbitrary multilayer film structure, the 𝑟 and 𝑡 in Eq. 5 can be calculated 

as: 

𝑟 =
𝑴10

𝑴00
,  and  𝑡 =

1

𝑴00
,               (10) 

from where the reflectance and transmittance can be calculated as 

 

𝑅% = |𝑟|2  and  𝑇% =
𝑛2 cos 𝜃2

𝑛1 cos 𝜃1
|𝑡|2.               (11) 

Although coding your own TMM script for basic coating calculations is not too hard, 

it is not strictly necessary as there are plenty of available software for the purpose. 

These include commercial programs like EssentialMacleod [85], FilmStar [86], and 

OptiLayer [87], several freeware Python packages [88], [89], and a full free program 

OpenFilters [90]. They utilize effective optimization algorithms that combined with 

the ground rules of ARC design yield usually good results. 

In the case of MJSC, where the aim is to convert as much solar irradiation to 

electrical power as possible, broadband can be defined as everything between 300 

nm and the narrowest bandgap of the MJSC structure, which in theory extends up 

to 1800 nm with the germanium bandgap (0.7 eV). In practice, the infrared (IR) limit 

for the broadband ARC depends on the material combination used in the junction 

stack and, more importantly, needs to be matched to the overall design of the MJSC 
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to yield the highest performance. Figure 6 presents a spectrum division for a 

possible 5-junction GaInP/GaAs/GaInNAsSb/GaInNAsSb/GaInNAsSb MJSC 

structure where the utilizable spectrum spans from 300 nm to the 1800 nm with the 

bandgaps of 1.9 eV/1.4 eV/1.2 eV/0.9 eV/0.7 eV, respectively. The extraterrestrial 

solar spectrum AM0 (ASTM E-490) and the direct illumination solar spectrum 

AM1.5D (ASTM G-173-03) [91] are both presented. AM0 is the standard used for 

space photovoltaics and AM1.5D is used for comparing the performance of III–V 

concentrator solar cell materials, because only direct sunlight can be efficiently 

concentrated.  

 
Figure 6 The solar spectra for AM0 and AM1.5D standards [91]  divided into five hypothetical 
bandwidths of a MJSC design, as I to V referring to the subcells of the stack. [Adapted from 
P3] 

Using only planar layers for reflectance reduction has its limits as it was shown using 

the average reflectance calculations with Eq. 3. As the utilizable spectrum spans over 

the 300-1800 nm bandwidth, it is essential to develop ARC that can cover the whole 
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range. To tackle the issue different types of nanostructured ARCs have been 

developed and tested on MJSCs [53]–[60], but they typically come with their 

drawbacks. Patterned semiconductor window layer causes additional losses in the 

UV region due to increased  thickness of the window [55]–[57], direct patterning of 

the solar cell structure can cause increased recombination losses [58] and with 

patterned dielectric structure the refractive index contrast between the high index 

semiconductor material and the low index ARC is too large for efficient reduction 

of reflectance [53], [54]. Multilayer dielectric coatings combined with patterning [9], 

[59], [60] have so far been an effective but laborious solution due to multi-step 

fabrication processes required for the patterning. The approach chosen for this 

thesis is to combine a nanostructured alumina top layer with an underlying planar 

ML ARC. The method is simple, non-toxic, and low-cost and it is based on post-

deposition treatment of planar amorphous alumina coatings with heated de-ionized 

water (DIW) [92], [93]. In addition, there is no need for lithography and surface 

etching for patterning. Thanks to its simplicity concerning the processing steps, the 

method is more suitable than the similar kind of hybrid broadband ARCs [59], [60] 

for real-life applications. The properties of the nanopattern can be controlled via 

film thickness and DIW treatment time [94] and the hydrophobicity of the film can 

be increased with post-process polymerization [95]. 

The main principle of using nanostructures as an antireflection coating is to have a 

gradual change in the refractive index between the substrate and the incident 

medium which is illustrated in Figure 7.  
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Figure 7 Utilizing a nanostructured surface in ARCs is based on the concept of gradual 
refractive index change from the refractive index of the substrate to the incidence medium 
refractive index. Different kinds of applied nanostructures include bio-inspired moth-eyes, 
pyramid-like nanostructures, and randomly distributed nanostructures. [Original moth-eye and 
pyramid SEM images by the courtesy of Dr. Juha Tommila] 

Different kind of nanostructured ARC approaches include bio-inspired moth-eye 

structures [77], [96], [97], pyramid and nanocone structures [57], [98], [99], and 

random nanostructures [92], [100]. Our nanostructured alumina approach represents 
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the random structures that does not include any subwavelength periodicity like the 

other methods. 

2.2 Thin Film Deposition and Processing 

ARCs are fabricated using thin film deposition techniques. Generally, the two main 

classes of thin film deposition are divided into physical vapor deposition and 

chemical vapor deposition (CVD). In PVD the film constituents are produced into 

atomic/molecular state by heating or particle collisions and after traveling in vacuum 

the material forms a film on the substrate. In CVD there is usually at least two pre-

cursor gases that react on the substrate surface and form the film material as a 

reaction product. This work focuses on PVD and more precisely on electron beam 

(E-beam) evaporation and ion beam sputtering (IBS). 

2.2.1 Electron Beam Evaporation 

E-beam evaporation is based on melting the target material with current provided 

by an electron beam. The melted material emits its constituents, which in vacuum 

travel to the substrate, condense on the surface, and form a film. The electrons of 

the beam are generated with a tungsten filament and accelerated with a few kilovolts 

range voltage, which together with a magnetic field is used to guide the beam into a 

liner holding the raw material being evaporated. Figure 8 a) shows the glowing 

filament that in vacuum emits the electrons and Figure 8 b) presents variable 

materials that were used in the ARC development. 



 

 

 

21 

 

 

 
Figure 8 a) The tungsten filament  of the electron source is producing the electron beam that 
is directed to the material cup above. b) A selection of e-beam evaporation starting materials 
used for thin film deposition. Starting from top left: TiO2, 2 × SiO2, MgF2, Ta2O5, and Al2O3. 

E-beam can be used to evaporate both metals and dielectrics. Metals usually require 

lower base pressure, but no additional heating. Dielectric materials can be evaporated 

in higher pressure range and often require additional background oxygen for reactive 

evaporation of oxides. They also require additional heating for the substrate, so that 

the forming film gets dense and forms necessary bonds to the substrate surface for 

good adhesion of the film. As dielectrics are insulators, the electron beam is not 

heating the raw material evenly and the material is usually subliming before melting. 

Due to these process properties (substrate heating, background pressure, uneven 

melting), evaporation of good quality dielectric films requires understanding of the 

overall material specific process and strict enough process control. The system used 

in the thesis has limited heating capacity (< 250 °C), relatively high base pressure of 

1×10-5 mbar and is manually adjusted and controlled. For film thickness control the 

system uses a quartz crystal oscillator. 

For MgF2 studied in P1, we have assumed porous structure [101], [102]. As these 

pores can be filled either with air or water, depending on the humidity and exposure 

conditions, we utilized effective medium approximation (EMA) [103] to describe the 
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measured refractive indices of the annealed MgF2 films. From EMA the ratios of 

air/MgF2 in the films can be calculated when we assume that:  

1) The pores contain only air right after the annealing procedure  

( 𝑓MgF2  +  𝑓air  =  1). 

2) The MgF2 skeleton has a refractive index of the bulk material  

𝑛MgF2 = 1.378 [104]. 

3) The films are transparent, so the dielectric constant follows  

equation ɛ =  𝑛2. 

The volume fractions (𝑓𝑖) of the film constituents are given by EMA as: 

 

𝑓MgF2

(𝜀eff−𝜀MgF2)

(𝜀eff+𝜀MgF2)
+ 𝑓air

(𝜀eff−𝜀air)

(𝜀eff+𝜀air)
= 0                                (12) 

which can be written as  

𝑓air 𝑓MgF2⁄ = − (
(𝜀eff−𝜀MgF2)

(𝜀eff+𝜀MgF2)
) (

(𝜀eff−𝜀air)

(𝜀eff+𝜀air)
)⁄ .              (13) 

The dielectric constant 휀𝑒𝑓𝑓 is the effective dielectric constant of the deposited film, 

휀MgF2 is the MgF2 bulk value, and 휀air is the dielectric constant of air. The fraction 

of pores in the film is given by Eq. 13 and can be used to calculate the packing 

density 𝑝 of the MgF2 film, as: 

 

𝑝 = 1 − (𝑓air 𝑓MgF2⁄ ).                 (14) 

As packing density is a figure of merit for how densely the actual film material is 

constructed, the closer the value is 1 the better. Higher packing density indicates less 

porosity which straightforwardly reduces effects caused by adsorbed humidity in the 

films. 
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E-beam evaporation was used for thin film deposition in the publications P1 & P3 

and the work was done by using a custom-built evaporator by Instrumentti Mattila 

Oy; having an electron source, a crucible, and sweep controls from Telemark Ltd, 

and a quartz monitoring from Intellemetrics Global Ltd. 

2.2.2 Rapid Thermal Annealing 

Aiming at reducing the porosity of the evaporated MgF2 films, post-deposition 

annealing was done by using a rapid thermal annealing (RTA) process. In the 

annealing process the sample is exposed to heat to induce beneficial changes in the 

material, such as re-ordering of the atoms and removal of impurities. The test series 

in P1 utilized annealing temperatures (𝑇a) from 300 °C to 1000 °C with 100 °C 

intervals. Inert N2 atmosphere was used during temperature ramping and a one-

minute-long annealing at the constant temperature was performed in a vacuum. The 

RTA system used in this work was a JetFirst 100 from Jipelec Ltd. 

2.2.3 Reactive Ion Beam Sputtering 

Sputtering refers to a process where a kinetic particle, a projectile, knocks-out 

another particle from a solid. Commonly used projectiles are noble gas ions, such as 

argon, xenon, and neon, that are accelerated with an electric field to a target. In the 

IBS system used in this thesis, the projectiles include both argon and oxygen ions 

and the sputtered target materials are metallic. The ions are generated with 

alternating radiofrequency (RF) coil and accelerated and guided by three-gridded 

beam optics. To get transparent oxides out of the metallic targets, the system has a 

reactive oxygen atmosphere in addition to the oxygen fraction in the ion beam. Due 

to the oxidation process taking place at the targets and at the metallic sputtered 

species, the process is called reactive ion beam sputtering. Figure 9 shows a 

simplified overview of the sputtering process of Ta2O5. The sputtered oxide particles 
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form the film on the substrate and the process is optically monitored through a 

monitoring glass sample. 

 
Figure 9 Ion beam sputtering utilizes a beam of accelerated ions to knock-out target particles 
which will then form the thin film on samples. In reactive IBS deposition, there is also a reactive 
background atmosphere, which is usually oxygen. Here is a schematic illustration of the 
process of sputtering Ta2O5 [P2]. 

IBS is known to produce high quality optical thin films with high laser damage 

threshold and environmentally stable optical constants [4], [105]. The high quality of 

the deposited films, even at the room temperature, is due to the energetics of the 

sputtering process [106]–[108]. The method is well established for coating optical 

filters on top of glass substrates [109] and due to its proven quality should provide 

excellent ARC deposition method for III–V MJSCs, which can fulfill the stability 

and reproducibility requirements. 
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Reactive ion beam sputtering was the main deposition method used in the 

publications P2-P5. The system used in this work was a Navigator 700 sputtering 

system from Cutting Edge Coatings GmbH. 

2.2.4 Numerical Modeling of Sputtering 

During the test growths of IBS deposited Ta2O5, it became evident that the energetic  

process of reactive ion beam sputtering was not straightforwardly suitable for coating 

III–V materials. We noticed severe device degradation due to the coating which 

seemed to be linked mainly to the coating process. Analytical investigation of the 

process kinetics was required for which we used numerical simulation of the 

sputtering event that is presented in Figure 9. We used Sigmund’s linear cascade 

collision model [110] in the form of the semi-empirical sputtering equations reported 

by Seah et al. [111] with the recommended values used by Matsunami et al. [112]. 

These provide a simplistic, yet proven and efficient model for sputtering compounds 

[113]. The approach of Yamamura et al. [114] was used for oblique incident angle 

calculations. Detailed description of the used equations is given in the Appendix A 

of P2. 

Based on previous studies we assume Ta target to be oxidized [80], [115] and that 

the molecular species being sputtered is Ta2O5. Demiryont et al. [80] have shown 

that when the ion beam oxygen fraction exceeds 37.5% the sputtered Ta2O5 film is 

stoichiometric. The oxygen fraction for the ion beam used in this work is 38.5% and 

there is a constant 80 sccm O2 flow directed to the target plate which according to 

Ohno et al. [115] already induces several nanometers thick oxide layer on the target. 

In addition to the sputtering of Ta2O5, we numerically examined the secondary 

sputtering effects at the semiconductor surface by the scattered Ar+ ions and the 

TaO primary particles. The secondary particle energies are calculated assuming 
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elastic two particle collisions [116]–[118]. The semiconductor sputtering calculations 

follow Seah’s compound equations [113] and Malherbe’s review on sputtering 

semiconductors [119]. The energy distribution of sputtered TaO particles is 

calculated with the flux equations introduced by Thompson [120]. The sputtering 

yields are calculated for GaAs, Al0.53In0.47P and Al0.4Ga0.6As compositions and their 

properties are assumed to be linearly constructed by the properties of their binary 

compounds. Such simplification omits any element preferential effects and might 

not represent the actual sputtering process of these compounds [113], [119], but fits 

with the experimental data of GaAs and Ta2O5 [113]. 

2.2.5 Nanostructuring Alumina 

Amorphous thin film Al2O3  is known to form a porous structure when treated with 

heated DIW [92], [93]. Similar nanostructures have successfully been utilized in 

advanced ARCs, where they have enabled broadband operation and very low average 

reflectivity [53], [56], [98], [121]–[123]. For developing the ML ARC with 

nanostructure on top, the DIW treatment was tested and utilized for e-beam and 

IBS deposited alumina and other oxide materials. The DIW process is described in 

Figure 10. 

 
Figure 10 Alumina thin film is deposited by reactive ion beam sputtering on a substrate and 
then the sample is treated with hot de-ionized water bath to create nanostructured alumina 
coating [Adapted from P5]. 



 

 

 

27 

 

 

The DIW had a resistivity of 18.4 MΩ and was pre-heated to the temperature of 

90 °C on a hotplate before sample immersion. The temperature of the solution was 

constantly monitored during the treatment and no agitation was used. Treatment 

time was kept constant at 30 minutes. 

A distinct advantage of the DIW nanostructuring compared to the lithography 

processes is the reduced number of fabrication steps [59], [60]. Also, using reactive 

ion etching (RIE) for patterning can cause losses via plasma damage and byproducts, 

if the process is not carefully optimized for the MJSC materials [124]–[128]. The 

properties of the alumina nanopattern can be controlled via the original planar film 

thickness and the DIW treatment time [94]. 

Nanostructured alumina layers were used in three manuscripts, i.e. P3-P5. 

2.2.6 Hydrophobicity Treatment of the Nanostructure 

Bare nanostructures can be prone to water adsorption and mechanical damage due 

time. To prevent these, superhydrophobicity treatments are often applied to achieve 

omniphobic properties [129]–[135]. Treating a nanostructure with an additional low 

surface energy polymer, such as organosilane [129], [131], fluoropolymer [129], [133], 

[136], or  polydimethylsiloxane [130], [135] usually provides hydrophobicity. For the 

nanostructured alumina, a fluoropolymerization by CHF3 plasma is known to 

produce superhydrophobic properties [95]. 

As P5 aimed to improve the stability of the ML ARC having nanostructured alumina 

on top, a fluoropolymerization by a RIE system with a polymerization process of 

CHF3 plasma (50 sccm, 100 mTorr, 50 W) was applied for 7 minutes. The used 

system was Plasmalab 100 by Oxford Instruments Plasma Technology GmbH. The 

polymerization process is presented in Figure 11. 
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Figure 11 Fluoropolymerization of nanostructured alumina by CHF3 plasma treatment leads 
to hydrophobic properties for the film [Adapted from P5]. 

The functionality of the hydrophobicity treatment was compared against the bare 

nanostructured alumina and planar alumina coatings. All three coatings were 

exposed in atmospheric icing for durability assessment and the properties before and 

after the exposure were characterized. 

Hydrophobicity treatment was utilized in the P5 manuscript.  

2.3 Basics of Multijunction Solar Cells 

There are different ways to fabricate III–V MJSC architectures most important of 

which are inverted metamorphic (IMM) [15], [48], [137], [138], wafer-bonded [47], 

[139], and lattice-matched (LM) [16], [26], [35], [140] approaches. The MJSCs in this 

thesis are all monolithically grown and lattice-matched to GaAs. The used growth 

method, molecular beam epitaxy (MBE), is based on evaporating a suitable III–V 

mixture on a seed crystal, in our case an epitaxial grade GaAs wafer, on which the 

grown compound material replicates the crystalline structure of the substrate. 

Lattice-matching requires the grown materials to have close enough lattice constant 

compared to the substrate material. Pros of the LM MBE are its excellent crystal 
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quality and low amount of used material when compared to i.e. IMM. Cons include 

high cost and relatively low growth rates. Figure 12 a) shows a simplified schematic 

of a MBE system for III–V growths. MBE systems are operated under ultra-high 

vacuum (UHV) conditions, as the epitaxial growth requires the precursor molecules 

to have a clear line of sight from the effusion cells to the substrate. MBE is mainly 

done at the pressure range of 10-8-10-9 mbar, which corresponds to a mean free path 

in order of meters or dozens of meters. In addition to the base pressure of the 

system, the most important physical parameters affecting to the film growth are the 

amount/ratio of the arriving molecules and the temperature of the substrate. The 

MJSCs of this thesis were grown as bottom-up structures, in which the growth starts 

from the substrate with the bottommost layer and is proceeded layer by layer by 

alternating the material fluxes with shutters, until the complete MJSC structure is 

complete. 

 
Figure 12 a) A simplified illustration of a molecular beam epitaxy system for growing III–V 
semiconductors. b) A single-junction GaAs pn-junction and a triple-junction 
GaInP/GaAs/GaInNAsSb MJSC and the principle of how the fractions of the solar irradiation 
are utilized by the structures. 
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A single-junction semiconductor solar cell consists typically two main layers doped 

with different types of impurities. Such a structure for a GaAs single-junction SC is 

shown in Figure 12 b). The layer that is doped with electron donor atoms is referred 

as n-type material and the layer that is doped with electron acceptor atoms is called 

p-type material. The number of impurities is small compared to the number of main 

semiconductor atoms, so the defining difference between the layers is the number 

of electrons. In the n-type layer there is an excess of electrons that are free to operate 

as negative charge carries. In the p-type material there is similarly a certain number 

of electron vacancies, which are referred as holes, that can act as positive charge 

carriers. A simplified operating principle of a semiconductor solar cell is that when 

illuminated with light the electrons in the doped layers absorb the incident photons 

and the photogenerated minority carriers are transported to the depletion region. 

The strong electric field and the fixed space charge of the junction separates the 

collected minority carriers and the generated charge difference creates a potential 

across the cell and produces electrical power. [141] 

A MJSC is basically a collection of single-junction SCs, stacked together in some of 

the methods mentioned in the beginning of this subchapter. Monolithic LM MJSCs 

require tunnel junctions in between the subcells to enable a series connection of the 

structure [22], [142]. Tunnel junctions need to have low electrical resistivity and high 

optical transmissivity. Because of the high doping, a small positive voltage applied 

to the junction is enough for the charge carriers to tunnel through the barrier, which 

enables high current density flows at low voltages. Figure 12 b) shows a triple-

junction GaInP/GaAs/GaInNAsSb MJSC with the associated bandgaps of the 

subcells. Owing to the different bandgaps of the junctions a MJSC can utilize a wider 

spectrum of the solar irradiation than a single-junction device. As the solar cells in 

LM MJSC structure are series connected, the least current producing junction sets 

the limit for the current production capability of the complete stack. Any excess 

current produced by the other junctions will be mitigated by losses, such as 
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thermalization. Therefore, all the junctions in an optimized LM MJSC structure 

should produce close to the same current. This principle is referred as current-

matching. 

The current-matching requirement for the MJSC structures sets additional 

limitations for the design of a broadband ARC. The average reflectance plays a 

smaller role than the overall balancing of the structure, while the interference of the 

multilayer structure makes it challenging to have both suitably low and broadband 

reflectance [33], [143]. A conventional double-layer ARC structure can be an efficient 

solution up to three junctions [16], [33], [49], but achieving optimal reflectance 

reduction with more junctions requires additional ARC layers [9], [33] and/or 

nanostructuring [53]–[60]. Even the state-of-the-art triple-junction solar cell utilizes 

a four-layer design as its ARC [61]. Therefore, the thesis aims to develop 

nanostructured ML ARC to match all the requirements set by the MJSC designs. 

This work was carried out with lattice-matched triple-junction 

GaInP/GaAs/GaInNAsSb and AlGaAs/GaAs/GaInNAsSb MJSCs and four-

junction GaInP/GaAs/GaInNAsSb/GaInNAsSb MJSCs. All the studied III–V 

MJSC structures were grown in-house usinga a Veeco GEN20 MBE system. 
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3 THIN FILM CHARACTERIZATION 

Optical thin film is defined as a film with a thickness that still produces recognizable 

interference effect on a substrate. Such films usually have a physical thickness 

ranging from nanometers to micrometers depending on the optical properties, 

namely refractive index (𝑛) and extinction coefficient (𝑘) of the material, and the 

specific wavelength in question. Thicker films are considered as bulk-like material. 

