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ABSTRACT 

III V semiconductor solar cells have proven their exceptional performance in terms 
of conversion efficiency, setting the record to date by exploiting multijunction solar 
cell architectures. Further advances require deployment of even newer designs, 
combining emerging materials with optical management of the solar radiation. In 
addition to the demand to increase the efficiency, beneficial functionalities, for 
example in space applications, are required such as flexibility, high power-to-weight 
ratio, or ability to reuse the III V substrate for decreasing the manufacturing costs. 
To this end, this thesis concentrates on the development of thin-film III V solar cell 
architectures, utilizing back reflectors for increasing the effective absorption length. 
The methods employed in this study include fabrication and characterization of the 
back reflectors and the solar cells using standard and in-house developed procedures. 
In terms of advanced III V materials enabling more efficient spectral harvesting, 
this thesis is focused on dilute nitride materials, i.e., GaInNAs and InAs/GaAs 
quantum dot solar cells. Both approaches aim to increase the absorption beyond the 
1 eV spectral range and benefit from the deployment of the back reflectors. 

The key enabling result is the development of a planar Ag/Cu back reflector with 
high reflectance and suitability to be used as a back contact. As an extension of this, 
a reflector with a polymeric pyramid grating was demonstrated, providing enhanced 
diffraction of light and resilience to electron irradiation. In terms of demonstrating 
advanced solar cell architectures, dilute nitride solar cells with back reflector, having 
bandgap energies of 1 eV and 0.8 eV were fabricated. As a key result, short-circuit 
current densities enabling current matching in solar cells with three or more 
junctions were demonstrated. Furthermore, for thin-film InAs/GaAs quantum dot 
solar cells, the use of a planar back reflector led to two times higher current 
generation when compared to a standard wafer-based configuration. Although this 
is an expected result in terms of current generation, the key observation is that the 
solar cell exhibited an open circuit voltage of 0.884 V, which is one of the highest 
values reported for quantum dot solar cells grown by molecular beam epitaxy. 
Finally, a parametrization model enabling simulation of the effect of the reflectors 
with the pyramid grating was validated on the InAs/GaAs quantum dot solar cell, 
revealing 12 times higher photocurrent generation in the quantum dot layers. 
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TIIVISTELMÄ 

III V-puolijohdeaurinkokennot ovat osoittaneet ylivertaisuutensa 
aurinkokennoteknologioiden keskuudessa, sillä tämänhetkinen hyötysuhteen 
maailmanennätys on saavutettu III V-moniliitosaurinkokennoilla. Hyötysuhteen 
kasvattaminen vaatii uudenlaisia lähestymistapoja, kuten valon optisen hallinnan 
hyödyntämistä. Korkeamman hyötysuhteen lisäksi, etenkin avaruussovelluksiin, 
tavoitteena on uudet ominaisuudet, kuten taipuisuus, korkea tehopainosuhde ja 
puolijohteen kasvatusalustan uudelleen käyttäminen, jotta valmistuskustannuksia 
saadaan alennettua. Tämä väitöskirjatyö keskittyy kehittämään ohuiden III V-
puolijohdeaurinkokennojen valonohjausrakenteita, joiden avulla pystytään 
kasvattamaan absorptiopituutta aurinkokennon sisällä. Tutkimusmenetelmä käsittää 
takapeilien ja aurinkokennojen valmistamisen ja karakterisoinnin käyttäen olemassa 
olevia ja työn aikana kehitettyjä menettelytapoja. Tässä työssä tutkitut edistykselliset 
aurinkokennorakenteet mahdollistavat valon spektrin tehokkaamman 
hyödyntämisen käyttämällä laimeita typpiyhdisteitä tai kvanttipisteitä, jotka 
molemmat hyötyvät takapeilien aikaansaamasta absorptiopituuden kasvusta. 

Tämän työn päätulokset sisältävät kehitetyn tasomainen korkean heijastuksen 
omaavan Ag/Cu-takapeilin, joka soveltuu myös virrankeräimeksi. Tämän jatkona 
kehitettiin polymeeriin valmistettu pyramidirakenteinen takapeili, joka hyödyntää 
valon diffraktiota ollen lisäksi vastustuskykyinen elektronisäteilytykselle. Jotta 
pystytiin havainnollistamaan tasomaisen takapeilin toiminta, peili valmistettiin 
laimeisiin typpiyhdisteaurinkokennoihin, joiden energia-aukot olivat 1 eV ja 0.8 eV. 
Oikosulkuvirrantiheydet, jotka saavutettiin aurinkokennoille vastaavat virtasovitetun 
moniliitosaurinkokennon vaatimaa virrantuottoa, joka koostuu kolmesta tai 
useammasta liitoksesta. Näiden lisäksi, tasomaisen takapeili valmistettiin 
InAs/GaAs-kvanttipisteaurinkokennoon, josta paksu kasvualusta oli poistettu. 
Virrantuotto oli kaksi kertaa suurempi kuin ilman takapeiliä, kuten oli oletettu ja 
aurinkokenno saavutti 0.844 V avoimen piirin jännitteen, joka on yksi korkeimmista 
raportoiduista arvoista. Lopuksi johdettiin laskentamalli, jota käytettiin arvioitaessa 
pyramidirakenteiden vaikutusta kvanttipisteaurinkokennon suorituskykyyn. 
Tulosten perusteella havaittiin merkittävä 12-kertainen kasvu kvanttipisteiden 
virrantuotossa. 
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1 INTRODUCTION 

The need for energy production using renewable sources has increased in recent 
years pushed by political, economic, and social factors. As a part of this trend, an 
increasing amount of the energy needed will be produced by various photovoltaic 
technologies exploiting the abundance of solar energy. Harvesting solar energy with 
solar cells has shown potential in terrestrial energy production and is the main source 
of energy for space applications. For decades, the production of solar energy has 
been dominated by silicon solar cells owing to the availability of the raw material, 
appropriate properties, and relatively low fabrication costs [1]. On the other hand, 
solar cells based on more advanced III V compound semiconductor materials have 
substantially higher conversion efficiency compared to silicon solar cells albeit they 
are more complex and have higher fabrication costs. So far, the highest conversion 
efficiency for a silicon solar cell is 27.6% [2], whereas a III V semiconductor solar 
cell exploiting a multijunction solar cell (MJSC) approach [3] has set the world record 
efficiency of 47.1% [4]. 