Despite the nanoscale dimensions, thin films can be characterized versatilely and 

there are multiple ways to categorize the different methods. Here, the 

characterization techniques are divided in microscopy for structural characterization, 

optical techniques for assessing optical properties of the films, and other section that 

covers the rest of the used characterization methods. 

3.1 Microscopy 

Optical thin films usually produce a visible effect on the substrate but based on the 

mere outlook it is difficult to estimate the actual surface quality of the coatings. Their 

physical dimensions are small, ranging from nanometers to micrometers, so accurate 

evaluation requires microscopy. Optical microscopes can easily provide a 

magnification of 100 times the original size, but to reach the nanometer range, 

beyond the diffraction limit, requires ~50k-100k times magnification. Such precision 

can be provided by atomic force microscope (AFM) and scanning electron 

microscope (SEM). 
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3.1.1 Atomic Force Microscopy 

Atomic force microscopy is used to map the surface potential variations (linked to 

Van der Waals force, dipole-dipole interaction, and other electrostatic forces) along 

a sample surface, yielding  a topographical representation of the surface features. In 

this work we used a Veeco DimensionTM 3100 AFM in the so called tapping mode, 

where the oscillation variations of the tip provide the feedback from the surface. The 

used tip model was a PPP-NCH-50 silicon probe by NanosensorsTM. Figure 13 a) 

shows an examplary surface topography map for MgF2 surface and Figure 13 b) 

presents the tapping mode working principle. 

 
Figure 13 a) A 3D-presented AFM surface topography map of MgF2 thin film. b) A 
representation of the working principle for the tapping mode imaging. 

AFM utilizes electrical stepping motors and piezoelectric crystal to move the tip and 

scan the investigated sample. In the tapping mode the cantilever is driven to oscillate 

vertically near its resonance frequency by the piezoelectric element. The interacting 

forces change the elastic constant of the probe, while the feedback loop maintains a 

constant oscillation amplitude. The vertical position of the cantilever at each lateral 

measurement point is stored and used to form a topographic image of the sample 

surface. For the post-measurement image construction, a WSxM 5.0 Develop 8.2-
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9.4 software was used [144]. From the topography data it is possible to extract 

statistical values that describe the sample surface in a comparable way. In this work, 

the three main statistical values examined were the root mean square roughness 

(Rrms), average roughness (Rave) and average height. Although AFM can provide 

various kinds of accurate information about the surface being measured, its biggest 

downside is the relatively slow scanning procedure, which usually limits the scanning 

area from few to tens of micrometers. 

3.1.2 Scanning Electron Microscopy 

Nanosized features cannot be optically imaged with traditional microscopes due to 

the diffraction limit that basically restricts accurate imaging for features smaller than 

half the imaging wavelength. With visible light the lower limit is ~200 nm. Some 

metamaterial concepts, like super- and hyperlenses, utilizing negative refractive index 

materials are under investigation, but are so far beyond practical implementations 

for everyday imaging [145]–[147]. Instead of photons, one can use electrons for the 

imaging purposes. The method is called scanning electron microscopy, where the 

working principle is to sweep the imaged surface with a narrow beam of electrons 

and collect the emitted electrons from the surface with different kinds of detectors. 

The sweep line scans are collected and used to form an image of the surface. SEM 

can image features as small as 1 to 10 nm depending on the used system and the 

sample being imaged. SEM is able to picture 3D structures and enables detailed 

characterization of surface morphology and textures. Imaging is fast and the main 

sample requirement is to have a conducting surface [148]. Figure 14 demonstrates 

how zooming into larger magnification reveals the surface nanostructure that is not 

detectable with the lower zoom. 
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Figure 14 With a scanning electron microscope it is feasible to reach magnifications of ~few 
100k times the original size, which enables examining nanosized features, such as the 
nanostructured alumina shown here. 

As the ARCs are mainly dielectric materials, imaging their surface accurately with 

SEM can be difficult. Scanning for too long or with an intensive electron beam can 

lead to local charging of the surface causing distorted features and blurry images. 

Techniques to avoid the local charging include using a low acceleration voltage, a 

small aperture, and a slight tilt for the sample. All the SEM images were taken with 

a ΣIGMA™ FESEM operated with SmartSEM® software, both products of Carl 

Zeiss NTS Ltd. 
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3.2 Optical Assessment Techniques 

As optical coatings are designed to manipulate light by the means of interference in 

the layered media, a natural way to characterize the films is to use variable optical 

techniques. The main methods used in this thesis and shortly presented in the 

following subchapters are ellipsometry, spectrophotometry and photoluminescence 

spectroscopy. 

3.2.1 Ellipsometry 

Ellipsometry refers to a technique, in which the change of the polarization of light 

when reflected from a surface, either bare or thin film coated, is measured. From the 

measurement, one can determine the reflectance ratio of the two linear polarizations, 

parallel to the incidence plane and perpendicular to the incidence plane, p- and s-

polarization, respectively. This complex ratio 𝜌, can be presented with two angles Ψ 

and ∆ as: 

𝜌 =
𝑟p

𝑟s
= tan Ψ 𝑒𝑖Δ,                 (15) 

in which the 𝑟p and 𝑟s are the measured reflection coefficients for the polarizations 

[149]. With the angles Ψ, relative amplitude change, and ∆, phase difference, the 

optical constants 𝑛 and 𝑘, and the physical thickness of the measured film can be 

fitted. Depending on the sample and the used measurement configuration, the fitting 

procedure can be tedious and non-conclusive, and in the least case requires a certain 

level of expertise. The results included in the thesis are either automatic calculations 

by the used measurement system or fits done by a specialized operator. Figure 15 a) 

presents the electric field amplitude of elliptically polarized light propagating along 

z-axis with the relation of the angles Ψ and ∆. Figure 15 b) shows how the Ψ and ∆ 
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vary as a function of wavelength, that can be used for fitting optical constants of 

dispersive media. 

 
Figure 15 a) Polarization of light is defined by the amplitude variations in s- and p-directions 
along the propagation axis z. b) By measuring the changes in polarization as a function of 
wavelength by ellipsometry the thin film properties, namely refractive index, physical thickness, 
and extinction coefficient, can be calculated. 

If  Ψ and ∆ are measured at a single wavelength, the setup is called a monochromatic 

ellipsometer and if the measurement is done across a bandwidth and with varying 

angles, the system is referred as spectroscopic ellipsometer. The monochromatic 

values used in this thesis are measured at λ = 632.8 nm. 

The refractive index of the materials that were measured with spectroscopic 

ellipsometry are fitted with the Sellmeier dispersion formula [150]. For the materials 

that include absorption in the short wavelength region, namely TiO2 and Ta2O5, 

Tauc-Lorentz model [151] was applied. The monochromatic measurements were 

done in-house at Tampere University with a Rudolph AutoEL III Null ellipsometer 

equipped with a He/Ne laser at λ = 632.8 nm and the spectroscopic ellipsometry 
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measurements were done at the University of Eastern Finland with a J.A.Woollam 

VASE spectral ellipsometer. The presented uncertainty intervals for spectroscopic 

ellipsometry results are given by the WVASE32® Version 3.774 software according 

to the used models, which does not consider the possibility of a systematic error due 

to the cross-dependence of the material parameters and presumes a normal 

distribution for the uncertainties. 

3.2.2 Spectrophotometry 

In spectrophotometry one can measure three quantities: transmittance (𝑇%), 

reflectance (𝑅%), and absorbance (𝐴%). 𝑇% measures how much light is 

transmitted through the sample, 𝑅% how much of the incident light is reflected from 

the surface, and 𝐴% how much of the light is absorbed in the structure. With the 

ARCs we would like to avoid absorbing materials and have mainly measured 𝑇% 

and 𝑅%, although the high refractive index materials can have some absorption at 

the UV range. As our substrate is very often a MJSC beneath the ARC, the 

reflectance is the key quantity compared between ARC designs, as the incident light 

that is not reflected should be absorbed in the MJSC. Transmittance measurements 

are mainly done on test ARCs on glass. The two measurement configurations, used 

for the spectrophotometry in the thesis, are an integrating sphere and a universal 

reflectance accessory (URA), latter of which is a trademark of PerkinElmer Inc. With 

the integrating sphere one can measure either transmittance or reflectance and the 

sphere should collect also diffused light. With URA only specular reflectance can be 

measured, and the smallest measurable angle is 8 °. The operating principle of the 

integrating sphere is shown in Figure 16 a) and the operating principle for URA in 

b). 
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Figure 16 a) A simplified illustration of an integrating sphere used for both transmittance and 
reflectance measurement. The sample configuration with measurement settings define which 
quantity is measured. b) Universal reflectance accessory (URA) configuration for reflectance 
measurement. 

The integrating sphere enables measurement at the normal incidence angle and gives 

more realistic picture of the ARC reflectance due to the included diffused 

components. URA module has been used when the sample size and focusing of the 

incident light of the integrating sphere have not been compatible with each other. 
The spectrophotometer measurements were done with a PerkinElmer Lambda 1050 

UV/VIS/NIR spectrophotometer. 

3.2.3 Photoluminescence Spectroscopy 

In photoluminescence (PL) spectroscopy a sample is illuminated with 

monochromate incident light, usually with a laser, and the light generated by the 

illuminated structure is measured with a detector. The physical principle of 

photoluminescence is presented in Figure 17 a). The photons provided by the 

incident light excite electrons from the valence band (𝐸v) to the conduction band 

(𝐸c) and produce an electron-hole pair. The pair is radiatively recombined when the 
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electron falls back to the valence band, which produces a new photon with energy 

matching the band gap (𝐸g) of the material. If the electrons would have only one 

possible state to be excited to, the produced light would be monochromatic. 

However, in a real material system there is a distribution of possible states, and the 

produced signal will match that. A photoluminescence spectrum for GaAs (𝐸g≈ 1.42 

eV) is shown in Figure 17 b). 

 
Figure 17 a) The principle of photoluminescence excitation and radiative recombination that 
produces PL signal. b) Example spectra of GaAs photoluminescence. 

For characterizing MJSCs PL spectroscopy offers a non-invasive method, that allows 

versatile evaluation with variable excitation depths [152], [153]. In the thesis we 

compared mainly PL intensity changes that indicate effects of the ARC deposition 

process on the quality of surfaces, bulk and interfaces [154], [155].  

PL measurements were used to probe the top and middle junctions of the MJSC 

structures in P2. The GaInP and AlGaAs top junctions were probed with 532 nm 

laser both in continuous wave (CW) and Q-switched modes using a 300 g/mm 

grating, a 570 nm high-pass filter, and a CCD detector. The effects on the GaAs 

junction were evaluated by measuring the PL with CW 785 nm excitation using a 

300 g/mm grating, an 850 nm high-pass filter, and an InGaAs detector. The effects 
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of the reflectance changes due to the ARCs were corrected, by calculating the 

influence of reflectance at the pump and signal wavelengths on the PL intensity as: 

𝐼PL,0 =
𝐼meas

(1−𝑅pump)(1−𝑅PL)
,                (16) 

where 𝐼PL,0 is the reflectance corrected signal, 𝐼meas the measured signal, 𝑅pump 

reflectance at the pump wavelength, and 𝑅PL reflectance at the signal wavelength. 

The reflectance corrected signal was then normalized according to the pre-

deposition signal, so that prior the ARC the signal is 1. This way the intensities 

should be ≥ 1 for non-damaged samples after the deposition. The system used in 

this work was an Accent RPM2000 PL mapper. 

3.3 Other Characterization Techniques 

In addition to the microscopy and optical characterizations, a few other methods 

played key roles in the investigation of the coating properties and functionality. 

These are shortly presented in the following sections.   

3.3.1 Light-biased Current-Voltage Measurements 

When it comes to ARCs on MJSCs, the key merit for the functionality of the coating 

is how well it improves the operation of the solar cell compared to an uncoated cell. 

A realistic way to measure that would be to set up the solar cell under sunlight and 

measure the produced voltage and current. Problem with the real Sun is that it rarely 

shines from the exact same position with the exact same spectrum, which would 

make comparing the performance of an uncoated solar cell and the same solar cell 

after ARC deposition difficult. Instead, a solar simulator is used that produces 

repeatable conditions for the solar cell performance comparison that can be further 

verified with the known standards. The system used in this work was a 7 kW OAI 
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TriSol solar simulator calibrated for AM1.5D (1000 W/m2) illumination. Such a 

measurement for a 4-junction MJSC is shown in Figure 18. 

 
Figure 18 Measuring light-biased current-voltage of a 4-junction MJSC under a solar 
simulator. [Image by Dr. Antti Tukiainen] 

The simulator system uses a high intensity Xenon lamp and filters to produce a solar 

like spectrum that is collimated to the measured solar cell. The produced light-biased 

current-voltage (LIV) values are recorded for comparison. Figure 19 shows three 

different LIV curves and presents the main points used for performance evaluation. 
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Figure 19 Light-biased current-voltage measurement shows the electrical quality of the solar 
cell and distincts differences at key performance points between a good and a defective 
component. 

The short-circuit current density (𝐽sc) is the current density recorded when the back 

and front metal contact of the solar cell are short-circuited. The open-circuit voltage 

(𝑉oc), is similarly the maximum voltage that the solar cell can generate, which takes 

place when the terminals are not connected and the photogenerated carriers build 

up the voltage by charge diffusion. The maximum power generation is less than 

𝐽sc × 𝑉oc, as loss mechanisms such as recombination losses, shunt resistance and 

series resistance reduce the corresponding 𝐽m and 𝑉m. Even for an ideal SC the 

diode-like behavior prevents 𝐹𝐹 reaching 1, as the generated current is exponentially 

related to the voltage. The ratio between the maximum power point values and the 

product 𝐽sc × 𝑉oc is called the fill-factor as: 
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𝐹𝐹 =
𝐽m𝑉m

𝐽sc𝑉oc
.                  (17) 

The fill-factor together with the short-circuit current (𝐼𝑠𝑐 = 𝐽𝑠𝑐 × 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎) and 

the open-circuit voltage can be used to calculate the conversion efficiency of the 

solar cell: 

𝜂 =
𝐹𝐹𝐼sc𝑉oc

𝑃opt
 ,                  (18) 

in which 𝑃opt is the power of the incident light. Generally, ARC should mainly affect 

the amount of light reaching the solar cell structure, which is directly linked to the 

current generation of the SC, namely 𝐽sc. However, optimized ARC might also act 

as a passivation component reducing recombination losses, or in non-optimal case 

the opposite. If the ARC functions properly the shape of the LIV curve should 

remain the same and the produced current increase in proportion of the reduced 

reflectance, as is shown in Figure 19 when the bare SC and the same SC with good 

ARC are compared. Significant improvements in 𝑉oc and 𝐹𝐹 would imply reduced 

recombination losses. When recombination is increased or some of the junctions are 

shorted, due to the ARC process damaging the SC, the LIV curve shape is distorted, 

like the red dotted curve in Figure 19. LIV characteristics provide a straightforward 

quantity for the comparison of ARC quality, as it shows how much the ARC benefits 

the SC. 

3.3.2 External Quantum Efficiency 

Like the LIV, external quantum efficiency (EQE) gives a measure of the electrical 

quality of the solar cell, but also of the optical quality of the device. The EQE is a 

quantity that describes how many charge carrier pairs is generated per photon arrived 

at the solar cell. The more the photons are reflected from the solar cell, the smaller 

the EQE. Other variables affecting to the EQE values are transmission and 
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recombination losses. In an ideal case, in which every arriving photon produces an 

electron-hole pair, EQE equals 1. A good ARC should increase the EQE 

proportionally to the reduced reflectance, unless the deposition induces electrical 

losses in the SC. An example EQE for a top-junction GaInP solar cell with and 

without an ARC is presented in Figure 20. 

 
Figure 20 EQE of a bare GaInP top junction for MJSC configuration and the same solar cell 
with an ARC. 

The EQEs in the thesis are measured with an in-house built monochromator-

detector-based system which is adjusted using a NIST (National Institute of 

Standards and Technology) -calibrated Si reference cell at room temperature (22°C). 

For EQE derived current densities a python script based on May et al. integration 

tools [156] was used. 
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3.3.3 Icing and Ice Adhesion Tests 

To assess the durability of the nano-ARC, with and without the hydrophobicity 

treatment, atmospheric icing tests were concluded. A mixed glaze type ice was 

accreted by using an icing wind tunnel (IWiT) at Tampere University Ice Laboratory. 

A centrifugal ice adhesion test (CAT) was used for ice adhesion measurements [157]. 

In IWiT supercooled water droplets are accelerated to and frozen onto the tested 

surfaces. The thickness of the accreted ice was ~10 mm. In CAT the iced sample is 

rotated with a constant acceleration speed until the ice layer detaches. The 

detachment moment is logged with an acceleration sensor, and the ice adhesion 

strength is calculated by dividing the centrifugal force with the iced area [157]–[160]. 

The following list presents the ice adhesion strength ranges for CAT values: 

• Extreme low < 10 kPa 

• Low 10-50 kPa 

• Medium-Low 50-100 kPa 

• Medium 100-150 kPa 

• High > 150 kPa 

Additional ice durability tests were done after CAT testing, where ice was accreted 

on the surface again in the IWiT. After the ice accretion, the samples were left to the 

cold conditions to freeze for one hour. Afterwards, the de-icing was done at the 

room temperature. In the de-icing, the samples were positioned vertically and held 

there until the ice was removed. This procedure was repeated four times, after which 

possible differences in the surface wetting behaviour were characterized. 

As atmospheric icing is one of the harshest environmental conditions and can lead 

to extensive structural damage for the surfaces, it was chosen to be used as an 

accelerated aging and wear test for the nanostructured alumina coatings. It is 

expected that the hydrophobicity wears off due to cyclic icing [161]–[163] as the frost 
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formation via condensation will wear out the nanofeatures on the surface [164]–

[166]. However, the comparison reveals the differences between the coating types 

and shows if a hydrophobicity treatment is a must for this type of alumina 

nanostructures for long-term usage in MJSC ARCs. 

3.3.4 Contact Angle Measurements 

Water contact angle (CA) measurements are used to determine of what type of 

hydrophobicity/-philicity the coatings possess. Hydrophilic coatings have CA < 90° 

and hydrophobic have CA > 90°. Superhydrophilic surfaces spread the droplet and 

superhydrophobic coating have CA > 150°. Figure 21 presents the CAs in accord 

to the hydrophobicity definitions.  

 
Figure 21 The static contact angle is used to describe hydrophobicity and hydrophilicity of a 
material based on the magnitude of the contact angle θ between the water droplet and the 

surface [167], [168] [Adapted from P5]. 

Although static contact angle (SCA) is typically used as the standard for 

hydrophobicity evaluation, also the receding contact angle (RCA) and advancing 

contact angle (ACA) were measured. RCA has been shown to be more directly linked 
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to the differentiation point (90°) between hydrophobicity and hydrophilicity [167], 

[169]. Generally, RCA measures the surface adhesion and ACA the surface 

wettability [167], [169]. CA hysteresis is the difference between RCA and ACA and 

is mostly due to chemical and topographical heterogeneity of the surface, or surface 

alteration by the solution [170], [171]. As RCA and ACA give the local maximum 

and minimum values that SCA can have on the surface, smaller hysteresis indicates 

more stable and uniform performance by the coating. In this work the contact angles 

were measured before icing tests, after CAT testing, and after cyclic icing-melting 

testing to investigate the durability of the bare alumina nanostructure, the 

hydrophobicity treated alumina nanostructure, and the planar alumina film. The 

contact angle changes allow to estimate the stability of each of the coating types and 

their suitability for long-term MJSC ARCs. The system used was a DSA100 from 

Krüss GmbH and the measurements were done with a 5 µL droplets of ultra-high 

purity water. 
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4 RESULTS AND DISCUSSION  

This thesis approached the development of MJSC ARCs with three main tasks: 

I. Studying annealed e-beam evaporated MgF2 as a low refractive index 

material. 

II. Studying IBS deposited Ta2O5 as a high refractive index material with 

low absorption. 

III. Developing and testing a multilayer ARC with a nanostructured alumina 

top layer. 

All tasks aimed at an improved solution for a broadband and durable ML ARC for 

III–V MJSCs in space and terrestial concentrated photovoltaics.  

4.1 Annealing Low Refractive Index Magnesium Fluoride 

Magnesium fluoride is the most commonly utilized low refractive index material in 

the ARCs of the reported high-efficiency III–V MJSCs [15], [45], [46], [172]. Its 

attractiveness is based on the 2nd lowest refractive index of usable natural thin film 

materials, being topped only by cryolite [173]–[175], and well established deposition 

processes. In the publication P1, we studied its temporal stability as well as the 

influence of deposition conditions and ex-situ rapid thermal annealing in hopes of 

reducing the film porosity and thus the effects of environmental variations on the 

coating performance. 

The e-beam evaporated MgF2 films had a set of different substrate temperatures 

(𝑇s) as 50 °C, 100 °C, 150 °C, 200 °C, and 240 °C. It is assumed that the films are 

either amorphous or polycrystalline in nature [176], as MgF2 films reportedly 
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crystallize above 250 °C deposition temperatures [177]. The corresponding 

refractive indices measured by spectroscopic ellipsometer are shown in Figure 22 

a). 

 
Figure 22 a) Dispersion of the MgF2 films grown at different temperatures measured by 
spectroscopic ellipsometry. b) Refractive index at λ = 632.8 nm for the post-deposited MgF2 
films after varying conditions [Adapted from P1]. 

As the deposition temperature increases, the refractive index of MgF2 seems to 

decrease. This can be attributed to the change of densely packed amorphous 

domains to polycrystalline phases, which leads to optically less dense structure. In 

the range of 30 °C to 150 °C the films should be amorphous and above temperatures 

of 150 °C the films shift to polycrystalline structure [176]. Reportedly, refractive 

index should start to increase with deposition temperatures higher than 250 °C [178]. 

As stated in chapter 2, the lower the refractive index of the lowest index material 

used in an ARC, the lower the achievable average minimum reflectance. So ideally, 

the films deposited at 200-240 °C should be suitable candidates for MJSC ARC, as 

they have clearly lower refractive index than the other films deposited at lower 

temperatures. However, the films should also endure time and environmental 

changes to actually work in a broadband ARC. Figure 22 b) presents a measurement 
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series, where the stability of the MgF2 films were monitored by their refractive index 

at λ = 632.8 nm. It is seen that none of the films maintain their refractive index as 

constant, but there is a shift for higher refractive index for each of the films after a 

year-long storage. This indicates that the films are somewhat porous and that the 

pores are filled by water due time. Following a procedure of heating in vacuum by 

Thornton and Harrison [101] the refractive indices were decreased and the relative 

difference between the films got smaller. The exposure of MgF2 thin films to vacuum 

at 150 °C, should have caused a complete desorption of adsorbed water molecules 

[101]. Although the water adsorption seems to be a reversable process to some 

extent, the final refractive indices differ from the initial ones, which is not optimal 

when considering ARC design. The difference could be caused by some remaining 

hydroxyl groups on the surface of the film [101] or restructuring of the films due to 

the heat treatment. 

In addition to optical stability, also the structural integrity of the films is important 

for real life applications. In Figure 23 are shown SEM scans of the MgF2 film 

surfaces after a year-long storage conditions. 
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Figure 23 SEM surface scans of the growth temperature series reveals severe microcracking 
of the films grown at temperatures below 200 °C after a year-long exposure to atmospheric 
conditions [Adapted from P1]. 

One can see that the films deposited at temperatures 50-150 °C exhibited a large 

number of micro-cracks. The higher the 𝑇s is, the smaller is the number of cracks, 

and with the temperatures  200 °C  and 240 °C  there are no noticeable cracks on 

the films. The cracking influences the optical and mechanical properties of the film, 

as it offers more sites for water vapor adsorption, and decreases both the abrasion 

resistance and the adhesion between the film and the substrate surface. Using such 

MgF2 films evaporated at low temperatures in ML ARC would be problematic 

because micro-cracking could result in off-peeling of the coatings. 

Aiming at reducing the porosity, an ex-situ RTA treatment was applied for the MgF2 

films, with the annealing temperature 𝑇a varying from 300 °C to 1000 °C with 100 

°C intervals. As annealing is known to roughen up the surface structure of the films 

[177], which then again affects the adhesion between thin films [179] and increases 
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surface scattering [180], we measured the initial deposition series surface roughness 

with AFM. The root-mean square roughness and average roughness for the film 

surfaces are shown in Table 2. 

Table 2 Surface roughness of the MgF2 films measured by AFM, as the root-mean-square 

roughness (Rrms) and the average roughness (Rave). 

Sample Rrms [nm] Rave [nm] 

 Ts = 50 °C 0.48 0.38 

 Ts = 100 °C 0.48 0.38 

 Ts = 150 °C 0.44 0.35 

 Ts = 200 °C 0.57 0.44 

 Ts = 240 °C 0.56 0.44 

A small increase in the surface roughness of the films is caused by higher deposition 

temperature, but all the values are still very small. In comparison, at room 

temperature e-beam deposited MgF2 film has been reported to have a 𝑅rms of 2.276 

nm [177]. It would be preferable to maintain at least the order of roughness 

presented for the room temperature deposited MgF2, which already is one order of 

magnitude coarser than our deposition series initially is. 

The refractive indices of the annealed films are shown in Figure 24 a). The refractive 

index of films evaporated at 𝑇s = 200 °C and 240 °C do not change much when 

compared to their as deposited values. However, the samples deposited below 𝑇s = 

200 °C have significantly lower refractive index values after the RTA treatments, that 

would indicate decreased amount of adsorbed water in the films. The refractive 

indices decrease as the voids of air have smaller refractive index (𝑛air = 1.00) than 

the adsorbed water (𝑛water = 1.33). At 600 °C the relative difference of refractive 

index is the smallest among the datasets. Above 600 °C the trend of decreasing 

refractive index changes rapidly and starts growing above 700 °C. We estimate the 
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change to be attributed to the lateral shrinkage of the films [181], which would also 

explain the rapid thickness increase shown in P1. 

 

Figure 24 a) Refractive index at λ = 632.8 nm for post-deposition RTA processed MgF2 films. 
b) Air/MgF2 ratios for the RTA treated films calculated with the EMA [Adapted from P1]. 

The air/MgF2 ratios calculated with Eq. 13 are shown in Figure 24 b). The closer 

the ratio is to 0 the closer the packing density is to 1, as was shown in Eq. 14. For 

the films 𝑇s = 200 °C and 240 °C the most beneficial treatment would be 𝑇a = 500 

°C, as their 𝑝 closes to 1. For 𝑇s = 150 °C treatment with 𝑇a = 600 °C would be 

better. Above 𝑇a = 600 °C the treatments clearly have negative effects on the film 

quality, as the porosity increases. We can state that the assumptions made for EMA 

calculations are no longer valid when the calculations yield negative values for air 

content. 

As the RTA treatment affected the films deposited at different temperatures very 

similarly, the films deposited at 𝑇s = 200 °C and annealed at 𝑇a = 300 °C, 700 °C, 
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and 900 °C were chosen to be characterized with AFM. The surface topography 

maps of these AFM measurements are shown in Figure 25. 

 

Figure 25 AFM topography maps of the annealed MgF2 films with the root-mean-square 
roughness values [Adapted from P1]. 

When comparing the as deposited 𝑇s = 200 °C surface and the surface by the lowest 

annealing temperature 𝑇a = 300 °C, we see that there is practically no change in the 

surface morphology. As 𝑇a increases, the MgF2 films start to form granular surfaces. 

At 𝑇a = 700 °C the surface is formed by grains of the size of 50 to 100 nm. At 𝑇a = 
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900 °C the grain size is around few hundreds of nanometers and the 𝑅rms is two 

orders of magnitude larger than the initial surface roughness after deposition. In 

hindsight, some additional AFM scans, like 𝑇a = 500 °C for 𝑇s = 200 °C and 𝑇a = 

400 °C for 𝑇s = 50 °C, could have further elaborated the suitability of the RTA 

treatment for the post-deposition quality enhancement. But as is, the AFM measured 

series verifies that above 600 °C RTA processing is not beneficial, as was indicated 

by the ellipsometry measurements presented in Figure 24. Below 𝑇a = 700 °C RTA 

processes seem to be effective in removing the adsorbed water and result in 

improved film quality. The upper temperature limit of 𝑇a = 700 °C for RTA 

treatments is suitable for MJSC structures incorporating GaInNAsSb subcells, as the 

dilute nitride junctions generally benefit from annealing up to 800 °C [182], [183]. 

However, as the annealing affects the doping density [184], induces a bandgap blue-

shift [185]–[188], changes the carrier lifetimes [189], and its effects are growth 

conditions and N composition dependent [183], [186]–[188], the possible RTA 

treatment for the ARC should be known and taken into consideration prior the 

MJSC design and growth. 

Relative changes in reflectance due time for ARCs deposited at 𝑇s = 200 °C were 

measured and presented in P1. The optical performance was negatively affected by 

caused humidity shifting the reflectance, as was predicted by the long-term refractive 

index changes shown in Figure 22 b). A need to test post-deposition RTA 

treatments with a multilayer design is evident and it could help to reduce the 

influence of humidity and long-term exposure to ambient conditions by enhancing 

the quality of the MgF2 top layer. Without a comprehensive testing with other 

constituent materials, the result would most likely be like in Figure 2 b) and c) 

instead of a quality improvement. 

As an additional test after publishing P1, we exposed MgF2 deposited at 𝑇s = 200 °C 

to the DIW treatment used for Al2O3 nanostructuring. Like Al2O3, MgF2 seems to 
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react with DIW and to form a nanostructured surface. Surface SEM scan of the DIW 

treated MgF2 is shown in Figure 26. 

 

Figure 26 SEM image of DIW treated MgF2 surface that shows minor structuring compared to 
the as-deposited surface. 

The reactivity with DIW and the observed porosity of the e-beam deposited MgF2 

prevents using it as an intermediate layer in ML ARC between the nanostructured 

alumina and silica. As a topmost nanostructured layer, instead of alumina, it could 

potentially enable lower average reflectance than current MgF2-ARCs that utilize 

only planar top layers, but this has not been yet investigated.  
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4.2 Optimizing Ion Beam Sputtering Process of Ta2O5 for III‒V 
Materials 

Motivation behind using Ta2O5 instead of TiO2 lies in its similarly high refractive 

index and lower absorption in the UV region [80], [81]. Figure 27 a) shows the 

refractive indices for both materials deposited with IBS measured with spectroscopic 

ellipsometer. Figure 27 b) presents the related extinction coefficients. 

 
Figure 27 a) Measured refractive index of IBS deposited Ta2O5 and TiO2. b) Extinction 
coefficients of the sameTa2O5 and TiO2 films. 

Both TiO2 and Ta2O5 are regarded as high refractive index materials and the 

differences in their optical constants are moderate as is evident from the Figure 27. 

Replacing titania with tantala in a double-layer ARC structure with SiO2 and tuning 

the thicknesses of the layers should result in comparable results for the previous 

designs. As it happens, that is not the case with IBS deposited Ta2O5, as is shown in 

the LIV-results measured for a triple-junction GaInP/GaAs/GaInNAsSb MJSC in 

Figure 28. 
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Figure 28 LIV for a bare GaInP/GaAs/GaInNAsSb MJSC and with Ta2O5/SiO2 ARC deposited 
with standard parameters. 

The MJSC with Ta2O5/SiO2 ARC yields significantly lower current density than the 

same solar cell without a coating. The short-circuit current density 𝐽sc decreases from 

7.6 mA/cm2 to 7.1 mA/cm2 which is in contradiction of the improved reflectance 

shown in P2. The fact that the 𝑉𝑜𝑐 remains unaltered (2.6 V) points mainly to 

increased recombination losses in the window layer, instead of other loss 

mechanisms. 

As all the optical qualities of the coating were good and did not provide an 

explanation for such a catastrophic performance deterioration, an ARC test series 

for PL measurements were deposited on two kinds of MJSCs, 

GaInP/GaAs/GaInNAsSb and AlGaAs/GaAs/GaInNAsSb. The series altered the 

IBS deposition parameters for Ta2O5 linearly with a multiplier coefficient 𝑓, as is 

shown in Table 3. 
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Table 3 Sputtering parameters for the Ta2O5 test series. Parameter 𝑓 denotes the linear 
scaling coefficient for the three ion source parameters. 

𝒇 
Primary Source  
RF Power [W] 

Beam 
Current 

[mA] 

Beam Voltage 
[V] 

1 145 225 2000 

0.7 102 158 1400 

0.6 87 135 1200 

0.5 73 113 1000 

 

The topmost layer of the MJSC structure, the window layer, was different for the 

two MJSC designs: AlInP for GaInP top junction and AlGaAs for AlGaAs top 

junction. The results of the PL measurements are shown in Figure 29. Excitation 

with 532 nm is used to probe the topmost junctions. The CW mode mainly generates 

signal from the very topmost part of the junction, whereas Q-switched excitation 

enables signal contribution from deeper in the junction. The middle-junction GaAs 

was probed with 785 nm CW excitation. 
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Figure 29 The reflectance corrected normalized photoluminescence intensities for Ta2O5 
parametrizations [P2]. 

The PL measurements show that the standard sputtering parameters for Ta2O5 

degrade the material quality of both MJSCs with AlInP or AlGaAs, which explains 

the poor LIV performance in Figure 28. The top junctions seem to take most of 

the damage with the standard parameters (𝑓 = 1) as the GaAs signal  remains above 

1, when the PL of the top junctions reach as low as 0.4. As the sputtering parameters 

are reduced by 𝑓 = 0.7, AlInP window MJSC has already significantly improved 

surface PL when compared to the standard parameters. For AlGaAs MJSC the 

surface PL is just slightly improved. At 𝑓 = 0.6 all the PL signals are above 1 

indicating unharmful deposition of Ta2O5 in respect of the MJSCs. For 𝑓 = 0.5, 

however, the signal from AlGaAs top junction is reduced for CW excitation. All the 

other signals are slightly better or the same than with the parametrization 𝑓 = 0.6. 

The overall trend seems to be that the PL intensities improve as the sputtering 

parameters are reduced. Only contradiction to this is the drop of the AlGaAs PL 

intensity from 𝑓 = 0.6 to 𝑓 = 0.5. As the Q-switched signal is still relatively high 

(~1.4), the signal drop of AlGaAs might be related to an oxidation of the AlGaAs 
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window layer. This could also explain why the signal for AlInP window structure is 

further improved, as AlInP does not oxidate similarly than AlGaAs [39]. 

In addition to the possible oxidation causing reduced performance, it is clear that 

the standard deposition parameters damage both of the window materials. Possible 

mechanisms are unintentional sputtering of the III–V surface by the scattered 

primary projectiles (Ar+) or the sputtered molecules (TaO), ion implantation of the 

scattered Ar+ ions, and crystal defects induced by collision cascades. To investigate 

the first one, we calculated the maximum kinetic energies of the sputtered TaO 

particles (𝐸spu) and the scattered argon ions (𝐸sca) as a function of the primary ion 

energy (𝐸proj) shown in Figure 30 a). Both particle species seem to have enough 

energy at the higher parametrizations (𝑓 = 1, 0.7) to cause secondary sputtering. 

 
Figure 30 a) Particle energies for scattered Ar+-ions and sputtered TaO particles as a function 
of the initial energy of the projectile Ar+-ions. b) Calculated TaO particle fluxes as a function of 
their kinetic energy. [P2] 

In order to get a clearer picture of the number of the high energetic particles, we 

calculated the fluxes of the sputtered TaO particles as a function of the particle 

energy, both in low energy region (≤ 50 eV) and in high energy region (≥ 50 eV). 
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The calculated TaO fluxes are shown in Figure 30 b). Most TaO particles have less 

than 50 eV kinetic energy to begin with and on their way to the substrate they lose 

much of that due to collisions with the background gas particles [190]. On average, 

a sputtered TaO particle collides approximately 4 times with oxygen molecules 

before reaching the semiconductor surface. In comparison a scattered Ar+ ion 

undergoes only ~2 collisions. The collisions have been calculated for oxygen 

atmosphere, where other gas species have not been considered. In this sense, the 

post-collision energies shown in Figure 30 a) and b) are the absolute upper limits 

for projectiles arriving at the substrates. 

For estimating the possible secondary sputtering at the semiconductor surface, we 

need to know the surface binding energies (𝑈sb) of the sputtered material to calculate 

the sputtering thresholds (𝐸th) for the projectile-target pairs. The 𝑈sb values in this 

work are directly from Seah [113] and Malherbe [119]. The calculated 𝐸𝑡ℎ values for 

the normal incidence [112] and for the oblique angle [114] are shown in Table 4. 

Table 4 Calculated sputtering thresholds for Ta2O5, GaAs, AlGaAs and AlInP. 

Sputtering Threshold [eV] 

Target material Ta2O5 GaAs AlGaAs AlInP 

Projectile Ar+ Ar+ TaO Ar+ TaO Ar+ TaO 

𝐸𝑡ℎ
𝑛𝑜𝑟𝑚𝑎𝑙  19 14 41 16 49 23 77 

𝐸𝑡ℎ
𝑜𝑏𝑙𝑖𝑞𝑢𝑒 14 8 19 9 22 16 24 
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The sputtering thresholds at oblique angles are significantly lower than at  the normal 

incidence as a larger fraction of the particle energy is deposited near surface [116]. 

Projectiles with less energy than the sputtering threshold of the material do not 

contribute to the sputtering process. The higher sputtering threshold energies for 

TaO particles indicate smaller yields compared to Ar+. In contrast, the sputtering 

threshold energies with Ar+ are about ~10 eV smaller than for TaO. The number of 

scattered Ar+ ions can be significant and their high-energy counts can be ten times 

of the counts for high-energy sputtered species [191], [192], which would favor 

sputtering by the Ar+ ions compared to TaO particles. The calculated sputtering 

yields for GaAs, AlGaAs, and AlInP with Ar+ are shown in Figure 31 a) and with 

TaO particles in Figure 31 b). 

 

Figure 31 a) Calculated sputtering yields for GaAs, AlGaAs and AlInP by the scattered Ar+ 
ions at 50° incidence. b) Calculated sputtering yields for GaAs, AlGaAs and AlInP by the 
primary TaO particles at 50° incidence [Adapted from P2]. 

As the angular sputtering yields are not well defined with the projectile energies 

below and near the threshold energy of the target materials [114], we show the 
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calculated yields for TaO sputtering at Espu ≥ 50 eV, which is well above the 

calculated sputtering thresholds for oblique angles in Table 4. We see that the 

sputtering yields follow the sputtering threshold energies i.e., the lowest threshold 

material (GaAs) has the highest yield and so forth. Also, the yields with Ar-projectiles 

are nearly three times higher than the yields by TaO particles with the same 

parametrization. This combined with the thermalization losses that the TaO particles 

experience on their way from target to samples [190] makes it more likely that the 

damage for the semiconductors is due to the scattered Ar+ ions. The differences in 

PL results with the parametrization are not directly explained by the sputtering yields 

as both AlInP and AlGaAs follow similar trend between 𝑓 = 1 and 𝑓 = 0.5. It is 

likely that the surface oxidation of AlGaAs plays a major role in the discrepancies 

between the two window materials [37], [38]. 

To test the outcome for the optimization of sputtering Ta2O5, we deposited the 

same Ta2O5/SiO2 ARC on the same GaInP/GaAs/GaInNAsSb MJSC structure 

than in Figure 28 and measured its LIV performance. Only this time, we used 

parameters given by 𝑓 = 0.6. The resulting LIV curves before and after ARC 

deposition are shown in Figure 32. 
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Figure 32 LIV of a bare GaInP/GaAs/GaInNAsSb and with optimized (𝑓 = 0.6) Ta2O5/SiO2 

ARC. 

The optimized ARC leads to a significant enhancement in the short-circuit current 

density from 7.6 mA/cm2 to 10.5 mA/cm2 (~40%) and shows no clear evidence of 

sputtering induced damage. Also, the open-circuit voltage of the MJSC remains 

unchanged (2.6 V). This proofs that the linear parameter optimization is useful in 

reducing the deposition induced damage to the MJSC. 

In conclusion, the standard deposition parameters damaged the MJSCs leading to 

reduced PL intensities and to a significant drop in the short-circuit current density. 

The optimization by linearly scaling the three main parameters of the ion source, 

namely RF power, ion beam current, and beam voltage mitigated the process induced 

damage. This enables using IBS deposited Ta2O5 as a part of ML ARC for MJSC. As 

the main damage mechanism was evaluated to be the scattered Ar+ ions, it is 
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necessary to utilize similar optimization for any IBS deposited materials for III–V 

MJSCs. 

4.3 Utilizing Nanostructured Alumina Coatings 

Our approach for utilizing nanostructured antireflection coating on MJSC comprised 

three subsequential phases. First, the concept of designing and fabricating ML ARC 

with the DIW treated nanostructured alumina top layer was tested and verified. 

Secondly, the ARC performance on 4-junction MJSCs was tested and its optical 

properties and functionality were characterized. Thirdly, the durability of the alumina 

nanostructure was put under test with atmospheric icing conditions at TAU Ice 

Laboratory. The following subchapters describe these phases in more detail. 

4.3.1 Achieving Broadband Antireflection 

The nanostructured alumina on its own is not enough to provide low reflectance 

over a broadband spectrum for a semiconductor surface, as can be seen in Figure 

33. For glass it is sufficient, especially if the substrate is coated on both sides, but the 

large refractive index contrast between alumina and air prevents continuous gradual 

index change from the substrate to the incident medium. 
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Figure 33 Measured reflectance of bare glass, bare silicon, and both with a nanostructured 
alumina layer on them. 

To utilize the alumina nanostructure in MJSC ARC, it needs to be combined with 

underlying planar layers that can match the index gap between alumina and the 

MJSC. For this, the other materials used in the ARC design must be able to withstand 

the DIW treatment without similar structural alterations that are evident for the 

amorphous alumina. The other layer materials preferably need to be deposited in the 

same run with the Al2O3 to prevent unnecessary processing steps and to avoid 

possible contamination risk jeopardizing adhesion between the layers. In our case, 

the available deposition methods and materials included variable oxides by e-beam 

and IBS. As the nanostructuring process for Al2O3 had been tested only with atomic 

layer deposition and magnetron sputtering grown films in the literature [92], [93], 

also alumina was included in the material test set. The oxides were deposited on 

silicon wafer pieces and treated afterwards with the heated DIW bath. The refractive 
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indices at 𝜆 = 632.8 nm and the physical thickness of the deposited films were 

measured prior and after the DIW treatment to quantify any notable changes in the 

films. The ellipsometry results are shown in Table 5. 