In addition to III V solar cells, there are other notable solar cell technologies that 
are developing rapidly. For example, perovskite solar cells have steeply increased 
their record efficiency during the past few years as shown in Figure 1. When the 
overall performance including availability and cost are considered, each solar cell 
technology has their different target applications. Thus, silicon solar cells are optimal 
solution for terrestrial operation (Figure 2(a)) due to their continuously decreasing 
cost, being currently at the level of 500 €/kW of peak power [5]. On the other hand, 
space applications, e.g., GPS satellites or space stations (Figure 2(b)), require solar 
cells with high efficiency and high power-to-weight ratio, indicating MJSCs to be the 
optimal choice [6]. Moreover, since in space the solar cells are in a harsh 
environment, the III V materials are more suitable owing to their good radiation 
tolerance compared to silicon solar cells [7, 8]. MJSCs can meet the good cost level 
for terrestrial energy production by concentrated photovoltaics (CPV) systems in 
which the sun light is guided from a larger area to solar cells with the help of lenses 
or mirrors [9], reducing the material costs of the solar cells. On the other hand, CPV 
operation requires a sun tracking system, imposing the economic viability. 
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Figure 1. Progress of record efficiencies for various solar cells technologies [10]. This plot is courtesy 
of the National Renewable Energy Laboratory, Golden, CO. 
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(a) (b)  

Figure 2. (a) Terrestrial solar panels [11], and (b) solar panels in ISS space station [12]. 

The continuous development of III V MJSC technology has reached a high level of 
maturity in industrial scale using designs with three junctions, i.e., 
GaInP/GaAs/GaInAs or GaInP/GaAs/Ge, which reach efficiencies of over 30% 
for space [13] and over 40% for CPV [14]. However, these achievements are still far 
from the theoretical potential which can be fulfilled by more advanced spectral 
harvesting, e.g., using higher number of junctions [15]. 

The generic strategy for increasing the conversion efficiency of the MJSCs 
requires decreasing the transmission and thermalization losses. This can be achieved 
by exploiting materials that are optimized in terms of bandgap energy for the photon 
energy of different spectral bands. To this end, this thesis pursues two approaches. 
The first approach concentrates on dilute nitride materials, i.e., GaInNAs(Sb) for 
which the bandgap energy can be tuned while the lattice constant stays matched to 
GaAs or Ge substrate materials [16]. This brings further benefits in terms of lower 
detrimental dislocations compared to the established MJSC approaches, e.g., 
metamorphic design [16-18]. However, due to the limitations of the low bandgap 
dilute nitride materials (section 2.1.2), the photocurrent generation needs to be 
enhanced to meet the current matching conditions [19]. This enhancement in 
photocurrent can be achieved by introducing a reflector on the backside of the solar 
cell in order to guide the light that has passed the absorbing layers back to the active 
area. A generic drawing of the solar cell with back reflector is presented in Figure 3.  

 

Figure 3. A generic drawing of the thin-film solar cell with back reflector. 
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A second approach exploits single junction architectures, i.e., GaAs-based quantum 
dot solar cells (QDSCs) which would also benefit from the light-trapping concept to 
increase the absorption efficiency. In particular, InAs quantum dots (QDs) render 
possible to enhance the infrared spectral response of single junction GaAs solar cells, 
thus increasing their short-circuit current densities (Jsc) [20-22]. They also bring more 
options for tuning the bandgap in MJSCs to realize the current matching conditions 
[23, 24]. However, for attaining the theoretical efficiency, several challenges related 
to the relatively modest absorption provided by the QDs have been recognized [25]. 
In order to enhance the absorption, a high number of QD layers is required [26], yet 
the fabrication of such structures with high crystalline quality is challenging, causing 
a decrease in the open-circuit voltage (Voc) [21, 25, 27]. By using only few QD layers 
(~10 layers), the degradation of Voc could be prevented but consequently the current 
enhancement remains modest [28, 29]. This could be alleviated by employing a 
reflector on the backside of the QDSC in order to increase the absorption length 
and the photocurrent. The properties of the back reflector can be modified by 
texturing the reflector [30, 31], which will produce multiple passes through the 
absorbing layer enhancing the photocurrent, thus trapping the light inside the solar 
cell. QDSCs have been demonstrated with both planar [32, 33] and textured back 
reflectors [34]. 

Finally, light management using integrated back reflectors requires a thin-film 
architecture employing substrate removal, which brings additional benefits for 
applications where flexibility and high power-to-weight ratio are needed, such as 
high-altitude unmanned aerial vehicles [35, 36]. Furthermore, to better exploit light-
trapping, in addition to the textured back reflector, a nanostructured antireflection 
coating (ARC) should be considered [37-39]. Basically, the light-tapping structures 
could be used in any type of solar cells. Since the structures are designed for specific 
wavelength range, the dimensions of the gratings need to be optimized for each solar 
cell type individually [40]. 

1.1 Research objectives 

The aim of this thesis is to study, develop, fabricate, and characterize light-trapping 
structures for advanced III V solar cells. These structures and fabrication methods 
could provide the needed advancement in order to reach the MJSC efficiency of over 
50%. The specific objectives can be divided into three main thematic areas, which 
include: i) back reflector technology including studying their feasibility for space 
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operation, ii) the implementation of the reflectors to dilute nitride solar cells, and iii) 
the implementation of the reflectors to QDSCs. 