Table 5 A comparison of refractive index at λ = 632.8 nm and thickness changes before and 
after DIW treatment for various IBS and e-beam oxide materials. 

  Material 
Before 
DIW 

After 
DIW 

Δ [%] 

IBS n (@633nm) Al2O3 1.671 N/A N/A 

  Thick. [Å]   1217 N/A N/A 

    SiO2 1.483 1.481 -0.2 

      1025 1014 -1.1 

    TiO2 2.372 2.370 -0.1 

      1046 1043 -0.3 

    Ta2O5 2.110 2.109 -0.1 

      743 740 -0.4 

E-beam n (@633nm) Al2O3 1.583 N/A N/A 

  Thick. [Å]   1245 N/A N/A 

    SiO2 1.449 1.444 -0.3 

      907 875 -3.5 

    TiO2 2.177 2.170 -0.3 

      514 510 -0.7 

    Ta2O5 1.948 1.930 -0.9 

      632 630 -0.3 

As expected, both IBS and e-beam deposited alumina are unmeasurable by the 

monochromatic ellipsometer after the DIW treatment. This indicates 

inhomogeneous layer structure caused by morphological changes in the alumina 

surface. Rest of the tested oxide materials show no significant changes either in the 
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refractive index or in the film thickness by the DIW process. Based on this, 

utilization of nanostructured alumina on ML ARC made of these oxides is possible. 

 

To study the microstructural changes in the alumina films, they were imaged with 

SEM and AFM before and after the DIW treatment. Figure 34 shows the imaged 

surfaces. 

 
Figure 34 Microstructure of alumina surfaces, as a) e-beam as-deposited, b) e-beam DIW 
treated, c) IBS as-deposited, and d) IBS DIW treated. The top part of each frame is a SEM 
micrograph of the coating surface, and the lower part is the corresponding AFM surface scan 
[Adapted from P3]. 
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Prior the DIW treatment, both e-beam and IBS deposited films are smooth. After 

the DIW treatment the alumina films have formed porous nanostructure which is in 

line with similar studies done for alumina deposited by other methods [92], [93], 

[193], [194]. The numerical roughness values for the films presented in Figure 34 

are shown in Table 6. 

Table 6 Surface roughness of alumina films before and after the DIW treatment measured by 
AFM. 

 E-Beam 

Untreated DIW  

IBS 

Untreated DIW  

𝑹𝐫𝐦𝐬  [nm] 0.86 41.09 0.13 42.10 

𝑹𝐚𝐯𝐞[nm] 0.68 33.01 0.10 34.54 

Average height 

[nm] 
2.69 161.83 0.68 135.20 

Max height [nm] 7.55 303.35 1.36 257.99 

E-beam deposited alumina is a bit rougher to begin with than the IBS deposited film. 

Difference in 𝑅rms is ~0.7 nm, which is still very little but indicates that the e-beam 

Al2O3 might be slightly porous to begin with. This would explain the difference in 

the height distribution of the pores of DIW treated samples in between the e-beam 

and IBS deposited films, which is on average ~30 nm. A bit different structure 

profile between the nanostructures deposited with the two methods, will lead to 

different optical properties, as was shown in P3. 
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When the physical height profile information of the nanostructure is combined with 

the measured optical properties, like 𝑇% and 𝑅%, the interference properties of the 

nanostructure can be estimated with a fitted rugate approximation. The principle of 

the rugate approach, shown in Figure 35 a), is practically to mimic the gradual 

refractive index change of the nanostructure with a large number of individual layers 

whose refractive indices are scaled according to the Maxwell-Garnett 

approximations [103], [195]. Being able to simulate the nanostructure in TMM 

calculations enables using the nanostructure as a part of new simulated coating 

structures. This way potential ARCs can be numerically evaluated and optimized 

prior fabrication. 

 
Figure 35 a) The principle of the rugate approximation used to simulate the nanostructured 
alumina. b) Reflectance comparison of a simulated ARC with nanostructured alumina top layer 
and an actual reflectance of the said coating on GaInP solar cell [Adapted from P3]. 

To test the effectiveness of the generated rugate design in ARC optimization, we 

designed and fabricated a ML ARC with nano-alumina layer on top on a GaInP 

single-junction solar cell and compared the simulated and measured reflectance. The 
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comparison is shown in Figure 35 b) and the fit for the nano-ARC is good. It 

correctly shows the locations and magnitudes of the reflectance minima and the 

trends of reflectance for the whole broadband spectrum (200-2000 nm). The total 

average reflectance from 300 to 1800 nm is excellent 3.2%, which surpasses all the 

achievable minimum average reflections for planar coatings calculated with Eq. 3 by 

almost 10 percentage point. 

A nanostructured alumina top layer combined with underlying oxide ML ARC seems 

to be a feasible approach for broadband MJSC ARC by the utilization of the DIW 

treatment. It is possible to accurately simulate the nanostructure with a rugate 

approximation for further design optimization and the approach provides 

broadband reflectance reduction. 

4.3.2 Nano-ARC Performance on Multijunction Solar Cells  

Demonstrated functionality on glass, silicon, and a single-junction GaInP is a good 

step forward in realizing a broadband ML ARC for MJSC with the alumina 

nanostructure (nano-ARC). Work of P3 presented in the previous subchapter 

provided necessary design and fabrication tools for further testing the nano-ARC at 

oblique angles and on four-junction MJSC. In Figure 36 a) is presented a cross-

sectional surface scan of the nanostructured alumina, and b) and c) show the 

schematics and an actual cross-section of the complete ML nano-ARC, respectively. 
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Figure 36 a) A SEM surface scan of the nano-ARC, b) a schematic illustration of its structure, 
and c) a cross-sectional scanning electron micrograph of the nanostructured coating. [P4] 

Instead of the calculational average given by Eq. 3, we compare the performance of 

the nano-ARC on MJSC to a conventional planar double-layer TiO2 SiO2. This 

double-layer ARC has originally been optimized for GaInP/GaAs/GaInNAsSb 

triple-junction MJSC [77], to prevent the top-junction (GaInP) becoming the 

current-limiting junction. Its nominal structure is 50 nm TiO2/ 89 nm SiO2. It 

exhibits relatively broadband low reflectivity at 400 –1000 nm and with the given 

materials represents a robust and realistic optimal double-layer ARC for these III–V 

MJSCs. 
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As nanostructured top layer should provide angle-independent reflectance reduction 

[60], [196], the ARCs were first deposited on single-junction GaInP solar cells for 

angle-dependent EQE measurements. The EQE results are presented in Figure 37. 

Figure 37 a) shows that the nano-ARC practically retains its ARC properties almost 

fully even at incidence angles of 45° and 60°. The calculated difference in the short-

circuit current density between the normal incidence and 60° is just 0.4 mA/cm2. At 

normal incidence the nano-ARC works in a similar manner to the planar double-

layer ARC, as is shown in Figure 37 b), and they result in the same short-circuit 

current density. At 45° the short-circuit current density of the double-layer ARC 

begins to drop while the nano-ARC remains the same as at the normal incidence. At 

60° the calculated difference in the short-circuit current density is already 1.0 

mA/cm2 for the double-layer ARC when compared to the normal incidence angle. 

Angle-dependent EQE measurements demonstrate in practice an angle-independent 

operation for the nano-ARC. 
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Figure 37 a) Measured angle-dependent EQEs for the single-junction GaInP solar cells coated 
with the nano-ARC at the angles of 0°, 45° and 60°, demonstrating nearly unchanged 
performance as a function of the incidence angle. b)-d) comparison of single-junction GaInP 
solar cell EQEs without an ARC, with the e-beam ARC and with the nano-ARC at the angles 
of 0°, 45° and 60°, respectively. For each of the measured EQEs the corresponding current 
density under AM1.5D (1000 W/m2) spectrum has been calculated and is shown in the inset 
tables on the right upper corner of each sub-plot. [P4] 
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To prove the effectiveness of the nano-ARC also on an actual MJSC structure, the 

ARCs were compared on GaInP/GaAs/GaInNAsSb/GaInNAsSb SCs. The effect 

of a more complex MJSC structure with additional junctions shows in the number 

of interference fringes in the MJSC reflectance. This complexity makes it challenging 

to design a balanced broadband ARC to spectrally fit the sub-cell current-matching 

requirements [33], [143], as the average reflectance plays a smaller role than the sub-

cell bandwidths or the MJSC overall design.  Figure 38 a) shows the reflectance 

comparison on the GaInP/GaAs/GaInNAsSb/GaInNAsSb MJSC and Figure 38 

b) presents the LIV characterizations. 

 
Figure 38 a) The reflectance of an uncoated GaInP/GaAs/GaInNAsSb/GaInNAsSb solar cell 
(4J), with the conventional e-beam double-layer ARC and with the nano-ARC. b) The 
measured LIV characteristics under AM1.5D (1000 W/m2) for the 4J solar cells without a 
coating, with the e-beam double-layer ARC and with the nano-ARC. [Adapted from P4] 

The total average reflectance of the nano-ARC is lower than the planar ARC, 

especially at the wavelengths 1000-1800 nm, where the average reflection for nano-

ARC is as low as 3.5%, which is 8.1 percentage points less than with the double-layer 
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ARC. However, the poorer performance at the GaInP and GaAs bandwidths might 

lead to reduced effectiveness in the LIV results. In a case of either of the top sub-

cells being slightly too thin and having such high reflectance at its bandwidth, the 

possibility of the top cell becoming the current limiting junction in the structure 

increases. The LIV shown in Figure 38 b) indicates that the short-comings of the 

nano-ARC at the GaInP and GaAs bandwidths are not too severe, as the behavior 

compared to the planar double-layer ARC is very similar. Numerical comparison of 

𝑉oc, 𝐽sc, and 𝜂 shown in Table 7 indicates that the nano-ARC should be improved 

at the shorter wavelengths, as it performs slightly worse than the double-layer 

structure, which implies that either GaInP or GaAs junction would already be a 

limiting subcell. Reflectance reduction at the longer IR wavelengths for low band 

gap materials then again is already excellent. 

Table 7 Measured LIV –characteristics as conversion efficiency 𝜂, open-circuit voltage 𝑉oc, 

short-circuit current density 𝐽sc, and fill factor 𝐹𝐹 under AM1.5D (1000 W/m2) for the MJSCs 
as bare, with planar e-beam ARC and with the nano-ARC. 

 Uncoated 
E-beam 

TiO2/SiO2 

IBS 

TiO2/Ta2O5/SiO2/Al2O3 

nano-ARC 

𝜼 [%] 21.2 27.6 27.4 

𝑽𝐨𝐜  [V] 3.1 3.1 3.0 

𝑱𝐬𝐜  [mA/cm2] 8.6 11.5 11.4 

𝑭𝑭 [%] 81.0 78.4 79.2 

Although the nano-ARC had a non-optimal reflectance at the GaInP and GaAs 

bandwidths, the nano-ARC coated MJSC was still a functional device and no 
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significant difference in the electrical performance compared to the planar coated 

MJSC was observed. This would suggest that using nanostructured alumina ML ARC 

is suitable for high efficiency MJSCs. The limitations of the nano-ARC can be 

overcome with optimizing the Al2O3 nanostructure by tuning the DIW process 

parameters [94] and by altering the planar layer thicknesses in the multilayer 

configuration. The tested nanostructure was not spectrally optimized, as mainly the 

suitability of the method for a real MJSC device was under inspection. 

4.3.3 Improving Environmental and Temporal Stability 

Durability requires that the coating needs to be able to withstand both time and 

environmental effects. As the alumina nanostructure is processed basically with just 

heat and water, which both are abundant within regular operation condition of 

photovoltaics; heat via unconverted solar energy and water via humidity in air, there 

is a question if the nano-ARC can fulfill this expectation. SEM scans shown in 

Figure 39 prove that in its initial condition it cannot. 

 
Figure 39 a) The surface of a nano-alumina ARC shortly after the deposition. b) The same 
nano-alumina ARC after a year-long exposure to atmospheric conditions. 
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In Figure 39 a) the just-deposited alumina nanostructure is densely packed and 

sharply featured. In Figure 39 b) the same surface after a year-long exposure to 

measurement conditions and storage has worn out some of the nanostructure and 

dulled the previously sharp features. Such a drastic structural change leads into 

poorer optical performance and reduced LIV results and makes using a bare nano-

ARC a non-viable option for high efficiency MJSCs. A possible workaround is to 

add a surface-energy reducing polymer-layer to provide hydrophobicity in the 

coating, which would prevent the evident structural changes [129]–[131], [133], 

[135], [136]. 

To this end, we fabricated an environmental test series of alumina coatings on glass 

and silicon. The series included nanostructured alumina films with and without a 

hydrophobicity treatment and, as a comparison, planar alumina films. The coating 

types are referred as Plano for planar alumina, Nano for nanostructured alumina, 

and Fluoro for nanostructured and hydrophobicity treated alumina films. The films 

were characterized after fabrication and exposed to atmospheric icing conditions 

with a sequential CAT testing that can be seen as a harsh and rapid ice removal stress 

test for the coatings. After the CAT the films were re-characterized to quantify the 

changes in the films. 

The CA measurements shown in Figure 40 a) indicate that Plano alumina on both 

surfaces is hydrophilic in nature (SCA < 90°) [167]. Similarly, the Nano coatings are 

superhydrophilic, as the droplets spread out on the surface immediately [168]. Fluoro 

exhibits hydrophobicity (SCA ~130°), but not superhydrophobicity. This probably 

could be improved by using different process parameters, like longer process time, 

as similar treatment has produced superhydrophobic nano-alumina [95]. In overall, 

the coating performance is very similar between the two substrate materials. 
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Figure 40 a) SCAs for the Plano, Nano and Fluoro prior icing and after ice adhesion test. b) 
Ice adhesion values for the centrifugal adhesion test. [Adapted from P5] 

The ice adhesion strengths measured with CAT are shown in Figure 40 b). The 

adhesion of ice to the alumina coatings seems to be independent of the substrate 

material, which suggests similar growth and nanostructuring process for the alumina 

coatings on both substrates. Both Plano and Nano coatings have ice adhesion values 

that correspond to the medium-low adhesion region, given in Error! Reference s

ource not found., 70 kPa and 60 kPa, respectively. The ice adhesion strength on 

Fluoro is significantly lower and reach the low adhesion region. For Fluoro on glass 

and on silicon the ice adhesion strengths are 29 kPa and 46 kPa, respectively. When 

compared to many other anti-icing coatings that have values between 50 kPa to over 

100 kPa [129], [131], [132], [134], [197], the low ice adhesion strength on Fluoro is 

excellent. Also, the post-CAT CAs shown in Figure 40 a) have changed only small 

degradation (~ 5°) which should indicate increased mechanical durability. 
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As the optical performance of an ARC should remain unchanged due time the 

changes in average transmittance and reflectance due icing and CAT were measured 

with spectrophotometer. The transmittance of the alumina coatings on glass are 

presented in Figure 41 a) and similarly the reflectance on silicon in Figure 41 b). 

 
Figure 41 a) Transmittance of Plano, Nano and Fluoro on glass. b) Reflectance of Plano, Nano 
and Fluoro on silicon. [Adapted from P5] 

The bare substrates presented in Figure 41 were not iced and are presented only as 

reference. The average pre-ice transmittance over the bandwidth of 400 nm to 800 

nm for Plano, Nano, and Fluoro on glass are 90.4%, 95.0%, and 95.1%, respectively. 

Compared to many other hydrophobic anti-icing coatings the presented 

transmittance of ~95% is excellent, as the reported transparencies are usually 

reduced ~1-10% from the bare glass transmittance at similar bandwidths [130], 

[131], [135], [197]. A comparison with the reflectance in P5, also shows that there 

are also no losses involved in the alumina coatings, as 𝑇% and 𝑅% on glass sum up 

to 100%. Only Nano has been significantly influenced by the icing, as its 

transmittance has reduced. Presumably the icing has altered the nanostructure. The 
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biggest effect on Nano is at the visible wavelengths, where the change in 

transmittance is on average 1.6% reduction. As it comes to the reflectance of alumina 

on silicon, there is apparently also backside reflectance included for Plano and 

Fluoro samples, which can be seen as a discrete increase of 𝑅% below the silicon 

bandgap (𝐸𝑔  ~1.1 eV). Like on glass, only Nano has had notable changes between 

pre- and post-ice reflectance. The reflectance has dropped 1.8% at 400-800 nm, 

which would indicate changes in the nanostructure due to the icing procedure. 

Presumably, Plano and Fluoro samples are mostly intact after icing and CAT, which 

was concluded by AFM in P5. Their roughness and surface topography changes were 

small. Nano coatings, however, had rather drastic changes, as are shown in Figure 

42. 

 

Figure 42 AFM scans for Nano on glass before a), and after b) ice adhesion test.  AFM scans 
for Nano on silicon before c), and after d) ice adhesion test. [Adapted from P5] 

It seems that Nano on glass has been ripped off with the ice during the adhesion test 

and only small islands with height of ~20 nm are still visible on the image. 

Surprisingly, Nano on silicon has not peeled off, but has maintained its 
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nanostructure. The features seem sharper in contrast than before icing and there is 

some increase in roughness values, but the nanostructure has not notably changed. 

Apparently, the adhesion of alumina on silicon is greater than the adhesion on glass, 

as the measured adhesion of ice on Nano on both substrates was basically the same 

(~60 kPa). 

To get a wider overview of the surface features, the coatings on silicon were imaged 

in SEM. The pre-iced Plano, Nano, and Fluoro are presented in Figure 43 a), b), 

and c), respectively. Similarly, the post-iced Plano, Nano, and Fluoro are presented 

in Figure 43 d), e), and f), respectively. 
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Figure 43 Scanning electron micrographs of alumina films on silicon. a)-c) show Plano, Nano 
and Fluoro surfaces pre-icing, respectively, and d)-f) show the same surfaces post-icing. [P5] 

All three coatings, Plano, Nano, and Fluoro, are uniform before the icing and the 

adhesion testing. The contrast difference between Nano and Fluoro shows the thin 

fluoropolymer on the surface of Fluoro. Otherwise, the nanostructures are 

structurally very similar, as was indicated by the similarity in 𝑇% and 𝑅% spectra 

between Nano and Fluoro. Images taken after the CAT show that all three coatings 

have been negatively affected by the icing procedure. Plano shows micrometers wide 

areas where the coating has been ripped off and micro-cracks near such areas. Nano 
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has mainly the same structure than before the icing and the nanostructure seems to 

be unchanged, but there are large holes with diameters ranging from 1 µm to tens of 

micrometers of which the coating has completely peeled off the surface. It is likely 

that at the droplet impact stage the water drops have penetrated the coating [198], 

which combined with the freezing seemingly leads to permanent coating damage. 

Fluoro shows no such peeled-off areas, and the substrate is still uniformly coated 

with the film. There are visible dents very similar to the off-peeled areas on Nano, 

but the water droplet has not penetrated the surface and caused delamination of the 

coating after icing. 

To further investigate the durability of Fluoro coatings they were exposed to four 

additional icing and melting cycles with Plano coatings as reference. The 

hydrophobicity was examined with subsequential CA measurements. Both static and 

dynamic CAs are presented in Figure 44 a) and the corresponding CA hysteresis is 

shown in Figure 44 b). 

 
Figure 44 a) Contact angles after ice adhesion test and after four additional cycles of icing 
and melting the surfaces. b) Contact angle hysteresis after ice adhesion test and after four 
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additional cycles of icing and melting the surfaces. * Samples were not included in the 
additional icing-melting series. [P5] 

The CA results after the cyclic icing and melting reveal that the hydrophobicity wears 

off for Fluoro samples whereas Plano surfaces have only small changes, most likely 

linked to the partial delamination seen in the SEM scans. This is in line with the 

similar cycling study in which several different anti-icing nanocoatings were tested 

and found to lose their hydrophobic performance due to the cycling [129]. The CA 

hysteresis in Figure 44 b) shows that the difference between ACA and RCA 

stabilizes around ~20 ° for both planar and hydrophobic nanostructured samples. 

Although the fluoropolymerization of nanostructured alumina did not offer long-

term protection against icing, it makes the nano-ARC durable and effective in less 

harsh conditions than atmospheric icing. In the normal operating conditions of high 

efficiency MJSCs, the ARC remains under a cover glass or concentrating optics and 

would not be exposed to regular icing. The excellent transparency and extended 

durability when compared to the planar coating or only the nanostructured alumina 

shows the potential of fluoropolymerized nano-alumina for specialized broadband 

ARC solutions. 
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5 SUMMARY AND CONCLUSIONS 

As the field of high efficiency III–V multijunction solar cells is continuously 

progressing to reach higher conversion efficiencies towards 50% and above, the 

requirements for any subpart of a solar cell gets stricter. This thesis aimed to 

contribute to the development of a practical broadband multilayer antireflection 

coatings for such high efficiency multijunction solar cells by improving the material 

properties of electron-beam deposited low refractive index MgF2 and ion beam 

sputtered high refractive index Ta2O5. In addition, it investigated the use of 

nanostructured Al2O3 top layer integrated into a multilayer antireflection coating. In 

the introduction  

 

Table 1 summarized the main research questions for the publications of the thesis 

and the relevant aspects of each of the studies. Table 8 included below summarizes 

the corresponding key results of each of the manuscripts. 

 

Table 8 The key results for each of the publications of the thesis. 

 Key findings 

P1 

• The refractive index of e-beam deposited MgF2 decreases as the 
deposition temperature increases. 

• The films are porous and affected by humidity due time, which will 
lead shifts in ARC performance. This process is partly reversable by 
heating in vacuum. 

• Deposition temperatures under 200 °C produce MgF2 films that will 
crack due time. 

• RTA treatment was shown to improve the quality of MgF2 films but 
utilization in ML structures requires further research. 

 • DIW processing could be used also to produce nanostructured MgF2. 
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P2 

• Standard reactive ion beam sputtering process of Ta2O5 damages the 
III–V MJSCs. 

• The root cause for the performance drop is caused by the high 
energetic scattered Ar+ ions. 

• The linear parametrization provided a functional tool for finding 
suitable deposition conditions of Ta2O5 on III–V MJSCs. The 
parametrization should be similarly done to other IBS deposited oxides 
for MJSCs. 

• Oxidation of the III–V surfaces in the reactive process should be 
considered prior coating. 

P3 

• Both e-beam evaporated, and IBS deposited oxides are suitable for the 
DIW ML ARC process, as only alumina is structurally altered by the 
process. 

• Structural characterization of nano-Al2O3 provided a functional basis 
for rugate modelling of ML ARCs with the nanostructure on top. 

• Numerical model yields a realistic evaluation of the ARC properties. 

P4 

• EQEs on GaInP single-junction SCs showed angle-independent 
reflectance reduction with the nano-ARC. 

• Electrical properties of the MJSC with nano-ARC were similar to the 
standard ARC process showing that the fabrication process of nano-
ARC suits MJSCs. 

• In the long-wavelength range, 1000-1800 nm, the nano-ARC provided 
3.5 percentage points average reflection that demonstrates its suitability 
for high efficiency MJSCs with 4 or more junctions. 

P5 

• Bare nano-alumina does not endure extended exposure to 
environmental conditions. 

• Hydrophobicity treatment provides protection against environmental 
strain. 

• Cyclic icing-melting gradually wears off the hydrophobicity of the 
treated nano-ARC. 

• Hydrophobic nano-ARC retains an excellent reflectance reduction after 
CAT and provides temporary protection even against atmospheric 
icing. 
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To conclude the practicality of the results and further development steps, annealing 

the e-beam deposited MgF2 was not straightforwardly compatible with the multilayer 

antireflection coating approach and would require further research on the rapid 

thermal annealing process for multilayer structures. The de-ionized water treatment 

test for MgF2 also showed another possible route for nanostructured surface that 

was not followed in the thesis.  

For ion beam sputtered Ta2O5, we managed to optimize the deposition process, 

enabling the use of Ta2O5 as a part of a multijunction solar cell antireflection coating. 

The numerical examination of the ion beam sputtering process also revealed the 

harmful energetic scattering of the projectile argon ions, that should be considered 

when coating III–V materials by ion beam sputtering. Also, the reactive oxygen 

process oxidizes the III–V surfaces that should be prevented for optimal results.  

The de-ionized water treatment was suitable for multilayer oxide antireflection 

coating having alumina on top. The rugate approximation proved to be an efficient 

model for numerical simulation of the nanostructure which enables further design 

optimization for different multijunction solar cell configurations. The tested nano-

ARC on a four-junction multijunction solar cell showed that the nano-ARC 

fabrication process is suitable for multijunction solar cells and does not generate 

significant additional losses. The last publication investigated the stability and 

durability of the nanostructured alumina with atmospheric icing tests and showed 

that a fluoropolymerization to induce hydrophobicity was necessary and beneficial 

for the stability of the nanostructured coating. 

Finally, the carried-out work resulted in a practical, scalable, and broadband 

multilayer antireflection coating that is suitable for high efficiency III–V 

multijunction solar cells. A hydrophobicity treatment for the nanostructured alumina 

improved the temporal and environmental stability of the nanostructure beyond the 

performance exhibited by a planar alumina coating. In this light, we hope to see the 

developed nano-ARC in use with the future high efficiency multijunction solar cells, 
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as I believe there is potential to have additional benefits via this approach compared 

to other antireflection coating methods. The hydrophobicity treatment requires 

further development, as fluorine-based approaches have environmental 

consequences that should be avoided in more wide-scale approaches. Also, the 

presented nano-ARC was not specifically matched or optimized for any certain 

multijunction solar cell structure, which needs to be done in order to deliver the best 

possible performance. 
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A B S T R A C T

We report on the properties of magnesium fluoride (MgF2) thin films deposited by electron beam evaporation as
a function of substrate deposition temperature and ex-situ annealing temperature. In particular, we report on the
dependence of refractive index on annealing temperature, which can be used as a tuning parameter of the optical
properties. Mechanical and structural properties of the films influenced by the annealing are also examined.
Changing the substrate temperature from 50 °C to 240 °C caused a decrease of the refractive index and the lowest
value of 1.36 (measured at 632.8 nm) was achieved for the substrate temperature of 240 °C. Rapid thermal
annealing further decreased the refractive indices to slightly below 1.32. This could indicate increase in the film
porousness and removal of adsorbed water molecules. Prior annealing the film surfaces were very smooth with
root mean square and mean roughness below 1 nm. Annealing above 700 °C changed the structure of the films
drastically, as they started to form a granular structure, while an annealing temperature of 1000 °C increased the
refractive index to a value as high as 1.5. Using X-ray photoelectron spectroscopy we show that the surface of the
films consist mainly of Mg and F atoms, but also small traces of C and O are present. The Mg:F ratio remained
essentially the same (43:57) between different deposition temperatures. To demonstrate the need for post-de-
position annealing treatment, we have also studied the aging effect in the MgF2 based anti-reflective coatings.

1. Introduction

MgF2 is a widely used material for various kind of optical coatings
[1–3]. Its relatively low refractive index of ~1.4 at visible wavelengths
and wide transmission window from 0.11 to 4 μm [4] makes it a sui-
table low index material for optical coatings, such as anti-reflective
coatings (ARC) and high reflectance dielectric mirrors. Multi-junction
solar cells represent a specific application area where such ARCs are
used, and where the specific optical properties of MgF2 films present
attractive features in terms of device performance, in particular in
terms of achieving a broadband operation. To this end, thin film ARC
structures utilized in multi-junction III‒V semiconductor solar cells
require non-absorbing high and low refractive index materials over a
very broad wavelength range, extending from ultraviolet (UV) to be-
yond 1.5 μm, thus bringing considerable challenges for practical reali-
zation. For such coating MgF2 is used as the low refractive index layer

[2,5,6]. We should note that not just refractive index values but also the
material properties are uttermost important when designing a structure
that provides a low loss ARC while maintaining its functionality for a
long time in varying environments. In this respect previous studies have
demonstrated the effects of the deposition parameters on MgF2 films
employing electron beam evaporation [7], thermal evaporation [8,9],
sputtering [10–13] and atomic layer deposition [14]. Moreover, studies
focused on ion assisted deposition (IAD) showed some unwanted
changes in film properties, like greater losses in the UV region and
oxygen implantation [15]. It was also shown that IAD alone will not
remove the need for substrate heating [16]. In this study we focus on
identifying the interplay between the deposition parameters and the
properties of MgF2 thin films when employing electron beam (e-beam)
evaporation. We focus in particular on the influence of the substrate
temperature together with the post deposition annealing on the prop-
erties of MgF2 with the aim to gain a good level of controllability over
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the film properties.

2. Materials and methods

The MgF2 thin films were deposited by a custom-built electron beam
evaporator system. The device was assembled by Instrumentti Mattila
Oy and it includes electron sources, crucibles, and sweep controls from
Telemark Ltd and quartz monitoring from Intellemetrics Global Ltd.
The system is essentially an improved bell jar vacuum chamber with
two separate sections, one for materials and the electron source and
another for samples. The sections are isolated with a gate valve, which
enables using the upper chamber as a loading chamber. The vacuum
level of the system is approximately 1×10−6mbar. The films were
evaporated from MgF2 granules [17] in 16.3 cc tantalum liner. For
electron beam creation we used Telemark's 7-1/2 turn tungsten fila-
ment and voltage of 8 keV with a total filament current between 4 and
8mA. The electron beam was spiral shaped with a beam spot size ap-
proximately 3 cm2. The evaporation rate was controlled via monitoring
the filament current and the average deposition rate was kept at
0.3 nm/s. Substrate temperature (Ts) was measured from the backside
of the steel substrate holder, where the holder temperature is ap-
proximated to be in thermal equilibrium with the substrate during the
thin film deposition. The measurement utilized a K-type thermocouple
for temperature monitoring and the heating of the substrates was done
radiatively by halogen lamps.

The MgF2 films were grown on 2” Si wafers and had a thickness of
~100 nm. The native monolayer oxide [18] on Si wafers was not re-
moved prior to the growth and this was taken into account in spec-
troscopic ellipsometry measurements. Samples are identified by Ts as
Ts50, Ts100, Ts150, Ts200 and Ts240, corresponding to 50 °C, 100 °C,
150 °C, 200 °C, and 240 °C, respectively. Subsequent to the growth, a
test series of the samples was exposed to rapid thermal annealing (RTA)
using JetFirst 100 annealing system from Jipelec Ltd. The annealing
temperature Ta was varied from 300 °C to 1000 °C with 100 °C intervals.
Inert N2 atmosphere was used during temperature ramping while the
annealing at the constant temperature was performed in a vacuum.
Three of the annealed Ts200 samples were later characterized with
atomic force microscope (AFM) and they are referred as Ts200Ta300,
Ts200Ta700 and Ts200Ta900.

Film thicknesses and refractive indices of the MgF2 layers were
determined with a Rudolph AutoEL III Null ellipsometer equipped with
a He/Ne laser at λ=632.8 nm. The parameters for ellipsometric cal-
culations were the refractive index of Si-substrate nS=3.863, substrate
extinction coefficient kS=0.162 and the 70° angle of incidence. The
refractive indices and film thicknesses in this study are average values
of several measurements. For error limits we have used the standard
deviation of single measurements, added the precision of the ellips-
ometer (refractive index 0.001, thickness 1 Å), and rounded up for
consistent limits. For refractive index this gives an error limit
of± 0.002 and for normalized thickness an error limit of± 0.02 a.u.
with 90% level of confidence. These ellipsometric measurements were
used to monitor film properties during environmental testing. The tests
included measurements of the films i) as deposited, ii) after they were
kept for two weeks in ambient conditions (22 °C, and relative humidity
of 40%), iii) after they were soaked in water for 24 h, iv) after they were
kept for a year in ambient conditions (again 22 °C and relative humidity
of 40%), v) after short vacuum exposure (1 h at 1× 10−5mbar), and
finally vi) after long vacuum exposure (3 h at 1×10−5mbar and
heating at 150 °C).

Spectroscopic ellipsometry was performed with a J.A.Woollam
VASE spectral ellipsometer and the software used for material model-
ling was WVASE32® Version 3.774. All Psi and Delta ellipsometry
function calculations were based on models incorporated in this soft-
ware. A single oscillator Sellmeier approach was used to model the
material refractive index and dispersion [19]. The uncertainty intervals
for refractive indices were calculated using Sellmeier model parameter

with uncertainties reported by the WVASE software. This method does
not take into account the possibility of a systematic error due to the
cross-dependence of the material parameters and presumption of a
normal distribution for the uncertainties.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed utilizing a non-monochromatized Al Kα X-rays (1486.6 eV)
generated by DAR400 flood X-ray source (Omicron Nanotechnology
GmBH) operated at 300W for excitation of photoelectrons. The mea-
surements were carried out in normal emission with detection area of
2.93mm2 (∅1.93mm). The core level spectra were collected with a
pass energy of 10 eV, producing a full width at half maximum (FWHM)
of 1.09 eV for reference metallic Ag 3d5/2 peak, employing Argus
hemispherical electron spectrometer (Omicron Nanotechnology GmBH)
installed in a multifunctional ultra-high vacuum system with base
pressure below 1×10−10mbar [20].

The surface elemental concentrations and chemical states of com-
pounds were identified by analyzing the core level photoemission
spectra of C 1s, O 1s, Mg 2p, and F 2s using CasaXPS software Version
2.3.17PR1.1.2 [21]. The binding energy scale was calibrated according
to the Mg 1s (MgF2) component at 1305.0 eV. The spectral components
were least-squares fitted with a combination of symmetric Gaussian–-
Lorentzian or asymmetric Lorentzian line shapes with tail damping
followed by Shirley-type background subtraction. The relative atomic
concentrations were calculated using Scofield's photoionization cross
sections [22] and experimentally measured transmission function of the
Argus analyzer. The sampling depths of the C 1s, O 1s, Mg 2p (~51 eV),
and F 2s (~30 eV) signals in MgF2 were calculated by TPP2M formula
[23] and are 8.2, 6.8, 9.4, and 9.5 nm, respectively.

Scanning electron microscope (SEM) imaging was done with a
ΣIGMA™ FESEM that was operated with SmartSEM® software, both
products of Carl Zeiss NTS Ltd. Acceleration voltage was 1 kV and the
aperture size was 10 μm. For surface roughness measurements we used
a Dimension™ 3100 AFM from Veeco Ltd and the image data was
constructed with WSxM 5.0 Develop 8.2 software [24]. With these
microscopic methods we obtained visual and numerical data of the
structural quality of the MgF2 films.

To test the aging performance of the e-beam evaporated MgF2 we
also designed two different ARCs for III‒V multi-junction solar cells
with Essential Macleod software [25] and measured the reflectance of
the actual structures by using PerkinElmer Lambda 1050 spectro-
photometer. The ARC structures were grown at 200 °C and did not have
post-deposition RTA treatment. This Ts was chosen as a mid-value of
supplier recommendations (150–250 °C) [17]. The ARC was designed
for GaInP/GaAs/GaInNAsSb triple-junction solar cells with AlInP
window layer [26]. The reflectance of ARCs were measured right after
deposition and after exposure for a year in ambient conditions. The
ARCs consisted of 103 nm MgF2/56 nm TiO2 and 76 nm MgF2/39 nm
Al2O3/50 nm TiO2.

3. Results and discussion

In terms of optical properties, we assessed both the refractive in-
dices and the extinction coefficients. The refractive indices measured by
spectroscopic ellipsometry after deposition are plotted in Fig. 1. The
measurements reveal a dependency of the refractive index on Ts, i.e.
higher deposition temperature leads to a lower value of the refractive
index. The decrease of refractive index as a function of fabrication
temperature at selected wavelengths seems otherwise close to linear,
except at the Ts=100 °C. This exception could be linked to structural
changes that start to take place around a substrate temperature of
100 °C.

The change of the refractive index is linked to the atomic structure
of the films. MgF2 thin films deposited by e-beam evaporation have
been reported to start to crystallize at substrate temperatures above
250 °C [27] and to be partly amorphous and partly polycrystalline at
temperatures below that [28]. As the densely packed amorphous
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domains start to form polycrystalline phases, they induce optically less
dense structure, which lowers the refractive index. This decrease con-
tinues as a function of the deposition temperature, until the crystal-
lization temperature (~250 °C) after which the crystalline structure
starts to get denser, leading to an increase in the refractive index [9].
The results presented in Fig. 1 are in agreement with the report of
Dumas et al. [28], who showed that in the range of 30 °C–150 °C the
films are amorphous and in temperatures above 150 °C the films start to
be polycrystalline. The results in Fig. 1 are to be taken as effective re-
fractive indices of the films, as we later show that the film structure is
porous and thus the refractive index depends also on humidity. The
films are kept, however, under the same environmental conditions, so
their relative comparison is sensible.

The films Ts50 and Ts240 were measured with XPS to investigate
their atomic compositions and possible impurities contained in the
surface structure. Fig. 2 shows the corresponding survey spectra and
high resolution spectra of low binding energy region. The Mg 2p and F
2s peaks were used in the calculation of film composition because the
signals are close to each other in binding energy and thus have similar
sampling depth. The main transitions of Mg 1s and F 1s were also re-
corded and used in the chemical identification (not shown here). In the
XPS scans, we detected four elements: C, O, Mg and F. The small traces
of C and O indicate impurities, like hydrocarbons and water, which are
adsorbed to the film surface. The low amount of the C and O impurities
correspond to less than one molecular layer.

Both samples Ts50 and Ts240 showed the same Mg:F atomic ratio of
43:57, which is in good agreement with the results of Jacob et al. [29],
who showed that the atomic ratio of the film surface deviates a little
from the stoichiometric value of the film. Table 1 summarizes the
corresponding binding energies for each element, their FWHM and re-
lative concentrations. The binding energies and binding energy differ-
ences of Mg 1s (1305 eV) and F 1s (685.5–685.8 eV) with reference also
to C 1s (C–C/H) correspond to Mg–F bonding, not Mg–O or metallic Mg.
Besides oxidized C species, the O 1s peak at 534.1 eV, detected only for
the sample Ts50, could be associated with water [30]. As highlighted in
red in Table 1, the photoelectron peaks of Mg (1s, 2s, 2p) and F (1s, 2s)
are narrowed with increased deposition temperature indicating in-
creasing structural ordering and/or chemical uniformity in the MgF2
lattice, e.g., by crystallization and removal of impurities. This is in
agreement with the presumption based on the refractive index profiles
in Fig. 1 and the results of Dumas et al. [28].

Fig. 3 shows the refractive index values of the MgF2 films during
environmental tests. It is expected that during the long aging periods

the films have reached an equilibrium state with the environment and
that the pores have been saturated with water. As the study done by
Thornton and Harrison showed complete desorption of water molecules
by exposing thin films to vacuum at 150 °C [31], it can expected that
after the long vacuum treatment and heating, the films will no longer
include significant amounts of adsorbed water molecules.

It is reasonable to expect that the porousness and thus the refractive
index of the films would be directly comparable as a function of Ts.
However, this is not the case right after the deposition, most likely due
to partially adsorbed water during the evaporation. Ogura et al. [32]
have shown that even during deposition there are some water mole-
cules that get adsorbed to the pores of the film. As our refractive index
measurements are done in ambient conditions, we are not able to cal-
culate the actual packing density of the films, as the films already
contain some amount of water. As the films age and they start to reach
equilibrium with environmental conditions the order of the indices start
to follow the assumptions we made based on the dispersion curves in
Fig. 1. Soaking in water seems to have no effect on other samples than
Ts50. This is likely to be caused by the difference in the pore size and
structure, as with the smaller pore size the surface tension of water is
high enough to prevent water diffusion to the pores within the used
soaking time. When we compare the refractive indices of the water
soaked samples to the index values of samples kept for about a year in
ambient conditions, it can be concluded that the pores are not yet sa-
turated with water due to the soaking. Furthermore, it can be seen that
the short vacuum treatment is not capable of removing adsorbed water
as the refractive indices still increase when compared to the values
before vacuum treatment. As expected, the longer vacuum treatment
with sufficient heating does remove adsorbed water from the film
pores, but some hydroxyl groups are likely to remain on the surface of
the film [31]. Fig. 3 shows that for the samples Ts100–Ts240 the film
thickness remains rather stable as function of time. For Ts50 it would
seem that after the deposition the film structure pulls together in the
vertical direction of the wafer reducing the film thickness. This sort of a
change in the film structure indicates relatively loose mechanical
quality and high porousness.

Fig. 4 shows the surface morphology of the MgF2 films and the
cross-sectional film structure of samples Ts50 and Ts200 imaged with
SEM. The images were taken after a year from the deposition.

It is clearly observable that the films deposited at temperatures
below 200 °C exhibited a large amount of micro-cracks. This influences
the optical and mechanical properties of the film, as the cracks offer
more sites for water vapor adsorption, which in turn modifies the

Fig. 1. Dispersion curves of the MgF2 thin films and refractive index at selected wavelengths as a function of substrate temperature. The uncertainty bars represent
90% level of confidence.
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effective refractive index, and decrease the abrasion resistance and the
adhesion between the film and the substrate surface. Using such MgF2
films evaporated at low temperature in multilayer structures would be
problematic because micro-cracking could result in off-peeling of the
coatings. In addition it seems that the cross-sectional columns of the
film grown at 50 °C go through the entire film, while for the film grown
at 200 °C the columns are somewhat shorter and more disorientated,
thus creating a denser structure. The structural zone model (SZM) in-
troduced by Movchan and Demchishin [33] and later revised by
Thornton [34], suggests various film growth types according to the
ratio of the Ts and the melting temperature of the film material Tm (both
in Kelvins). For magnesium fluoride Tm is 1255 ± 3 °C [35] and the
corresponding ratios of our samples are presented in Table 2.

According to the SZM, the samples Ts50, Ts100 and Ts150 belong to
Zone T (ratio 0.1–0,3), which means that their structural growth is
dominated by surface diffusion. This kind of growth is highly dependent

of the total energy of the particles that are forming the film, which in
this case is dominated by the surface temperature. Lower temperature,
thus lower surface energy, leads to creation of voids in the films and
increases porosity. The samples Ts200 and Ts240 belong to Zone II
(ratio> 0.3), where the films have high enough energy to start to form
crystalline structure.

Fig. 5 Reveals the change of refractive index as a function of Ta.
When annealed below 600 °C, the refractive index of Ts200 and Ts240
remain approximately unchanged, when compared to the as deposited
values. However, the samples Ts50–Ts150 exhibit significantly lower
refractive index values after the RTA treatment.