In general, the design and the implementation of back reflector is motivated by 
the aim to enhance the photon absorption owing to an increased optical path inside 
the absorbing layer of the solar cell. This comprises the determination of the suitable 
planar back reflector and the study of the optimal gratings in order to induce light 
diffraction inside the solar cell. The key research questions are related to: 

i) How are the optical and electrical properties of the back reflectors linked with 
the structural differences of the reflectors? 

ii) Is the developed back reflector technology feasible in terms of the fabrication 
process steps involved in manufacturing of advanced solar cells based on dilute 
nitrides and QDs? 

iii) How can the parametrization of intrinsic photovoltaic properties, emerging from 
the results of the QDSCs with back reflector, be exploited in the development 
of the simulation tool for QDSCs with back reflector? 

1.2 Approach and structure of the thesis 

The thesis introduces advanced III V semiconductor solar cells, i.e., dilute nitride 
junction of the MJSCs and QDSCs. In addition to the properties of the planar and 
textured back reflectors, the utilization of the back reflectors to the advanced solar 
cells is illustrated. In Figure 4, the approach of the thesis along with the publications 
is presented as a step-scheme illustration. 
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Figure 4. Approach of the research presented as a step-scheme illustration. P1 P5 are referring to 
the publications I V. 

The thesis is divided into following sections: 

Chapter 2 explains the principals of the III V semiconductor solar cells and the 
motivation for the necessity of the photon management in these solar cells. Here, 
the emphasis is in dilute nitride junction of the MJSC and the InAs/GaAs 
QDSCs. 

Chapter 3 provides a detailed description of the experimental work executed 
with the planar and textured back surface reflectors. The development of the 
structures and the characterization results are discussed to define the optimal 
structure to be utilized in solar cells. In addition, the technical aspect of the 
fabrication process is described, e.g., the substrate removal by epitaxial lift-off 
or by etching the substrate. This chapter includes also the irradiation results for 
the back gratings. 

Chapter 4 covers the implementation of the back reflectors to the dilute nitride 
solar cells and into the QDSCs. 

Chapter 5 is the conclusion which collects the key results of the thesis. Also, 
possible future research is discussed. 
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Original publications are collected in the end of the thesis. There are five 
publications in total. Publication I, denoted later as [P1], covers the planar metal 
reflector study to determinate the properties of the metal reflectors. In 
Publication II, denoted later as [P2], the grating structures for the diffractive 
back reflectors were fabricated and characterized. The electron irradiation results 
for diffractive gratings are presented in Publication III, denoted later as [P3]. In 
Publications IV and V, denoted later as [P4] and [P5], respectively, the planar 
and diffractive reflectors are utilized in InAs/GaAs QDSCs and narrow bandgap 
dilute nitride solar cells. 
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2 BACKGROUND CONCEPTS FOR III V 
SEMICONDUCTOR SOLAR CELLS 

III V semiconductor solar cells are typically based on absorbing materials placed 
within a pn-junction composed of elements in groups III and V of the periodic table 
[41]. The photons with an energy higher than the bandgap energy (Eg) of the 
absorbing materials generate electron-hole pairs, which are then separated by the 
electric field of the pn-junction. The electrons move to the surface of the solar cell 
and are collected by a metal contact on the frontside of the solar cell from which the 
electrons travel though an external circuit creating an electric current. However, the 
electrons may also fall back from the conduction band having energy Ec, to an empty 
state in the valence band having energy Ev, through an electron-hole recombination, 
which becomes more probable the longer the path is between the formation site of 
the electron-hole pair and the depletion region [41]. The generic absorption 
processes of photons are schematically presented in Figure 5 for the case of GaAs, 
the most common III V semiconductor materials, which has a direct bandgap with 
the Eg of 1.42 eV [42]. For clarity, it should be noted that all the photons with energy 
lower than Eg are not participating to the current generation. This issue is alleviated 
by exploring bandgap tailoring offered by GaAs-based III V compounds, which 
have enabled the advance of MJSC architectures. 

III V semiconductors used in MJSCs include a wide range of compositions such 
as GaAs, GaInP, GaInAs, and AlGaAs. Other compounds are presented in Figure 8. 
These materials are fabricated by metal-organic chemical vapor deposition 
(MOCVD) or by molecular beam epitaxy (MBE) [43, 44]. Both methods have their 
benefits yet MOCVD has been adopted in production of MJSCs largely owing to the 
higher growth rate. On the other hand, MBE has been used in research environment 
and recently has gained popularity for ability to deposit dilute nitride materials, which 
offer improved wavelength coverage to design MJSCs [45]. The epitaxial layers are 
commonly grown on top of GaAs, Ge, or InP substrates whose crystal structure the 
epitaxy is adapting. 
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(a)     (b)  

Figure 5. (a) A simplified presentation of the GaAs pn-junction with the depletion region in between. 
(b) A schematic band diagram of the GaAs pn-junction showing the formation of an electron-hole pair 
when absorbing a photon, where h is the Planck’s constant and  is the photon’s frequency. 

Following the epitaxial growth, the fabrication of the III V semiconductor solar cells 
includes deposition of metal contacts. The front contact needs to be patterned in 
order to enable the light to enter the solar cell. In addition, the solar cell perimeter is 
etched to create an electrical isolation between the front and the backside, forming 
the so-called mesa structure. Moreover, an ARC is typically deposited on the front 
surface in order to minimize the reflection of the incident light. Final step includes 
mounting the solar cell to a submount by soldering, and the front contact is wire 
bonded to the external connectors of the submount (see Figure 6). [46] 

 

Figure 6. A solar cell with wires bonded to the front contact. The mesa of the solar cell can be seen 
as a thin layer, while all the other area around the mesa is substrate [47]. 

 



 

28 

2.1 Multijunction solar cells 

Single junction solar cells are not able to harvest the whole solar spectrum due to the 
use of single bandgap material. This causes either significant transmission losses for 
photons with energy lower than Eg or thermalization losses for the photons with 
significantly higher energy than Eg. Thus, the theoretical maximum conversion 
efficiency, defined by the Shockley-Queisser limit [48], reaches a value of ~32% for 
Si solar cells while for GaAs single junction solar cell the corresponding value is 
~33.5% at the air mass 1.5 global (AM1.5G) solar spectrum [49, 50]. Although this 
value is somewhat far from the current demonstration, i.e., 29.1% for GaAs solar 
cell [2], the III V materials render possible development of multijunction concept, 
in which the solar spectrum is divided between multiple solar cells with different Eg 
values combined within a single device. The solar spectrum can be divided either 
externally using dispersive optics or internally within the solar cell [43]. In the internal 
partitioning configuration, the junctions of the solar cell are stacked one on top of 
the other, as schematically presented in Figure 7. It should be noted, that while each 
sub-cell requires a pn-junction configuration, the different parts can be stacked 
together via the use of tunnel junctions [43].  