This behavior is most likely due to the removal of adsorbed water,
which we have assumed to originate already from the deposition. This
leaves behind voids of air (nair=1.00 vs nwater=1.33) and decreases
the refractive index. Calculations with effective medium approxima-
tions (EMA) [37] give us the ratios of air/MgF2 in the films, which are

Fig. 2. XPS survey spectra (1400–0 eV) measurements and high resolution spectra (100–0 eV) of the MgF2 thin films grown at temperatures of 50 °C and 240 °C.

Table 1
XPS results for Ts50 and Ts240 showing the corresponding binding energies for each transition (EB), the full width at half maximum of the peaks (FWHM) and the
relative atomic concentration of the elements (Cx).

Sample C 1s O 1s Mg 2p F 2s Mg: F

C–C/H C–F X–O(‒H) X–C]O/‒O Mg–F Mg–F
X–C]O/‒O H2O

Ts50 Cx (at. %) 1.75 1.97 1.04 0.30 40.78 54.16 42.95 : 57.05
EB (eV) 284.78 287.37 531.81 534.14 51.00 30.28
FWHM (eV) 3.310 3.310 3.120 3.120 2.523 2.906

Ts240 Cx (at. %) 2.57 1.83 1.92 – 40.27 53.41 42.99 : 57.01
EB (eV) 284.23 287.11 531.60 50.96 30.40
FWHM (eV) 2.930 2.930 3.070 2.173 2.686
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shown in Fig. 6. The calculations are based on assumptions that

1) The pores contain only air right after the annealing procedure
(fMgF2 + fair = 1).

2) The MgF2 skeleton has a refractive index of the bulk material n= 1.378
[36].

3) The films are transparent, so the dielectric constant follows equation
ϵ=n2

Here f stands for the volume fraction of the film material expressed
in the subscript. In EMA

+ + + =f f( )/( ) ( )/( ) 0,MgF eff MgF eff MgF air eff air eff air2 2 2 (1)

from which we can derive

= + +f f/ (( )/( ))/(( )/( ))air MgF eff MgF eff MgF eff air eff air2 2 2

(2)

The value ϵeff refers now to the effective dielectric constant of the
deposited film, value ϵMgF2 to the bulk value and ϵair to the dielectric
constant of air. Equation (2) reveals the relative amount of pores in the
film and can be used to calculate the packing density p of the MgF2 film,
using

=p f f1 ( / )air MgF2 (3)

Fig. 3. Refractive indices and film thicknesses measured at λ= 632.8 nm of the MgF2 thin films with different post deposition conditions. The uncertainty bars
represent 90% level of confidence.

Fig. 4. Sample surfaces of the MgF2 thin films imaged with SEM after a year exposure to ambient conditions and cross-sectional images of the samples grown in 50 °C
and in 200 °C.

Table 2
Calculated structure zone model ratios Ts/Tm.

Sample Ts50 Ts100 Ts150 Ts200 Ts240

Ts/Tm 0.21 0.24 0.28 0.31 0.34
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The air/MgF2 ratios plotted in Fig. 6 indicate that increasing the Ta
up to 600 °C improves the film quality and decreases the air content/
porosity of the films, as a global minimum can be observed. At 700 °C a
radical change occurs and the porosity of the films starts to increase
again, after which the films seem to get denser than bulk MgF2 based on
refractive index comparison done in Fig. 5. It can also be stated that
above 800 °C our assumptions for the EMA are no longer valid, which
results to the negative values for air content.

As Ta increases to 700 °C the radical change of the film structure can
also be seen in the film thicknesses shown in Fig. 5. The change is likely
attributed to the lateral shrinkage of the films [38], which would also
explain the rapid thickness increase.

As the trends of refractive index and thickness as function of Ta are
very similar between samples evaporated at different Ts, we chose few
annealed test pieces of the sample Ts200 for closer examination with
AFM. Table 3 presents the root mean square roughness (Rrms) and
average roughness (Ra) values measured with AFM. Surface roughness
affects adhesion between thin films [39] and increases surface scat-
tering [40], which needs to be taken into account when designing an
ARC.

The surface roughness values are in good agreement with the results
of Atanassov et al. [27], who studied MgF2 films deposited by e-beam
evaporation in room temperature obtaining Rrms of 2.276 nm and after
annealing in 350 °C for 3 h Rrms of 14.527 nm. Our results reveal that
the surface roughness increases slightly as the Ts increases, although the
sample Ts150 has the lowest roughness values of the samples. This
could indicate increased ordering of the lattice structure between the
lower temperatures and 150 °C. Annealing further increases the surface
roughness and when combined with the film thickness results of Fig. 5 a
coarse surface is expected. The related surface topologies are presented
in Fig. 7. It can be seen that the lowest annealing temperature does not
change the surface morphology. As Ta increases, the MgF2 films start to
form granular surfaces. The sample Ts200Ta700 consists of grains with
a size of roughly 50–100 nm and the sample Ts200Ta900 has a grain
size of around few hundreds of nanometers.

In addition, the structural change of the annealed samples can be
linked to the SZM, as has been presented by Gupta et al. [41]. Ac-
cording to this model, Ta/Tm ratio values between 0.25 and 0.35 cor-
respond to the Zone T of SZM. Values higher than 0.35 can be linked to
major grain growth that leads to porousness and cracking of the film.
Table 4 shows the SZM ratios of the annealed samples investigated by
AFM.

Based on Figs. 5 and 7 it is clear that MgF2 films treated with RTA
do not straightforwardly follow the model introduced by Gupta et al.
[41]. Instead, the change from Zone T to the grain growth zone, seems
to occur between 600 and 800 °C which corresponds roughly to a ratio
of 0.6. The difference could be explained by shorter annealing time in
our case or the overall accuracy of SZM when applied to annealed

Fig. 5. Refractive indices and film thicknesses measured at λ= 632.8 nm of the MgF2 thin films annealed in different temperatures. Bulk value by Heavens et al.
[36]. The uncertainty bars represent 90% level of confidence.

Fig. 6. Air/MgF2 ratio of the annealed thin film samples. The uncertainty bars
represent 90% level of confidence.

Table 3
Surface roughness of the MgF2 films measured by AFM.

Sample ID Ts50 Ts100 Ts150 Ts200 Ts240 Ts200Ta300 Ts200Ta700 Ts200Ta900

Rrms [nm] 0.48 0.48 0.44 0.57 0.56 0.58 5.42 13.51
Ra [nm] 0.38 0.38 0.35 0.44 0.44 0.44 4.23 10.84
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samples.
The performance over time for the two test ARCs are shown in

Fig. 8. It can be seen that both ARC structures decrease the average

reflectance of the un-coated solar cell, roughly 30% at the visible wa-
velengths and then the reflectance slowly increases towards the infrared
bandwidth. Ideally for multi-junction solar cells, the reflectance should
remain below 5% from UV to 1.5 μm [42]. The ARCs exhibit some
deterioration in their performance, as the average reflectance increases,
due to prolonged exposure to ambient conditions. This is likely due to
small amounts of adsorbed water. On average the absolute difference in
reflectance for the double layer structure is 1.1%, while for the triple
layer it is only 0.5%. The absolute reflectance difference is higher near

Fig. 7. Surface topology maps measured with AFM of the annealed MgF2 thin films, initially evaporated at 200 °C and then annealed in 300 °C, 700 °C and 900 °C.

Table 4
Calculated structure zone model ratios Ta/Tm for annealed samples.

Sample Ts200Ta300 Ts200Ta700 Ts200Ta900

Ta/Tm 0.38 0.64 0.77

Fig. 8. Reflectance measurements of two different ARCs on a triple-junction solar cell right after deposition (1st measurement) and after a year exposure to ambient
conditions (2nd measurement) and as a comparison the reflectance for the simulated design of the both ARC structures on top of the solar cell.
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the UV region, and between 300 and 400 nm the values are 5.2% for the
double layer structure and 3.2% for the triple layer structure.

To reach the highest efficiencies, multi-junction solar cells need to
be current matched between the different junctions [43]. If the re-
flectance increases due time, the solar cell performance decreases, as
the current balance changes [44]. Therefore the long time functionality
of the coating needs to be further improved by decreasing the porous-
ness of the MgF2 film. This could be done by increasing the growth
temperature or possibly by more effective post-growth annealing pro-
cess. However, this would require also parametrization of the other
layer materials to find suitable fabrication conditions for the entire ARC
structure.

4. Conclusions

The properties of MgF2 thin film structures deposited by e-beam
evaporation at different substrate temperatures and subjected to post-
growth annealing are reported. It was found that the growth tempera-
ture has a large impact both on the optical and structural properties
without changing the Mg:F ratio of the film surface. When the Ts is
increased from 50 °C to 240 °C the refractive index decreases and, on
the other hand, temperatures below 200 °C lead to high porousness and
micro-cracking. Due to the porosity, the film quality is more affected by
humidity, which results in changes for the optical coating properties.
Heating and vacuum treatment showed that the water trapping is partly
a reversible process and that the films grown at higher temperature are
less prone to changes in the quality due time or environmental effects.
The high temperature (> 200 °C) evaporated MgF2 films have more
suitable properties for optical coatings, as they are mechanically more
durable and provide a more stable refractive index that is less prone to
humidity shifts.

While the films already contain small amounts of water during the
deposition, the RTA process is effective in removing the water and re-
sults in improving the film quality. Excess heating, however, shrinks the
films and changes their atomic structure drastically. Ellipsometric
measurements suggests that the film structure can be improved at
temperatures up until 600 °C. At 600 °C the porosity of the samples
Ts50-Ts240 showed lowest values and no shrinkage was observed.

The functionality of MgF2 layer for long lasting practical applica-
tions was assessed by fabricating ARCs containing MgF2 films grown at
200 °C. The study showed that even though the mechanical quality was
good, as there was no micro-cracking, the optical performance was still
negatively affected by humidity. Further study would aim to test more
complex multilayer designs with post-deposition RTA, to reduce the
influence of humidity and long term exposure to ambient conditions. To
this end, it seems beneficial to develop an effective post-deposition RTA
process including the other ARC materials.
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Abstract 

A new method for modification of planar multilayer structures to create nanostructured aluminum 

oxide anti-reflection coatings is reported. The method is non-toxic and low-cost, being based on 

treatment of the coating with heated de-ionized water after the deposition of aluminum oxide. The 

results show that the method provides a viable alternative for attaining a low reflectance ARC. In 

particular, a low average reflectivity of ~3.3 % is demonstrated in a broadband spectrum extending 

from 400 nm to 2000 nm for ARCs deposited on GaInP solar-cells, the typical material used as 

top-junction in solar cell tandem architectures. Moreover, the process is compatible with volume 

manufacturing technologies used in photovoltaics, such as ion beam sputtering and electron beam 

evaporation. 

1. Introduction  

Aluminum oxide (Al2O3) is a versatile non-toxic low refractive index insulator widely used in 

optical coatings1,2 and passivation layers3–5. It can be deposited by a wide range of thin film 

technologies, including electron-beam (e-beam) evaporation6, ion beam sputtering (IBS)7, plasma-

enhanced chemical deposition (PECVD)8, atomic layer deposition (ALD)5,9, pulsed laser 

deposition (PLD)2, radiofrequency (RF)10 and direct current (DC)11 sputtering. Alumina is known 

to be an amphoteric substance12 and to form porous structures via anodic growth13,14 and sol-gel 

mailto:jarno.reuna@tuni.fi
https://en.wikipedia.org/wiki/Amphoteric
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processes15,16. These material properties could be utilized in controlled corrosion process to 

fabricate nanoporous Al2O3 thin film with anti-reflective functionalities. 

Porous nanostructures have successfully been utilized in advanced solar cell anti-reflective 

coatings (ARC), where they have enabled broadband operation and very low average 

reflectivity17,18. Many of these nanostructures have exploited bio-mimicked concepts, i.e. moth-

eye structures fabricated by nanoimprinting lithography18,19, but also lithography free methods 

have been developed20,21. The lithography free processes offer more streamlined manufacturing 

when compared to multi-step lithography methods. In addition to the low average reflectance, the 

nanostructures can offer longer optical paths within the solar cell by enhancing the surface 

scattering, which results in better absorption of light in the solar cell junctions and increases the 

total conversion efficiency19,22. Combining a nanoporous top layer with traditionally used 

multilayer (ML) ARC for III–V solar cells could offer even better performance over broader 

spectral window23,24; yet in terms of making this a feasible approach for wider use one would like 

to avoid multi-step post-coating processing. 

Recent studies have shown that amorphous thin film Al2O3 forms porous structure when treated 

with heated de-ionized water (DIW) 10,25. Kauppinen et al. 25 have studied and developed a process 

to utilize the instability of ALD deposited alumina with DIW to fabricate porous anti-reflective 

coating for glass and black silicon solar cells. Additionally, Dokmai et al.10 have studied RF 

sputtered alumina films taking a closer look to the process mechanism of alumina corrosion in 

DIW. A potentially interesting possibility is also to use DIW-induced processes for fabrication of 

porous Al2O3 nanostructure using deposition techniques routinely employed in fabrication of 

multilayer broadband ARCs, namely e-beam and IBS. Benefits of these commonly used deposition 

methods include fast coating cycles, relatively fast growth rates (0.2-2 µm/h) and ability to use 

several different materials in one deposition run, which enables single-run deposition of the 

suggested ML ARC. 

To this end, we demonstrate the formation of porous nanostructured alumina fabricated by the 

DIW driven process and integrated as a topmost layer of a planar multilayer ARC deposited by e-

beam and IBS. By combining alumina with materials typically used for planar ARCs, such as 

titanium dioxide (TiO2), having a relatively high refractive index enables maximizing the ARC 

functionality over a wider spectrum. Such broadband ARC structures are especially needed for 
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high efficiency III–V multijunction solar cells26 where a cost effective and volume reproducible 

technology for coating deposition is a must.  

2. Methods 

Purpose of any ML ARC is to form a destructive set of interference that cancels out any reflections 

induced by the coated structure and to minimize the refractive index difference between the 

surrounding media (usually air) and the last layer of the thin film stack. Here we have used transfer 

matrix method (TMM)27–29 to design and simulate both the traditional planar ML structure and the 

nanostructured Al2O3 layer on top of it, as well as to model the III–V solar cell beneath the coating. 

E-beam Al2O3 was evaporated using a custom-built evaporator by Instrumentti Mattila Oy; the 

system includes an electron source, a crucible, sweep controls from Telemark Ltd, and a quartz 

monitoring from Intellemetrics Global Ltd. The system base pressure prior to evaporation is 

approximately 1×10-5 mbar and the electron beam is formed with Telemark’s 7-1/2 turn tungsten 

filament. The deposition temperature was 150 °C, as measured from the backside of the steel 

substrate holder, where the holder temperature is approximated to be in thermal equilibrium with 

the substrate during the thin film deposition. The measurement utilized a K-type thermocouple for 

temperature monitoring and the heating of the substrates was done radiatively by halogen lamps. 

As evaporation material we used Al2O3 granules with the size of 1.5-4 mm and with a purity of 

99.99 %. Evaporation parameters for all used oxides are given in the Appendix A. 

IBS alumina was deposited with Navigator 700 sputtering system (Cutting Edge Coatings GmbH). 

Sputtering was done using Ar:O2 gas mixture with a flow ratio of 8:5 sccm ensuring a reactive O2 

atmosphere with a pressure of 4.5 × 10−4 mbar. A 200 × 200 mm aluminum plate with purity of 

99.999 % was used as the target. Sputtering voltage was 1.26 kV and the RF power of the ion 

source was 102 W. During the deposition, the sample holder was rotated at 60 rpm to guarantee 

uniform deposition. The thickness was controlled via in-situ broadband optical monitoring, which 

measures the transmittance of a transparent monitoring substrate and fits the measurement data to 

the theoretical spectrum calculated with the refractive indices and extinction coefficients of the 

given materials. The sputtering parameters for all oxides used are given in the Appendix A. 

The DIW used in the treatment had a resistivity of 18.4 MΩ and was kept in glass beakers pre-

heated to temperature of 90 °C on a hotplate before sample immersion. The temperature of the 
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solution was constantly monitored during the treatment and no agitation was used. Treatment time 

was kept constant at 30 minutes. Several characterization samples for DIW treatment were 

deposited on silicon (Si) wafer pieces, without removing the native oxide30 from the substrate.  

The film thicknesses and refractive indices of the dielectric layers were determined with a Rudolph 

AutoEL III Null ellipsometer equipped with a He/Ne laser at λ = 632.8 nm. As parameters for 

ellipsometric calculations we used a refractive index of Si-substrate nS = 3.863, a substrate 

extinction coefficient kS = 0.162, and an angle of incidence of 70°. The refractive indices and film 

thicknesses in this study are average values of several measurements. The error limits have been 

calculated for 95 % level of confidence and then added the precision of the ellipsometer (refractive 

index 0.001, thickness 1 Å). For refractive index this gives an error limit of ±0.002 and for 

thickness an error limit of ±2 Å. 

Scanning electron microscope (SEM) images were taken with a ΣIGMA™ FESEM operated with 

SmartSEM® software, both products of Carl Zeiss NTS Ltd. Acceleration voltage was 1 kV and 

the aperture size was 10 µm. For surface roughness measurements we used a DimensionTM 3100 

Atomic force microscope (AFM) from Veeco Ltd and the image data was constructed with WSxM 

5.0 Develop 8.2 software 31. For grazing incidence x-ray diffraction (GIXRD) measurements a 

PANalytical X’Pert3 MRD system was used. 

For the transmission and the reflectance measurements of the deposited thin films we used a 

PerkinElmer Lambda 1050 UV/VIS/NIR spectrophotometer. Reflectance was measured at 8˚ 

angle of incidence, which is the smallest measurable angle when using the universal reflectance 

accessory module. The transmittance was measured with normal angle of incidence by using Scan 

Lambda 1050 transmittance module. The measured data was also used for simulations and fitting 

of the optical properties of the alumina, which was done with Essential Macleod© thin film 

software, that calculates the structures using TMM. Figure 1 shows the starting point for our 

approximation of the reflectivity of the porous Al2O3 and how the optical properties can be 

calculated by transforming the structure to very thin finite layers of varying refractive index, so 

called rugate design. In the model, nm is the refractive index of the film material and ni is the 

refractive index of the incident medium. 
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Fig. 1. Rugate filter principle for fitting optical properties of porous Al2O3 films.  

In the rugate design we vary the packing density of the film material of each individual layer (L), 

which in turn scales the refractive index according to the Maxwell-Garnett approximations32,33. 

The simulation for the packing density of each layer follows the equation: 

𝜌𝐿 = 1 − (1 − (𝑁 − 𝐿) 𝑁⁄ ) ,    (1) 

where 𝜌𝐿  is the packing density of the current layer, 𝑁 is the total number of layers and 𝐿 is the 

current layer number. The refractive index of each layer is calculated with the equation: 

𝑛𝐿 = 𝜌 ∙ 𝑛𝑚 ,      (2) 

where 𝑛𝐿 is the refractive index of an individual layer and 𝑛𝑚 is the refractive index of the film 

material. For the simulations we started with 100 layers with the total thickness of the stack being 

0.25 quarter wavelength of optical thickness at the wavelength of 633 nm. Then we used the 

Simplex© algorithm provided by the software to match the functionality of the stack to the 

spectrophotometer measurements by altering the physical thicknesses of the layers. The starting 

designs and fitted rugate layer values for the nanostructured alumina are given in the Appendix B. 
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Finally, when it comes to methodology, we should mention that the ARC performance of the film 

was tested on single-junction n-on-p GaInP solar cells, which were grown by molecular beam 

epitaxy on GaAs substrates using a Veeco GEN20 MBE system.  

3. Results 

To be able to process the ARC with DIW treatment, we needed to make sure that the other material 

components regularly used in optical coatings by e-beam and IBS would not be as prone to 

morphological changes as the alumina. Good measure of the film properties before and after DIW 

treatment is gained by ellipsometry that gives both thickness and refractive index of the film. The 

ellipsometry results for different e-beam and IBS oxides are shown in Table 1. 

Table 1 Ellipsometry results for the oxides analyzed before and after DIW treatment. Refractive 

indices ±0.002 and thicknesses ±2 Å with 95 % level of confidence. 

    Material   Before DIW After DIW Difference [%] 

IBS n (@633nm) Al2O3  1.671 N/A N/A 

 Thick. [Å]   1217 N/A N/A 

  SiO2  1.483 1.481 -0.2 

    1025 1014 -1.1 

  TiO2  2.372 2.370 -0.1 

    1046 1043 -0.3 

  Ta2O5  2.110 2.109 -0.1 

        743 740 -0.4 

E-beam n (@633nm) Al2O3  1.583 N/A N/A 

 Thick. [Å]   1245 N/A N/A 

  SiO2  1.449 1.444 -0.3 

    907 875 -3.5 

  TiO2  2.177 2.170 -0.3 

    514 510 -0.7 

  Ta2O5  1.948 1.930 -0.9 

        632 630 -0.3 
 

For Al2O3 we were unable to calculate the refractive index and thickness of the films after the DIW 

treatment. With monochromatic ellipsometry this can mean inhomogeneous layer structure, which 
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indicates that some morphological changes took place for alumina films during DIW immersion. 

Other tested oxide materials showed little to no change in film properties due to the treatment. 

To verify what happened to the alumina films during DIW treatment, we imaged the samples with 

SEM and compared the film morphologies before and after the DIW processing. Figure 2 shows 

SEM surface images of untreated and DIW-treated Al2O3 for both e-beam and IBS deposited films. 