 

Figure 7. MJSC with four junctions that are absorbing different part of the solar spectrum. The air 
mass 1.5 diffuse (AM1.5D) solar spectrum is presented according to ASTM G173-03 [51]. 
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The stacking imposes strict requirements in terms of current matching conditions 
meaning that the current of the solar cell will be the limited by the least generating 
junction, and in terms of ensuring that all the materials can be grown on the same 
substrate [52]. This limits the selection of the semiconductor materials available. To 
alleviate this limitation, two approaches have been widely adopted: i) so-called 
metamorphic solar cell, in which buffer layers are used to accommodate the lattice 
mismatch between different parts of the solar cell, and ii) lattice matched approach, 
in which all the layers in the solar cell are preserving the lattice of the substrate. 

The lattice matched structure has been largely adopted for early phase 
architectures with two junctions, i.e., GaInP/GaAs solar cell, and represents also the 
most mature commercial technology used in fabrication of triple-junction solar cells, 
i.e., GaInP/GaAs/GaInAs solar cells, used in space and CPV applications [3, 53]. 
In this concept, the lattice constant of the monolithically grown crystal is equivalent 
to the lattice constant of the substrate. Consequently, there is no formation or 
minimal level of strain in the crystal lattice, making them of highest quality [3, 43]. 
On the other hand, metamorphic approach represents emerging commercial 
technology for solar cell with three junctions and improved spectral coverage [3, 43]. 
A lattice matched option would be generally preferred, giving the potential for 
simpler epitaxy and reduced defect density, yet the choice of the materials enabling 
a broad enough absorption has been an issue until the recent demonstration of dilute 
nitride solar cells [54-57]. One key advantage in the favor of lattice matched approach 
is the possibility to use only one type of a tunnel junction, while the metamorphic 
design needs different tunnel junctions for material with different lattice constant 
[43, 46]. 

In addition to these two approaches, a hybrid approach should be noted which 
is based on mechanically stacking different lattice matched solar cells, grown on 
different substrates, which are then bonded together. Contrary to the lattice matched 
and metamorphic configurations, the current produced by the junctions does not 
need to meet the current matching conditions when a four terminal design is used 
[43]. MJSCs based on wafer bonding configuration have achieved high efficiencies 
[58], but the challenge has been the reliable bonding of the two wafers together 
without any voids and in general the relatively higher fabrication costs. Although 
much effort has been made in improving the yield of the wafer bonding, this 
technology has not been yet adopted in volume commercial applications [59].  
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2.2 Lattice matched dilute nitride solar cells 

The bandgap energy dependence versus lattice constant of some typical compound 
semiconductors are presented in Figure 8. The connecting lines give a guideline for 
tuning possibilities of the bandgap energy or the lattice constant. 

 

Figure 8. Bandgap energies of III V semiconductors as a function of the lattice constant. The dilute 
nitrides have the GaAs lattice constant while the bandgap is tuned [60]. 

For lattice matched MJSCs with four or more junctions, GaInNAs(Sb) compounds 
have emerged as the solution of the choice for the narrow bandgap junction (bottom 
junction), while  having  the lattice constant of GaAs and Ge [16, 19]. It should be 
noted that this is valid when MBE technology is deployed [54, 56, 57, 61], however 
the fabrication of dilute nitride solar cells by MOCVD has been impaired by the 
presence of a high background doping related to impurities of C [62, 63]. 

As presented in Figure 8, the lattice constant of the dilute nitride materials stays 
unchanged while the bandgap energy can be optimized from approximately 0.8 to 
1.42 eV to meet the current matching conditions [16, 61, 64, 65]. The tuning of the 
Eg is achieved by changing the concentration of N ([N]), i.e., higher [N] corresponds 
to lower Eg values, and [N] as high as 8% have been demonstrated, corresponding 
the Eg of 0.73 eV [55]. The external quantum efficiency (EQE), which describes the 
amount of generated current when irradiated by photons of specific wavelength, of 



 

31 

state-of-the-art GaInNAsSb solar cells grown on GaAs substrate is presented in 
Figure 9. Despite the relatively high EQE values compared to narrow bandgap dilute 
nitride solar cells reported earlier [66], it is clear that for solar cell with the lowest Eg 
value of 0.73 eV, the defects associated with N incorporation significantly affect the 
EQE ultimately leading to limitations in the overall thickness that can be deployed 
in the MJSC. 

 

Figure 9. EQE of state-of-the-art dilute nitride solar cells with different [N]. The Eg values are estimated 
from the derivatives of the EQE curves. The data is adopted from [55]. 

When using dilute nitride materials, a p-i-n structure is preferred instead of a pn-
junction due to the short diffusion lengths of the minority carriers [61, 67]. The p-i-
n structure has an intrinsic material deposited in between the pn-junction in order to 
increase the thickness of the depletion region (see Figure 5). Therefore, more 
photons are absorbed and extracted by the electric field in the i-region [41]. Dilute 
nitrides with higher than 4% of [N] induce relatively low charge carrier lifetimes 
(below 1 ns), which leads to short minority carrier diffusion lengths of under ~1 μm 
[68-70]. In addition, the high [N] results in high p-type background doping level of 
1016 cm-3 or higher, narrowing the depletion region. These effects limit the thickness 
of the absorption layer, resulting in lower quantum efficiencies [69-72]. On the other 
hand, this issue can also be mitigated by adding a reflector on the backside of the 
solar cell, allowing the use of a thinner absorber but still generating the required 
photocurrent to meet the current matching conditions in MJSCs [73]. Development 
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and deployment of such back reflectors to dilute nitride solar cells represents 
a major goal of this thesis. 

2.3 Quantum dot solar cells 

To enhance the spectral coverage of single junction GaAs solar cells, InAs QDs can 
be employed in the solar cell structure [28]. Such nanostructures are very attractive 
for band-engineering enabling a translation of the absorption edge to longer 
wavelengths, thereby exploiting so-called sub-bandgap transitions to absorb the low 
energy photons improving Jsc [20]. In addition, with careful design, QDSCs can be 
exploited to realize the intermediate band operation [22]. Similarly to dilute nitride 
solar cells, the QDs are embedded into an intrinsic region of the p-i-n GaAs solar cell 
structure as presented in Figure 10. 

(a) (b)  

Figure 10. (a) A schematic structure of a solar cell with QDs embedded into the intrinsic region. (b) A 
simplified band diagram of a QDSC. The data is adopted from [20]. 

One QD layer has relatively low absorption of photons due to the small volume of 
the QDs [25]. For that reason, a high number of QD layers is needed for achieving 
a noticeable increase in Jsc. In Figure 11, exemplary photoluminescence (PL) signal 
and the EQE of QDSCs are presented as a function of the number of the QD layers. 
The increase in the PL signal intensity is significant when 5 QD layers are compared 
to 20 QD layers. This reveals that a sufficient number of QD layers is needed when 
QDSCs are designed. However, when the number of the QD layers in the QDSC is 
increased, strain in the solar cell structure accumulates [74], causing detrimental 
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dislocation defects. Figure 12 presents microscopy images of InAs/GaAs QDSCs 
with 10 and 20 QD layers showing that the solar cell with 10 QD layers has only a 
few surface defects, and no dislocation lines are present. However, the solar cell with 
20 QD layers has several dislocation lines apparent. This indicates that for 20 QD 
layers the accumulated compressive strain exceeds the threshold for dislocation 
formation. The strain can be reduced by growing fewer QD layers, which would 
limit the current generation, or by deploying strain management that will complicate 
the fabrication [74-76]. 

 

Figure 11. (a) PL signal of an InAs/GaAs QDSC with different number of QD layers. (b) The EQE of a 
GaAs solar cell, a QDSC with 10 QD layers, and a QDSC with 20 QD layers. The data is adopted from 
[75].  

 

Figure 12. Optical microscope images of QDSCs with (a) 10 QD layers, and (b) 20 QD layers in 50× 
magnifications. The red arrow points out the dislocation lines. The data is adopted from [75]. 

With a high number of QD layers (>20 layers), Voc tends to decrease due to the 
defects caused by the strain, and the decrease is also inherently related to the 
narrower bandgap of the QDs [21, 25, 27]. Indeed, when using only a few QD layers, 
the Voc degradation stays marginal [28, 29], but then the current generation ability is 
severely affected. This limitation can be alleviated again by implementing a back 
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reflector to enhance effective absorption in the QD layers [77]. Development of 
planar [32, 33] and textured back reflectors [34] and their assessment in terms 
of effectiveness in improving the current generation of QDSCs has been a 
second major goal of this thesis. 

2.4 Thin-film III V solar cells 

The standard III V solar cells are commonly referred as a “wafer-based” technology 
since the junction materials are grown on a relatively thick GaAs or Ge substrate. 
The substrate thickness is in the range of 100 500 μm while an only few μm layer 
forms the absorbing region of the solar cell. However, utilization of a back reflector 
to increase the effective absorption requires a thin-film design which involves 
removing the substrate and deposition of the reflector in the proximity of the 
absorbing region. Basically, there are two technologies to execute the substrate 
removal: i) the substrate is thinned by mechanical lapping followed by wet etching 
of the rest of the substrate, or ii) by using a sacrificial layer to release the solar cell 
structure from the substrate, the so-called epitaxial lift-off (ELO) technique [78]. 

When using mechanical lapping, the substrate is lost without a possibility to reuse 
it. Lapping is performed with commercial equipment which nowadays have high 
accuracy, at the micrometer scale [79]. Lapping rate is controlled by rotation speed, 
the size of the abrasive particles, and pressure, which is sample size dependent. If 
the rate is too fast, dislocation lines or cracks may form. For a GaAs substrate, the 
acceptable rate is approximately 10 μm/min, but the rate differs for Ge, GaSb, and 
InP substrates. The GaAs substrate can be thinned down to the thickness of 
approximately 100 μm to avoid forming the cracks that the robust mechanical 
method may produce. The rest of the substrate is wet etched with suitable solutions. 
For GaAs substrate, the etchant can be, e.g., H2SO4:H2O2:H2O with the volume 
ratios of 1:5:1 using strong acids, having an approximate etch rate of 10 μm/min. 
However, there are also many other options for etching GaAs [80]. This type of 
substrate removal requires an etch stop layer in the solar cell structure to be able to 
terminate the etching leaving the solar cell otherwise untouched. Furthermore, the 
substrate can be removed by using wet etching alone which may be challenging due 
to the nonuniform etching originating from the diffusion controlled nature of the 
etching [81]. It should be noted, that before the etching step the solar cell is bonded 
to a carrier to be able to handle the thin-film structure. 
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The ELO process is based on the separation of the III V structures from their 
original substrate and transferring them to a low cost carrier, e.g., glass or plastic [78, 
82, 83]. The advantage is the possibility to reuse the substrate, potentially lowering 
the fabrication costs of the III V solar cells [84]. Different ELO processes have 
been developed by several research groups [85-92]. An exemplary simplified ELO 
process flow for an inverted III V solar cell is presented in Figure 13. In the inverted 
configuration, the epitaxial layers of the solar cell are fabricated in reverse order, i.e., 
upside down, to be able to process the backside of the solar cell before the ELO 
step. 

 

Figure 13. Schematic ELO process flow of an inverted solar cell on GaAs substrate. The release layer 
is selectively etched in the ELO step. 