 

Fig. 2. SEM surface images of e-beam evaporated Al2O3 before (a) and after (b) DIW treatment 

and IBS deposited Al2O3 before (c) and after (d) DIW treatment. 

From the SEM images we can see that both Al2O3 layers, independent of the deposition method, 

are relatively smooth prior to DIW immersion and after the treatment they form a porous, almost 
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flower-like, structure. In the case of ALD grown Al2O3, it is hypothesized by Correa et al.34 that 

the structural changes are due to the amorphous alumina hydrolyzing into aluminum hydroxides, 

namely β-Al(OH)3 (bayerite) and α-Al(OH)3 (gibbsite)35,36. According to their studies surface 

roughening and thickness change of the DIW treated samples matches to those of gibbsite and 

bayerite 37,38. To confirm the possible crystallinity of the Al2O3 films, the IBS Al2O3 samples were 

measured with XRD before and after DIW treatment. The XRD scans revealed no crystalline 

orientation, strongly indicating that both the as deposited and DIW treated films are of amorphous 

nature. This hydrolysis of amorphous alumina causing the morphology changes is examined in 

more detail by Dokmai et al.10. 

 To get a better sense of the height and roughness distribution of our samples, we used AFM 

scanning to measure the surface morphology, as shown in Figure 3. 

 

Fig. 3. Surface topography of e-beam evaporated Al2O3 before (a) and after (b) DIW treatment 

and IBS deposited Al2O3 before (c) and after (d) DIW treatment measured with AFM. 

The AFM surface scans reveal a small difference in the height distribution of the pores of DIW 

treated samples in between the e-beam and IBS deposited films. We assume this to be related to 

the difference of the film quality in the as-deposited films, as the e-beam Al2O3 is slightly porous 

to begin with, whereas the IBS films are dense. Table 2 lists the numerical values for the surface 
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roughness and feature height and gives a nominal height difference of roughly 30 nm between the 

e-beam and IBS deposited Al2O3 after the DIW processing. 

Table 2 Surface roughness of the Al2O3 films before and after DIW treatment measured by AFM. 

 
E-Beam   IBS   

  Untreated DIW Untreated DIW 

Rrms [nm] 0.86 41.09 0.13 42.10 

Rave [nm] 0.68 33.01 0.10 34.54 

Average height [nm] 2.69 161.83 0.68 135.20 

Max height [nm] 7.55 303.35 1.36 257.99 

 

To verify the accuracy of the height distribution measured by AFM, we used SEM for cross-

sectional imaging of the DIW treated IBS alumina. Figure 4 shows the corresponding heights of 

several alumina peaks. 
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Fig. 4. Cross-sectional SEM images of DIW treated IBS Al2O3 with measured heights for chosen 

sampling of the peaks. 

As already seen in Figure 2, Figure 4 shows the irregular morphology of the DIW treated Al2O3 

and that the peak heights vary over 100 nm in length. The numerical data is well in line with the 

AFM measurements shown in Table 2. 

Mechanical stability is an important issue for anti-reflection coatings in general and especially for 

porous coating types. However, we see that the mechanical durability is more connected to the 

environmental stability of the coating applications and not within the scope of this particular 

manuscript. Traditional Scotch tape test showed no signs of mechanical cracking or off-peeling of 

the coating under inspection of optical microscope, thus proving the mechanical stability sufficient 

for intended applications. In addition to the mechanical stability, the coating should remain clean 

enough to still function as an ARC. Any accumulating dust or moist on the nanostructured surface 

will likely reduce the transmission of the ARC and increase total losses. This can be solved by 
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very recently published fluoropolymerization process that makes the nanostructured alumina 

superhydrophobic39. Our specific aim is utilization of this ARC on the III-V multi-junction solar 

cell architectures, where for example the space solar cells are encapsulated with cover glass/plastic 

40 and concentrated photovoltaics behind the concentration optics41. Therefore, the suggested 

coating could be taken in use as is. 

To test and see how the IBS and e-beam deposited porous alumina can be utilized for ARCs, we 

deposited a single layer of Al2O3 on fused silica (FS) substrates with post-deposition DIW 

treatment and measured the spectral performance of these filters. The measured transmittances are 

shown in Figure 5.  
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Fig. 5. a) The transmission spectra for samples coated with porous Al2O3 films with the 

transmittance of a bare fused silica substrate. b) Rugate filter numerical fittings compared to the 

measured transmittance of the DIW treated alumina structures. 

For the one side coated DIW treated Al2O3 filters, the transmission is on average almost 95 % for 

both e-beam and IBS materials. The peak transmission wavelength of the filters differs slightly, 

pointing towards smaller feature size for e-beam deposited porous alumina than for the IBS 

deposited alumina. Based on the SEM and AFM comparison it would mean that the e-beam Al2O3 

forms slightly narrower and taller build-ups than the IBS alumina. This also slightly reduces its 
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functionality as a graded index layer when compared to the IBS Al2O3, as can be seen in the 

difference of the transmission curves between 1-side coated filters. To neglect the effect of 

substrate backside reflectance, we also tested two side IBS porous alumina coated FS, which 

reached an impressive 99.5 % peak transmittance at λ = 600 nm and overall transmittance over 

95.5 % spanning the wide spectral region of 300-2000 nm. 

To be able to effectively design coatings for new applications utilizing porous alumina films, it 

would be beneficial to simulate the effects of the films when combined with other materials before 

the actual deposition. For this purpose, we used the rugate filter approximation and matched its 

performance to the measured reflectance of TiO2/porous Al2O3 structures on silicon. To determine 

the applicability of the fit we used the alumina part of the fitting for comparison to the transmission 

measurements on FS as shown in Figure 5. b). For IBS deposited Al2O3 the fit works really well 

and only minor differences can be seen in the near ultraviolet and infrared parts of the spectrum. 

For e-beam deposited Al2O3 the fit is not nearly as good, as there is almost constant 1 % difference 

between the simulated and measured transmission of the film. However, even the e-beam 

simulation shows accurately the position of the peak transmission and the overall trend of the 

spectrum, which would make it useful for preliminary estimation of design functionalities.  

As such, the used Si and FS substrates are a good starting point for material characterization, but 

as a part of an ARC on a real functional III–V solar cell (SC) the coatings might behave differently. 

Complex layer structure of the SC is also more challenging to simulate accurately for the 

preliminary optical designing of the ARC compared to a bare substrate. As the differences in 

functionality between e-beam and IBS deposited DIW treated alumina slightly favor the IBS 

deposited film, further ARC tests were done with IBS materials. The quality difference shown in 

this work is more related to the system specific limitations at our site than to the deposition 

methods itself, so no further comparison was made. To test out our nanoporous ARC structure and 

the accuracy of the used rugate model, we fabricated the DIW treated TiO2/Al2O3 ARC by IBS on 

top of GaInP single-junction solar cell and simulated the entire structure to see the effectiveness 

of the model. GaInP SC is typically applied as the topmost junction in MJSC devices42,43 and is 

thus a reasonable choice for ARC characterization sample. The comparison between simulation 

and spectrophotometer measurements is shown in Figure 6. a). 



14 
 

  

Fig. 6. Real and simulated reflectance of GaInP single-junction SC with DIW treated TiO2/Al2O3 

ARC in a) and with an advanced multilayer ARC structure with the nanoporous Al2O3 in b).  

As Figure 6 shows, the simulated performance matches well to the actual measured reflectance of 

the coated GaInP solar cell and therefore the model is able to provide preliminary estimations of 

different ARC structures with the nanoporous Al2O3 top layer. The actual performance of the 

TiO2/nanostructured Al2O3 ARC is not yet suitable to claim broadband operation nor does it reach 
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near 0 % reflectance at any point, so the design needs to be improved. To that end, we simulated 

and fabricated a ML ARC on top of the GaInP SC that combined all the tested IBS materials from 

Table 1. The reflectance of the ML ARC is plotted in the Figure 6 b). The ML ARC provides 

average reflectance of 3.28 % over a broadband spectral range from 400 to 2000 nm, which is 

especially beneficial for multijunction SC requiring such broadband operation. Regional average 

reflectance from 400 nm to 1000 nm is 1.65 % and from 1000 nm to 1500 nm the coating results 

in very impressive 0.86 % average reflectance. When comparing to the average reflectance of 2.7 

% of a moth-eye patterned ARC44, in the spectral range of 450 – 1650 nm, our approach provides 

almost 1 % lower average reflectance of 1.83 %. For multijunction solar cells the starting point for 

simulation and design is nominally different, but with the rugate filter approximation we can now 

have close estimations about the spectral performance for ARCs employing nanostructured Al2O3. 

4. Conclusions 

DIW based corrosion process for Al2O3 thin films was used to fabricate nanoporous optical 

coatings. The process does not alter the common hard coating oxides (SiO2, TiO2, Ta2O5) typically 

used in multilayer ARCs, which enables using the porous Al2O3 as a graded index layer on top of 

a multilayer ARC made of these oxides. The study showed that the post-deposition DIW treatment 

is compatible with both IBS and e-beam deposition methods, thus being applicable for a wide 

range of Al2O3 based ARCs. The optical effect of the topmost layer of the porous alumina can be 

simulated using a fitted rugate filter design, which then can be used to estimate the functionality 

of multilayer structures with TMM calculations. The performance of the nanoporous Al2O3 based 

ARCs was tested by fabricating such films on top of GaInP single-junction solar cells. The 

simulation model based on TMM rugate approach was also validated by fitting simulation and 

experimental results. The ML ARC exhibited a low average reflectance of ~3.3 % over a very 

broadband spectrum from 400 nm to 2000 nm, which is especially important in photovoltaic 

applications, where for example cover glasses, concentration lenses and other imperfect coated 

surfaces cause reflection losses.  

The DIW corrosion based process for ML ARC with nanostructured Al2O3 is practical and can be 

easily implemented in efficient designs of ML coatings, we deem this development particular 

appealing for large scale exploitation in the next-generation SCs.  
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Appendix A. 

Deposition parameters     

IBS Al2O3 SiO2 TiO2 Ta2O5 

Target 
Al  

purity of  
99.999 %  

Si  
purity of 
99.999 %  

Ti 
purity of 
99.8 %  

Ta  
purity of 
99.95 %  

Sputtering gas 
Ar:O2  

 (8:5 sccm) 
Ar:O2   

(8:5 sccm) 
Ar:O2   

(8:5 sccm) 
Ar:O2   

(8:5 sccm) 

Process gas [O2] flow 
[sccm] 

80 90 80 80 

Deposition pressure 
[mbar] 

4.5 × 10−4  4.5 × 10−4  4.5 × 10−4  4.5 × 10−4  

RF power [W] 102 115 150 145 

Sputtering Voltage [kV] 1.26 1.50 2.00 2.00 
     

     

     

E-beam Al2O3 SiO2 TiO2 Ta2O5 

Target 
Al2O3   

purity of  
99.999 %  

SiO2   
purity of  
99.99 %  

TiO2  
purity of 
99.9 %  

Ta2O5   
purity of 
99.95 %  

Additional O2 no no yes yes 

Deposition pressure 
[mbar] 

6 × 10−5  5 × 10−5  1.9 × 10−4  1.5 × 10−4  

Substrate temperature [°C] 150 100 100 100 

 

Appendix B. 

Rugate models for DIW treated Al2O3 

  E-beam Start Design Fitted IBS  Start Design  Fitted 

Layer 
Nbr 

Refractive 
Index 

Physical 
Thickness 

[nm] 

Physical 
Thickness 

[nm] 

Refractive 
Index 

Physical 
Thickness 

[nm] 

Physical 
Thickness 

[nm] 

100 1.000 1.58 0.56 1.000 1.58 3.63 

99 1.006 1.57 0.67 1.007 1.57 1.03 

98 1.012 1.56 0.17 1.014 1.56 2.85 

97 1.018 1.56 0.11 1.020 1.55 1.95 

96 1.024 1.55 0.00 1.027 1.54 5.36 
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95 1.030 1.54 2.97 1.034 1.53 2.22 

94 1.036 1.53 0.01 1.041 1.52 5.10 

93 1.042 1.52 3.57 1.047 1.51 13.07 

92 1.048 1.51 1.77 1.054 1.50 10.95 

91 1.053 1.50 0.05 1.061 1.49 11.96 

90 1.059 1.49 0.01 1.068 1.48 20.41 

89 1.065 1.49 0.59 1.074 1.47 5.93 

88 1.071 1.48 5.28 1.081 1.47 21.55 

87 1.077 1.47 32.32 1.088 1.46 1.87 

86 1.083 1.46 10.37 1.095 1.45 0.73 

85 1.089 1.45 7.65 1.101 1.44 0.48 

84 1.095 1.45 19.29 1.108 1.43 0.35 

83 1.101 1.44 4.54 1.115 1.42 1.63 

82 1.107 1.43 0.36 1.122 1.41 2.85 

81 1.113 1.42 7.13 1.128 1.40 3.08 

80 1.119 1.42 4.26 1.135 1.40 3.42 

79 1.125 1.41 1.95 1.142 1.39 0.88 

78 1.131 1.40 0.40 1.149 1.38 0.11 

77 1.137 1.39 0.40 1.155 1.37 3.31 

76 1.143 1.39 2.91 1.162 1.36 5.36 

75 1.149 1.38 0.26 1.169 1.36 4.95 

74 1.155 1.37 0.02 1.176 1.35 18.71 

73 1.160 1.37 0.06 1.182 1.34 21.03 

72 1.166 1.36 0.01 1.189 1.33 14.06 

71 1.172 1.35 0.56 1.196 1.33 0.34 

70 1.178 1.35 0.01 1.203 1.32 1.44 

69 1.184 1.34 0.01 1.209 1.31 1.87 

68 1.190 1.33 0.15 1.216 1.30 8.00 

67 1.196 1.33 0.18 1.223 1.30 3.28 

66 1.202 1.32 0.06 1.230 1.29 2.11 

65 1.208 1.31 0.30 1.236 1.28 1.29 

64 1.214 1.31 0.00 1.243 1.28 0.61 

63 1.220 1.30 0.02 1.250 1.27 0.88 

62 1.226 1.29 0.14 1.257 1.26 1.40 

61 1.232 1.29 0.09 1.263 1.26 0.73 

60 1.238 1.28 0.04 1.270 1.25 0.74 

59 1.244 1.28 0.03 1.277 1.24 0.44 

58 1.250 1.27 0.01 1.284 1.24 0.55 

57 1.256 1.26 0.01 1.290 1.23 0.40 

56 1.262 1.26 0.00 1.297 1.22 0.42 

55 1.267 1.25 0.02 1.304 1.22 0.36 

54 1.273 1.25 0.59 1.311 1.21 0.71 

53 1.279 1.24 0.45 1.317 1.21 0.88 
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52 1.285 1.23 0.50 1.324 1.20 0.79 

51 1.291 1.23 0.01 1.331 1.19 0.48 

50 1.297 1.22 0.18 1.338 1.19 1.02 

49 1.303 1.22 0.30 1.344 1.18 0.90 

48 1.309 1.21 0.01 1.351 1.18 0.64 

47 1.315 1.21 0.16 1.358 1.17 0.06 

46 1.321 1.20 0.29 1.365 1.16 0.03 

45 1.327 1.20 0.31 1.371 1.16 0.06 

44 1.333 1.19 0.02 1.378 1.15 0.01 

43 1.339 1.19 0.03 1.385 1.15 0.01 

42 1.345 1.18 0.08 1.392 1.14 0.07 

41 1.351 1.18 0.46 1.398 1.14 0.24 

40 1.357 1.17 0.17 1.405 1.13 0.10 

39 1.363 1.17 0.00 1.412 1.13 0.19 

38 1.369 1.16 0.63 1.419 1.12 0.21 

37 1.374 1.16 0.75 1.426 1.11 0.02 

36 1.380 1.15 1.07 1.432 1.11 0.09 

35 1.386 1.15 0.92 1.439 1.10 0.15 

34 1.392 1.14 0.15 1.446 1.10 0.07 

33 1.398 1.14 0.02 1.453 1.09 0.26 

32 1.404 1.13 0.08 1.459 1.09 0.00 

31 1.410 1.13 0.08 1.466 1.08 0.07 

30 1.416 1.12 0.20 1.473 1.08 0.05 

29 1.422 1.12 0.23 1.480 1.07 0.02 

28 1.428 1.11 0.03 1.486 1.07 0.10 

27 1.434 1.11 0.01 1.493 1.06 0.01 

26 1.440 1.10 0.13 1.500 1.06 0.01 

25 1.446 1.10 0.17 1.507 1.06 0.02 

24 1.452 1.09 0.15 1.513 1.05 0.05 

23 1.458 1.09 0.13 1.520 1.05 0.02 

22 1.464 1.09 0.07 1.527 1.04 0.03 

21 1.470 1.08 0.11 1.534 1.04 0.09 

20 1.475 1.08 0.11 1.540 1.03 0.01 

19 1.481 1.07 0.11 1.547 1.03 0.14 

18 1.487 1.07 0.01 1.554 1.02 0.01 

17 1.493 1.06 0.05 1.561 1.02 0.06 

16 1.499 1.06 0.30 1.567 1.01 0.03 

15 1.505 1.06 0.11 1.574 1.01 0.00 

14 1.511 1.05 0.25 1.581 1.01 0.01 

13 1.517 1.05 0.00 1.588 1.00 0.01 

12 1.523 1.04 0.00 1.594 1.00 0.40 

11 1.529 1.04 0.00 1.601 0.99 0.02 

10 1.535 1.04 0.05 1.608 0.99 0.02 
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9 1.541 1.03 0.08 1.615 0.99 0.00 

8 1.547 1.03 0.53 1.621 0.98 0.00 

7 1.553 1.02 0.96 1.628 0.98 0.08 

6 1.559 1.02 0.28 1.635 0.97 0.10 

5 1.565 1.02 1.16 1.642 0.97 0.30 

4 1.571 1.01 0.01 1.648 0.97 0.15 

3 1.577 1.01 0.47 1.655 0.96 0.07 

2 1.582 1.01 0.85 1.662 0.96 0.26 

1 1.588 1.00 2.09 1.669 0.95 0.34 
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ABSTRACT: The optical performance of a multilayer antire-
flective coating incorporating lithography-free nanostructured
alumina is assessed. To this end, the performance of single-
junction GaInP solar cells and four-junction GaInP/GaAs/
GaInNAsSb/GaInNAsSb multijunction solar cells incorporating
the nanostructured alumina is compared against the performance
of similar solar cells using conventional double-layer antireflective
coating. External quantum efficiency measurements for GaInP
solar cells with the nanostructured coating demonstrate angle-
independent operation, showing only a marginal difference at 60°
incident angle. The average reflectance of the nanostructured
antireflective coating is ∼3 percentage points smaller than the
reflectance of the double-layer antireflective coating within the
operation bandwidth of the GaInP solar cell (280−710 nm), which is equivalent of ∼0.2 mA/cm2 higher current density at AM1.5D
(1000 W/m2). When used in conjunction with the four-junction solar cell, the nanostructured coating provides ∼0.8 percentage
points lower average reflectance over the operation bandwidth from 280 to 1380 nm. However, it is noted that only the reflectance
of the bottom GaInNAsSb junction is improved in comparison to the planar coating. In this respect, since in such solar cells the
bottom junction typically is limiting the operation, the nanostructured coating would enable increasing the current density ∼0.6
mA/cm2 in comparison to the standard two-layer coating. The light-biased current−voltage measurements show that the fabrication
process for the nanostructured coating does not induce notable recombination or loss mechanisms compared to the established
deposition methods. Angle-dependent external quantum efficiency measurements incline that the nanostructured coating excels in
oblique angles, and due to low reflectance at a 1000−1800 nm wavelength range, it is very promising for next-generation broadband
multijunction solar cells with four or more junctions.

KEYWORDS: antireflective coating, nanostructuring, III−V multijunction solar cell, omnidirectional, broadband

1. INTRODUCTION

High efficiency III−V multijunction solar cells (MJSC) offer
the most advanced photovoltaic technology to date, with the
highest confirmed conversion efficiency reaching 47.1%1,2 and
theoretical efficiency surpassing 50%.3−5 Such MJSCs utilize a
very broadband spectrum of the solar irradiation, and
significant losses can come from the reflected light from the
surface of the cell. Conventional double-layer antireflective
coatings (ARC) have been frequently used in MJSC
applications,6−8 but when exceeding three junctions, the
current matching starts to require broader reduction of
reflectance.6,9 This is especially true for solar cell structures
with a germanium bottom junction, where the usable spectral
bandwidth extends up to 1800 nm.10−12 In general, different
kinds of nanostructured ARCs have been applied in order to

obtain low reflectance in a broad spectral band,13−20 but they
typically come with their drawbacks. With a patterned
semiconductor window layer, there are additional losses in
the ultraviolet region due to the need for thick window
layers,15−17 direct patterning of the solar cell structure can
cause increased recombination losses,18 and with patterned
dielectric structure, the refractive index contrast between the
high index semiconductor material and the low index ARC is

Received: January 12, 2022
Accepted: April 12, 2022

Articlewww.acsaem.org

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsaem.2c00133

ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

Downloaded via TAMPERE UNIV on April 26, 2022 at 06:15:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jarno+Reuna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arttu+Hietalahti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arto+Aho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riku+Isoaho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timo+Aho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marianna+Vuorinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antti+Tukiainen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elina+Anttola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elina+Anttola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mircea+Guina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.2c00133&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00133?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00133?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00133?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00133?fig=abs1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


too large for efficient reduction of reflectance.13,14 Multilayer
dielectric coatings combined with patterning9,19,20 have so far
been an effective but laborious solution due to multistep
fabrication processes.
As an alternative, we proposed recently21 a simple, nontoxic,

low-cost nanostructured multilayer ARC that is based on
postdeposition treatment of planar amorphous alumina
coatings with heated deionized water.22,23 An advantage of
this approach compared to similar kind of hybrid broadband
ARC19,20 is the reduced number of fabrication steps, as it does
not need lithography and surface etching for patterning. The
properties of the nanopattern can be controlled via film
thickness and treatment time,24 and the hydrophobicity of the
film can be increased with postprocess polymerization.25

Here, we present a comparison between the performance of
the novel nanostructured ARC and conventional planar ARC
when applied to single-junction (1J) and four-junction (4J)
III−V solar cells (SC). The 1J structure is used for assessing
the angle-dependent characteristics of the nanostructured
coating, as with MJSC such characterization is challenging to
do correctly and requires more developed instrumentation.26,27

The actual broadband operation and suitability for MJSCs are
then verified with the 4J SCs.