The ELO process requires the growth of the release layer before the absorbing layers 
of the solar cell. During the selective wet etching of the release layer, the rest of the 
solar cell structure stays untouched enabling further processing to complete the 
device. One typically used release layer material is AlAs, being selectively etched with 
HF solution [93]. Another option for the material is AlInP, using an HCl solution 
for selective etching [90]. One challenge in ELO has been the etch rate of the release 
layer which must be in a decent level to be able to separate larger areas. However, 
ELO has been demonstrated to release solar cells from the substrate with the 
diameter of even 6 inches [94]. Figure 14 presents examples of the 2-inch and 4-inch 
ELO layers and processed flexible thin-film solar cells. 
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Figure 14. (a) A 4 inch thin-film structure on a flexible carrier after ELO [75]. (b) A thin-film GaAs solar 
cell array in a flexible sheet [95]. (c) A 2 inch substrate and the released III V solar cell structure after 
ELO [75]. (d) ELO-processed flexible GaAs solar cells (diameter 4 inch) [95]. 

Thin-film configuration enables the implementation of various light-trapping 
strategies, aiming at bouncing of the light back and forth inside the active area of the 
solar cell. Figure 15 presents a schematic drawing of generic light-trapping 
approaches, in which different types of reflectors and ARCs are used [96, 97]. With 
a planar reflector and a planar ARC, the absorption length is doubled whereas with 
a textured back reflector and textured ARC, the absorption length can be much 
higher owing to the scattering mechanisms. 

 

Figure 15. A schematic drawing of the light-trapping cases with planar and textured reflectors and the 
light-trapping with textured reflector and textured ARC. 

While the development of various back reflector technologies has been the subject 
of this thesis work and will be discussed in the subsequent section, it has to be noted 
that the design of the ARC plays an important role for achieving efficient light-
trapping [98]. Conventional ARCs with single- or double-layer dielectric coatings 
include SiNx, ZnS/MgF2, and TiOx/SiOx [98]. Currently, even up to 5-layer dielectric 
AR coatings are demonstrated [99]. The challenge with purely planar AR coatings is 
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that the reflectance has relatively high angular sensitivity [100]. The angular 
sensitivity can be reduced and a low broadband reflectance can be achieved by a 
textured ARC, and the surface reflectance of average 3% in the wavelength range of 
400–1400 nm has been demonstrated with textured ARC [37]. In most cases, the 
fabrication process of the nanostructured ARC requires precision and expensive 
equipment. However, a simple and an inexpensive nanostructuring process, which 
is suitable also to be applied to large areas, has been demonstrated [38]. 

To define the background framework for developing the advanced thin-film solar 
cells, one of the leading results includes a thin-film GaAs solar cell without substrate 
which have exhibited the world record efficiency of 29.1% among the single junction 
solar cells at AM1.5G spectrum [2]. In addition, several thin-film MJSC designs with 
three junctions have been demonstrated [101, 102] and the conversion efficiency as 
high as 37.8% at AM1.5G has been achieved [103]. Recently, an effort has been made 
to fabricate thin-film four junction solar cells [103, 104] reaching the efficiency of 
34.3% at AM1.5G spectrum. Moreover, thin-film lattice matched MJSCs with dilute 
nitride junctions and thin-film MJSCs with QDs have been demonstrated [105, 106]. 
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3 DEVELOPMENT OF BACK REFLECTORS 

This chapter describes the design, fabrication, and characterization of planar and 
structured back reflectors developed during the thesis work. The first section 
introduces planar back reflectors [P1] as the key building block targeting the 
achievement of high reflectivity and good ohmic contact. The second section focuses 
on the design and fabrication of the structured back reflectors developed for light 
diffraction [P2]. In addition, the properties of the diffraction gratings are discussed. 
In the third section, the electron irradiation results of the reflectors with back 
gratings are presented [P3]. 

3.1 Planar back reflectors 

In thin-film III V solar cells, the metal back contact acts also as a back reflector 
increasing the absorption length, enabling the use of a thin absorbing layer without 
sacrificing the current generation. In addition to the increased current generation 
enabled by the reflector, the Voc will theoretically increase as a consequence of higher 
effective light concentration in the junction [49]. This effect is presented in Figure 16 
which reveals the Jsc, Voc, and conversion efficiency increase in a GaAs solar cell as a 
function of reflectivity of the back reflector. As seen from the figure, the highest 
improvement is achieved in the region where the reflectivity is over 90% due to the 
steep increase of the Voc. In order to achieve the desired improvement, a careful 
design of the reflector is essential. This is not a trivial task when aiming at achieving 
desired reflectivity, and good ohmic contact while avoiding undesired effects, such 
as diffusion of the metal into the semiconductor material. These aspects are 
discussed in the next section to follow. 
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Figure 16. The performance of a 3 μm thick GaAs solar cell as a function of reflectivity of the back 
reflector [49]. (a) Jsc, (b) Voc, and (c) conversion efficiency enhancements as the reflectivity of the back 
reflector is increased. 

For use in connection with InAs/GaAs QDSC and dilute nitride MJSCs, back 
reflectors based on Ag, Au, and Cu, provide almost ideal reflectivity at the 
wavelengths longer than 800 nm [107]. By substituting highly reflective and inert Au, 
which is known to be rather expensive material, with other highly conductive metals 
would be an attractive alternative to lower the fabrication costs. Ag back reflectors 
have been demonstrated in GaAs solar cell and GaInP solar cells [85, 108], but Cu 
is known to diffuse into III V semiconductors, thus reducing the Voc of the solar 
cell [81, 109, 110]. This could be avoided by using a double-layer Ag/Cu reflector. 
Thus, a first development step was fabrication and characterization of Ag/Cu 
reflectors with different thicknesses of Ag (10 nm, 30 nm, and 50 nm) using double-
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side polished semi-insulating (SI) GaAs samples [P1]. As a reference, samples with 
conventional contact metals Ti/Au (50 nm/100 nm) for p-GaAs, with Au reflector 
(100 nm), and with Cu reflector (100 nm) were fabricated. The purpose of Ag is to 
provide high reflectance and to act as a diffusion barrier for Cu. The Cu layer acts as 
a part of the reflector, as a current spreader, and as a conductor. In addition, Ni/Au 
layers (10 nm/50 nm) were fabricated on top of the reflector where Au acts as a 
protective layer and Ni is required between Au and Cu as an adhesion metal. As a 
verification of the proper adhesion of the reflector structures, a Scotch peel test was 
conducted, revealing no peeling of the metals occurred, conforming the applicability 
of these reflectors. 

The optical properties of the fabricated reflectors were characterized using a 
PerkinElmer Lambda 1050 spectrophotometer. The specular reflectance at 8° angle 
of incident light was measured. The results are presented in Figure 17, which shows 
that the reflectance between the 10 nm, 30 nm, and 50 nm Ag/Cu reflectors is 
identical, meaning that the 10 nm layer of Ag is already enough to maintain the high 
reflectivity of over 90% average reflectance in the wavelength range of 0.9 1.4 μm. 
The decreasing reflectance near 0.9 μm, close to GaAs band edge, is caused by the 
absorption of SI-GaAs. In addition, the free carrier absorption can be seen at the 
longer wavelengths lowering the reflectance. In comparison, the conventional Ti/Au 
metal contact showed less than 40% average reflectance in the wavelength range of 
0.9 1.4 μm. The implementation of these Ag/Cu reflectors in dilute nitride solar 
cells is described in section 4.1.1. 

 

Figure 17. Reflectance results of the Ag/Cu back reflectors in SI-GaAs samples. In comparison, the 
reflectance of conventional Ti/Au metallization. The data is adopted from [P1]. 
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To further enhance the effect of the planar back reflector in GaAs solar cells, a 
texturing of the contact GaAs has been proposed [111]. This way, the absorption of 
the contact GaAs is not decreasing the amount of the light travelling back to the 
active area of the GaAs solar cell after being reflected from the planar back reflector. 
However, in QDSCs or dilute nitride solar cells, which are harvesting a longer 
wavelength range, the absorption to contact GaAs in not diminishing the effect of 
the back reflector. 

Since Cu is known to diffuse into III V semiconductor, the diffusion of Ag/Cu 
reflectors into the semiconductor was characterized in [P1] by scanning the cross-
section of the metal-semiconductor interface with a focused ion beam scanning 
electron microscope (Zeiss Crossbeam 540 FIB-SEM), equipped with an energy-
dispersive x-ray spectroscopy detector (EDS) from Oxford Instruments. Samples 
with similar metals were studied as in section 3.1. In addition, the samples were 
annealed at 200 °C and 420 °C for 90 s to evaluate the effect of the fabrication 
conditions on the diffusion of the metal reflector into GaAs. SEM images and EDS 
data of the cross-section of the metal-semiconductor interface are presented in 
Figure 18 and Figure 19, respectively.  

 

Figure 18. SEM images of the Ag/Cu reflectors. (a), (b), and (c) Cu reflector with different annealing 
temperatures, (d), (e), and (f) 50 nm Ag/Cu reflector with different annealing temperatures, (g) large 
scale SEM image of the FIB-processed sample slice to clarify the measurement configuration, (h) and 
(i) 10 nm Ag/Cu reflector with different annealing temperatures [P1]. 
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Figure 19. FIB-EDS results from the cross-section of back reflector metals: (a) and (b) Cu reflector, (c) 
and (d) 50 nm Ag/Cu reflector, (e) and (f) 10 nm Ag/Cu reflector. The x-axis starts from the surface of 
the sample. The artifact signals of Ga and As at the surface originates from the electrons hitting the 
GaAs behind the sample slice made by FIB scanning. The Ga signal is overemphasized due to Ga 
bombardment during FIB. During the measurement the samples were tilted, which causes some 
inaccuracy in regard to the distance [P1]. 
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The SEM images and EDS data reveal that Cu, Ni, and Au layers remained separated 
in the unannealed Cu sample and in Cu sample with the 200 °C annealing 
temperature. However, the Cu-semiconductor interface is slightly blurred in the 
SEM image of the sample annealed at 200 °C, indicating that already gradual mixing 
occurs, which is also seen in the Cu reflector annealed at 420 °C. Moreover, the color 
of the surface of the Cu sample annealed at 420 °C changed, which is ascribed to an 
alloy formation between Au and Cu [112]. In addition, in the EDS data for Cu sample 
annealed at 420 °C, Au and Cu peaks are overlapping, and the signals finally attenuate 
in the GaAs layer revealing Cu diffusion into GaAs. Therefore, according to the 
results, Cu as such is not suitable for back reflectors. 

In Figure 18, the SEM images of the Ag/Cu samples and the samples annealed 
at 200 °C showed that the metal layers remained separated and no diffusion occurred 
even after being annealed at 200 °C, which was also observed in the EDS data. Even 
though the Ag/Cu samples annealed at 420 °C did not show any mixing of Ag and 
GaAs in the EDS data, the SEM images reveal that after annealing at 420 °C, the 
metal layers are still separated but triangular spikes of Ag have formed into GaAs. 
The same effect was observed for both the 10 nm and 50 nm Ag/Cu samples. 
Consequently, 10 nm of Ag acts sufficiently as a diffusion barrier for Cu, although 
the fabrication temperatures should not exceed 200 °C. 

Besides the need for ensuring high reflectivity, the primary function of the back 
reflector is to ensure a good ohmic contact. The back contacts are conventionally 
fabricated by alloying the metals using thermal annealing, resulting in low resistivity, 
while the high reflectance of the metal is reduced due to the reduction of the 
interface sharpness when compared to non-alloyed metals [113]. Although non-
alloyed contacts usually possess higher contact resistivity than the alloyed ones [114], 
by using highly doped p-GaAs as a contact layer, lower contact resistivity can be 
achieved [81]. 