2. EXPERIMENTAL SECTION
The lattice-matched III−V SC structures, namely, GaInP 1J and
GaInP/GaAs/GaInNAsSb/GaInNAsSb 4J, with band gap energies of
1.9 eV/1.4 eV/1.2 eV/0.9 eV, respectively, were grown by molecular
beam epitaxy on p-GaAs substrates using a Veeco GEN20 MBE
system. Specific structural details and the performance of the
reference cells are provided elsewhere.7 The wafers were diced into
6 mm × 6 mm SCs with an active area of 0.25 cm2. Both the Ni/Au
(10/100 nm) front contact grid on the n-side and Ti/Au (50/100
nm) planar back contact on the p-side were deposited using an
electron beam (e-beam) evaporator. Prior to ARC deposition, the
contact GaAs layer was removed with NH3/H2O2/H2O etchant
solution.
The conventional planar double-layer ARC was grown by an e-

beam, and the multilayer film for the nanostructured ARC (nano-
ARC) was deposited by ion beam sputtering (IBS) using a Navigator
700 sputtering system from Cutting Edge Coatings GmbH. The
nanostructuring of the amorphous alumina layer was achieved by
treating the coating with heated deionized water (DIW). The method
for nanostructuring the alumina surface is described in detail in
reference.21 The nominal structure of the nano-ARC and its cross-
sectional scanning electron microscope image are shown in Figure 1.
The planar double-layer coating had the nominal structure of 50 nm
TiO2/89 nm SiO2. The planar ARC has originally been optimized for
the GaInP/GaAs/GaInNAsSb triple-junction MJSC,28 so that the
top-junction (GaInP) would not be the current-limiting junction. It
exhibits relatively broadband low reflectivity at 400−1000 nm and
with the given materials represents a robust and realistic optimal
double-layer ARC for these III−V MJSCs. This makes it a suitable
comparison structure for the nano-ARC in question.
Scanning electron microscope (SEM) images were taken with a

ΣIGMA FESEM operated with SmartSEM software, both products of
Carl Zeiss NTS Ltd. The acceleration voltage was 1 kV, and the
aperture size was 10 μm. The dielectric nature of the coating causes
charging of the scanned area, which can cause image distortions. The
imaged samples were tilted ∼10° in attempts to avoid areal charge
accumulation.
A PerkinElmer Lambda 1050 UV/vis/NIR spectrophotometer

equipped with either an integrating sphere or a Universal Reflectance
Accessory (URA) module was used for the reflectance measurements.
The URA measures reflectance at 8° angle of incidence and the
integrating sphere at normal incidence. The URA module can
measure only specular reflectance, whereas the integrating sphere

nominally measures also all the scattered light. No notable difference
in sample performance was observed between the modules, indicating
negligible diffuse scattering from the nanostructure. For the spectrum-
weighted average, the values were calculated as follows:

λ λ
λ

=
∑ Φ

∑ Φ
R

R( ) ( )

( )
i i i

i i
ave

(1)

in which Φi is the incident photon flux and Ri is the measured
reflectance at a given wavelength.

Light-biased current−voltage (LIV) characteristics of the SCs were
measured with a 7 kW OAI Trisol solar simulator calibrated for
AM1.5D (1000 W/m2) illumination. Evaluated properties include
conversion efficiency η, open-circuit voltage VOC, short-circuit current
density JSC, and fill factor FF. All the samples were measured at the
same time, the measurements were repeated a number of times, and
the average standard deviations for the quantities are 0.1 percentage
points, 3 mV, 0.1 mA/cm2

, and 1 percentage points, respectively. In
addition of the statistical uncertainties, the unideal spectrum of the
used simulator lamp, which is known to be infrared-weighted, and
temporal variations increase the error limits for drawing conclusions.
The external quantum efficiency (EQE) measurements for the GaInP
cells were performed with a monochromator-based measurement
system, which was adjusted using a NIST (National Institute of
Standards and Technology)-calibrated Si reference cell at room
temperature (22 °C). An angle-selective stage (Thorlabs High-
Precision Rotation Stage PR01/M) was used to accurately (±1°)
align the incidence angle of the probe beam on the GaInP cells at
variable angles from 0° to 45° and 60° to assess the oblique angle
performance of the ARCs.

A python script based on May et al integration tools29 was used to
calculate the ideal and EQE-derived current densities of different
subjunction bandwidths according to both AM0 (ASTM E-490) and
AM1.5D (ASTM G-173-03) solar spectra.30 In the calculations, the
ARCs are assumed to be lossless (T = 1-R) and the internal quantum
efficiency (IQE) to be unity. The cases where IQE = 1 and EQE = 1-
R are labeled as ideal and represent the theoretical maximum when all
the incident photons that are not reflected from the SC are absorbed
and each generates a charge-carrier pair. This provides a comparable
quantity representing the current-generation potential of different
spectral bandwidths when assessing the differences of the ARCs. The
most common applications of III−V multijunction SC materials are
either in space or in terrestrial concentrator photovoltaics. AM0
spectra are the standard that is used for comparing space photovoltaic
SCs used for instance in satellites. Similarly, AM1.5D is used for
comparing the performance of III−V concentrator SC materials, as

Figure 1. (a) Scanning electron microscope surface scan of the nano-
ARC, (b) schematic illustration of its structure, and (c) cross-
sectional scanning electron micrograph of the nanostructured coating.
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only direct sunlight can be efficiently concentrated. Comparing both
gives a realistic evaluation of the nano-ARC performance in the
possible applications.

3. RESULTS AND DISCUSSION
The reflectance and LIV characteristics of the GaInP 1J cells
with the nano-ARC and the planar double-layer ARC under
AM1.5D (1000 W/m2) illumination are presented in Figure 2.

Figure 2a clearly shows that the nano-ARC has lower
reflectance over broader bandwidths than the double-layer
ARC, as was expected. The spectrum-weighted average
reflectance values (RAVE) at the operative bandwidth of the
GaInP SC are presented in Table 1. Based only on the

reflectance values, it is expected that the GaInP SC with the
nano-ARC should have better LIV performance.
The modest performance of the GaInP SCs in terms of

efficiency and current density is due to the fact that the SCs in
question are designed to be current matched as a part of an
MJSC and not to be standalone SCs, thus being thinner than
conventional junctions. The reasoning and the effects of
thinning are further discussed elsewhere.7,31 However, as a
topmost junction in MJSC configuration, they suit very well as
ARC reference samples when the coatings are evaluated against
each other.
To see if nanostructuring has the expected20,32 angle-

independent nature, the EQEs of the GaInP SC were measured
at different angles of 0°, 45°, and 60°. The angle-dependent
EQEs are shown in Figure 3, and the related calculational
current densities under AM1.5D (1000 W/m2) are shown in
inset tables for each subplot.

Figure 2. (a) URA-measured reflectance for uncoated GaInP 1J, with
the conventional e-beam double-layer ARC and with the nano-ARC.
(b) Measured LIV under AM1.5D (1000 W/m2) for the 1 J GaInP
solar cells without a coating, with the e-beam double-layer ARC and
with the nano-ARC.

Table 1. Spectrum-Weighted RAVE for the Coated GaInP 1J Solar Cells Presented at the Bandwidth of Operation Both with
AM0 and AM1.5D Spectra, and the Measured LIV Characteristics under AM1.5D (1000 W/m2) Illumination, with Conversion
Efficiency η, Open-Circuit Voltage VOC, Short-Circuit Current Density JSC, and Fill Factor FF for Bare SC, with Planar e-Beam
ARC, and with Nano-ARC

bandwidth (nm) uncoated e-Beam TiO2/SiO2 IBS TiO2/Ta2O5/SiO2/Al2O3 nano-ARC

RAVE AM0 280−710 28.8% 3.6% 2.2%
AM1.5D 280−710 27.8% 2.3% 1.5%

η (%) 8.4 11.1 11.4
VOC (V) 1.3 1.3 1.3
JSC (mA/cm2) 8.0 10.9 10.8
FF [%] 81.7 79.2 82.6

Figure 3. (a) Measured angle-dependent EQEs for the 1J GaInP solar
cells coated with the nano-ARC at the angles of 0°, 45°, and 60°,
demonstrating nearly unchanged performance as a function of the
incidence angle. (b)−(d) Comparison of 1J GaInP solar cell EQEs
without an ARC, with the e-beam ARC, and with the nano-ARC at
the angles of 0°, 45°, and 60°, respectively. For each of the measured
EQEs, the corresponding current density under the AM1.5D (1000
W/m2) spectrum has been calculated and is shown in the inset tables
on the right upper corner of each subplot.
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At the normal incidence angle, the EQEs of the coated SCs
are very similar, but near the peak wavelength (465 nm), the
planar ARC performs slightly better (∼0.02). At 45°, the
difference between the two coatings favors the nano-ARC, as
the planar ARC peak EQE drops by 0.04, whereas the nano-
ARC EQE remains the same. The difference is even more
evident at an angle of 60°, where the planar ARC peak EQE
drops significantly by 0.12, but the nano-ARC EQE only drops
by 0.01, demonstrating in practice the angle-independent
operation. The numerical values for peak EQEs are shown in
Table 2.

The drop in EQE corresponds to current density differences
of 0.1 and 0.6 mA/cm2 favoring the nano-ARC at the angles of
45° and 60°, respectively. Both the reflectance and EQE values
of the nano-ARC indicate that it should perform almost
identically to the planar ARC at a normal incidence angle for
the GaInP SC, which is in line with the acquired LIV results.
For longer wavelengths and oblique angle operation, the nano-
ARC should function clearly better than the planar reference
ARC.
Using the reflectance of the different coatings and a bandgap

of 1.9 eV, the nominal current densities for the GaInP SC were
calculated at AM0 and AM1.5D both in an ideal case (IQE =
1; EQE = 1-R) and with the measured EQE, as shown in Table
3.
The calculated values based on the measured EQE shown in

Figure 3 and the LIV measurement results presented in Figure
2b and Table 1 are in close agreement; as for all cases, the
calculated value and the measured value are within 0.1 mA/
cm2. The existing variations in results can be linked to
differences between individual SCs used in the measurements,
such as the active cell area that is affected both by the used
shadow mask in the contact metal deposition and the dicing
precision. Based on the spectral comparison in the ideal cases,
both coatings perform within 1 mA/cm2 of the theoretical
maximum current density shown in the rightmost column of
Table 3. At AM0, the nano-ARC should provide 0.4 mA/cm2

higher current density than the planar ARC and similarly 0.2
mA/cm2 higher current density at AM1.5D. Slight improve-
ments are still possible, as the nano-ARC deviates from the
ideal current density by ∼0.2 mA/cm2 at AM1.5D and ∼0.5
mA/cm2 at AM0. As the measured SCs are thinner than

standalone GaInP 1-junctions would optimally be, the
transmission losses cause the main difference between the
ideal current densities and the ones calculated with the real
EQE. Part of the difference is due to recombination losses that
are neglected in the ideal case.
The promising functionality on the 1J GaInP SC does not

straightforwardly prove suitability for MJSCs as the current
balancing, series resistance, and edge recombination scheme
greatly differ between 1J and the MJSC. To this end, the ARCs
were also deposited on GaInP/GaAs/GaInNAsSb/GaInNAsSb
4J. The reflectance of the MJSCs with the coatings are shown
in Figure 4a. The effect of a more complex MJSC structure

with additional junctions can be seen in the number of
interference fringes in the reflectance measured from the bare
MJSC. This complexity makes it challenging to design a

Table 2. Peak EQE Values at 465 nm for the GaInP Solar
Cells with Different Coatings

angle of
incidence uncoated

e-Beam
TiO2/SiO2

IBS
TiO2/Ta2O5/SiO2/Al2O3 nano-ARC

0° 0.62 0.86 0.84
45° 0.57 0.82 0.84
60° 0.51 0.74 0.83

Table 3. Calculated Current Densities for Single-Junction GaInP Solar Cells with Compared ARCs Derived from the Ideal
Case (IQE = 1; EQE = 1-R) and with Measured EQEs at Normal Incidencea

JSC (mA/cm2) uncoated e-Beam TiO2/SiO2 IBS TiO2/Ta2O5/SiO2/Al2O3 nano-ARC R = 0%

AM0/ideal 16.8 22.7 23.1 23.7
AM1.5D/ideal 11.2 15.2 15.4 15.6
AM0/EQE 10.9 14.6 14.6
AM1.5D/EQE 8.1 10.8 10.8

aThe calculations use 1000 W/m2 for current densities calculated with measured EQE under AM1.5D.

Figure 4. (a) URA-measured reflectance for an uncoated GaInP/
GaAs/GaInNAsSb/GaInNAsSb solar cell (4J), with the conventional
e-beam double-layer ARC and with the nano-ARC. (b) Measured LIV
under AM1.5D (1000 W/m2) for the 4J solar cells without a coating,
with the e-beam double-layer ARC, and with the nano-ARC.
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balanced broadband ARC to spectrally fit the subcell current-
matching requirements,6,33 as the average reflectance plays a
smaller role than the subcell bandwidths or the MJSC overall
design. Therefore, the nano-ARC structure was kept the same
as for the GaInP SC, to give more comparable results.
The overall reflectance of the nano-ARC is lower than that

of the planar ARC, especially at wavelengths above 1000 nm.
However, the performance of the nano-ARC does not look
optimal at the GaInP and GaAs bandwidths as there are several
>5% interference peaks. In a case of either of the top subcells
being slightly too thin and having such a high reflectance at its
bandwidth, the possibility of the top cell becoming the current-
limiting junction in the structure increases. To better evaluate
the effects of the ARCs on the MJSC, the subcell current
densities were calculated with the measured reflectance values
and ideal IQE at their operation bandwidths, which are shown
in Table 4.
The values in Table 4 show that the nano-ARC provides a

larger current density, due to the better average reflectance
than the planar ARC, only for the bottom dilute nitride
junction. The reflectance of other bandwidths is of a similar
scale between the nano-ARC and the planar reference, as the
calculated current densities indicate, but for GaInP and GaAs
junctions, it is too high and in need of optimization. This can
also be seen in Table 5 as LIV values are slightly lower for the
nano-ARC-coated 4J than the planar counterpart.

Despite the nonoptimal subcell reflectance, the nano-ARC-
coated MJSC is still a functional device and no significant
difference, given the statistical variations of individual cells, the
limited number of samples, and the unideal spectrum of the
simulator, in the electrical performance compared to the
planar-coated MJSC can be observed, as is shown in Figure 4b.
This would suggest that the method is suitable for MJSC ARC
applications.

The 4J GaInP/GaAs/GaInNAsSb/GaInNAsSb MJSC used
in the comparison utilizes photons at the wavelengths of 280−
1380 nm, which still leaves a substantial number of photons
available at a bandwidth of 1380−1800 nm, as illustrated in
Figure 5. The average reflectance of the nano-ARC in this fifth
bandwidth is as low as 5.8%, which is 10 percentage points less
than the average reflectance of the planar ARC.

With the nano-ARC, a great portion of the photons at a
bandwidth of 1380−1800 nm could be utilized and at AM0
that corresponds to a current density of ∼12.6 mA/cm2. This
is slightly lower than the current densities of the other
junctions, so having an additional 0.7 eV subcell, i.e., third
GaInNAsSb,34 would require either altering the subcell
bandgaps of the current design or adding a topmost junction,
such as AlGaInP,35 to provide nearly current-matched five or
six junction SCs for space applications.
The limitations of the nano-ARC for the used MJSC subcell

configuration can be overcome with structural optimization of
the Al2O3 nanostructure by tuning the DIW process
parameters, as done by Yin et al.24 and by altering the planar
layer thicknesses in the multilayer configuration. The tested
nanostructure was not spectrally optimized, as mainly the
suitability of the method for a real MJSC device was under
inspection. Our results show that the nano-ARC works also for
MJSCs and there are no significant additional losses involved
due to the ARC fabrication process.

Table 4. Calculated Current Densities from the RAVE and IQE = 1 for the ARC-Coated MJSCs Presented in Different Subcell
Operation Bandwidths of the 4J and in the Remaining Bandwidth that Could be Utilized with Eg ∼ 0.7 eV Subcell

JSC (mA/cm2) bandwidth (nm) uncoated e-Beam TiO2/SiO2 IBS TiO2/Ta2O5/SiO2/Al2O3 nano-ARC R = 0%

GaInP 280−650 AM0 15.7 20.9 20.9 22.0
AM1.5D 10.4 13.8 13.8 14.3

GaAs 650−880 AM0 12.5 17.0 16.4 17.2
AM1.5D 10.4 14.1 13.6 14.3

GaInNAsSb (1) 880−1030 AM0 6.7 9.1 9.0 9.3
AM1.5D 4.8 6.6 6.5 6.7

GaInNAsSb (2) 1030−1380 AM0 11.9 15.8 16.5 16.7
AM1.5D 8.7 10.9 11.5 11.6

5th junction 1380−1800 AM0 9.6 11.3 12.6 13.4
AM1.5D 6.2 7.2 8.2 8.7

Table 5. Measured LIV Characteristics as Conversion
Efficiency η, Open-Circuit Voltage VOC, Short-Circuit
Current Density JSC, and Fill Factor FF under AM1.5D
(1000 W/m2) for the 4J MJSCs as Bare, with the Planar e-
Beam ARC and with the Nano-ARC

uncoated
e-Beam
TiO2/SiO2

IBS
TiO2/Ta2O5/SiO2/Al2O3 nano-ARC

η (%) 21.2 27.6 27.4
VOC (V) 3.1 3.1 3.0
JSC
(mA/cm2)

8.6 11.5 11.4

FF (%) 81.0 78.4 79.2

Figure 5. AM0 and AM1.5D30 spectra alongside with the measured
reflectance of the nano-ARC-coated 4J GaInP/GaAs/GaInNAsSb/
GaInNAsSb divided in the bandwidth of the subcells and in the
bandwidth of a potential 5th junction subcell (Eg ∼ 0.7 eV). RTotal AVE
shows the calculated average over a 4J bandwidth of 280−1380 nm.
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4. CONCLUSIONS

A comparison between a nanostructured alumina multilayer
ARC and a conventional planar double-layer ARC was done on
a single-junction GaInP SC and 4J MJSC to assess the possible
improvements related to the use of surface texturing when
applied to high-efficiency MJSCs. The 1J solar cell was used for
assessing the angle-dependent characteristics of the nano-
structured coating, while the realistic broadband operation for
MJSCs is validated using the 4J SC.
On top of the GaInP SCs, the measured reflectance over a

broadband spectrum shows that for longer wavelengths, the
nano-ARC performs several percentage points better than the
planar ARC and the total average reflectance from 280 to 1380
nm is 2.7 and 5.5% for the nano-ARC and the planar ARC,
respectively. At shorter wavelengths, the reflectance of the
ARCs is of a similar scale, but due to the inward scattering of
the nanotextured surface, the amount of diffused light from
oblique angles is larger for the nano-ARC. This is shown in the
EQE results, where the GaInP SC with the nano-ARC
practically retains the same EQE level for the incident angles
from 0° to 60°, whereas there is a clear drop for the EQE of
the GaInP SC with the planar ARC at the larger incident
angles. Better diffusion properties of the nano-ARC near the
ultraviolet bandwidth and low reflectance at the infrared region
point to possible performance improvements for MJSCs as
well.
To address the suitability and the actual broadband

operation of the nanostructured ARC on an MJSC, the same
coatings were also deposited on the MBE-grown lattice-
matched 4-junction GaInP/GaAs/GaInNAsSb/GaInNAsSb
MJSCs. At this point, no further optimization of the coating
structure was done. The LIV measurements showed that there
are no evident losses caused by the nano-ARC process for the
MJSC when compared to the planar coating method. The
performance with the nano-ARC is adequate, but closer
examination in the subcell bandwidths indicates that there is
still room for improvement. In fact, the reflectance is slightly
increased for all but the bottom subcell, when compared to the
planar double-layer ARC. The total average reflectance over
the region of operation of the MJSC is lower for the
nanostructured ARC, but as the current matching limits the
operation of the whole stack by the least current-producing
cell, the total gain is smaller than that with the double-layer
ARC. However, we believe that these shortcomings can be
overcome with structural and process optimization of the
nano-ARC and aim to further improve the coating perform-
ance. Also, mechanical and long-term environmental stability
needs to be evaluated. As the method is lithography-free and
simple, we expect to see further utilization of the nano-ARC in
future MJSC architectures.
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