The contact resistivity of the Ag/Cu reflectors was measured in [P1] using the 
Transmission Line Method (TLM) [115]. The fabrication of the contact pads for 
TLM samples included photolithographic processing onto MBE grown p-GaAs 
layers having a doping level of ~1020 cm-3. Identical metals as for the reflectance 
samples in section 3.1 were deposited with an electron beam metal evaporator and 
the mesa structures were etched by inductively coupled plasma using 
photolithographic patterning. Figure 20 presents a SEM image of the fabricated 
TLM sample with the contact pad dimensions of 300 μm × 100 μm with the pad 
distances of 10 μm, 20 μm, 40 μm, 80 μm, and 120 μm. 
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Figure 20. SEM image of the TLM sample where the lighter contact pads with different distances are 
in the center and darker are in the mesa. 

The contact resistivity results, presented in Table 1, showed low resistivity in the 
order of 10-6 Ω·cm2 for all reflectors. These are lower than typical contact resistivities 
which are in the order of 10-5 Ω·cm2 for non-alloyed contacts [116]. However, some 
contact resistivities for p-GaAs with alloyed metals are in the order of 10-7 Ω·cm2 
[114, 116]. These results point out that an ohmic contact can be formed without 
annealing owing to the high doping level of the p-GaAs contact layer while 
preserving the high reflectivity of the metal reflector, although as low-level resistivity 
as alloyed contacts exhibit was not reached. 

Table 1. Contact resistivity results from TLM measurements for planar back reflectors. The data is 
adopted from [P1]. 

 

3.2 Structured back reflectors 

A structured back reflector reflects the light in multiple angles, which would further 
increase the absorption length in the active layers of the solar cell compared to planar 
back reflectors. The structuring involves formation of a grating for light diffraction 
using different approaches [96, 117-119]. As a remark, nanostructured back 
reflectors in use with a GaAs solar cell with a only 204 nm thick absorber layer 
exhibited major improvement in Jsc when compared to the similar cell without a 
reflector [120]. 
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Diffractive gratings fabricated directly into the semiconductor, i.e., into the back 
surface field (BSF) of the solar cell, may increase parasitic losses due to the large 
structured interface between the semiconductor and the metal, introducing a surface 
plasmon effect [96]. However, these parasitic losses can be alleviated by employing 
an interlayer between the semiconductor and the metal [121]. Thus, a design where 
the diffractive gratings were fabricated into a polymer was devised [P2]. The applied 
polymers are inert and commonly used in electronic industry. Photolithography and 
nanoimprint lithography (NIL) were employed as fabrication methods for the 
polymer structures. 

Back grating structures were simulated in order to find optimum dimensions of 
the gratings for absorption near the GaAs absorption edge [118, 122]. In particular, 
the gratings are designed for enhancing interband transitions of typical InAs/GaAs 
QDSCs in the wavelength range of 0.9 1.2 μm [21, 123]. In addition, a MJSC with a 
dilute nitride junction, which operates at the same wavelength range as the QDSC, 
would benefit from identical diffraction gratings [124]. According to numerical 
simulations, presented in Figure 21, the maximum photocurrent is achieved when 
the aspect ratio, i.e., the ratio of height/period of the gratings, is within the range of 
0.32 0.38. 

 

Figure 21. (a) A schematic drawing of the back grating configuration in a QDSC. (b) The simulated Jsc 
of the QDSC at the wavelength range of 0.75 1.2 μm as a function of the aspect ratio (height/period)  
[75, 118]. 

Three diffraction grating structures were fabricated together with a planar reference 
sample for assessing diffraction efficiencies and their dependence on the design 
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features. To study the diffraction properties of the gratings, double-side polished SI-
GaAs was used as a substrate having a thickness of 350 μm since it is almost 
transparent for wavelengths of over 900 nm. Thus, the comparison of the gratings 
using reflectance measurements is possible. Single-layer SiNx ARCs were deposited 
on the both sides of the substrate by plasma enhanced chemical vapor deposition 
(PECVD). The ARCs were optimized to minimize the reflectance both at the 
air/GaAs interface and the GaAs/polymer interface on the front and on the 
backside of the solar cell, respectively. The properties of the SiNx layers were tuned 
by varying the process parameters such as deposition time and NH3 and SiH4 gas 
flows. The characteristics of the ARCs are presented in Figure 22, where n is the 
refractive index. In addition, Figure 22 introduces the three back gratings, which are 
described in more detail in the following sections. 

 

Figure 22. A schematic drawing of the back reflector structures. (a) Planar reflector, (b) half-sphere 
grating, (c) blazed grating, and (d) pyramid grating. Adopted from [P1]. 
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3.2.1 Reflector with half-sphere grating 

Half-sphere gratings were fabricated into a commercial epoxy based negative 
photoresist SU-8 (MicroChem Corp.) which is chemically and mechanically stable 
and has low absorbance in the wavelength range of 0.4 1.6 μm [125]. Prior to the 
photolithography process, a photolithography mask with square openings of size 
2 μm × 2 μm and with the period of 3 μm was fabricated with a Heidelberg μPG 
501 direct-writing system. In the photolithography process, the shape of the pattern 
can be tuned by changing the process parameters. For example, the cylinder grating 
was achieved as presented in Figure 23, with the process parameters used in the 
beginning of the development process. 

 

Figure 23. SEM image of the cylinder grating fabricated into SU-8 polymer. 

To obtain the desired half-sphere structure, the exposure time was increased from 
8 s (exposure dose of 72 mJ/cm2) to 11 s (exposure dose of 99 mJ/cm2) with EVG 
620 mask aligner and the post exposure bake temperature was increased from 95 °C 
to 105 °C. The obtained half-spheres have the height of 1.1 μm and the period of 
3 μm. Figure 24 shows SEM and optical profilometer images of the half-sphere 
grating, in which the top of the half-sphere appears slightly flattened and the half-
spheres are connected by a bridge to each other. To finalize the reflectors, 200 nm 
Ag was deposited on top of the polymer layer using an electron beam evaporator. 



 

48 

 

Figure 24. (a) SEM and (b) optical profilometer images of the half-sphere grating. The half-spheres are 
connected by a bridge. 

The reflectance results of the half-sphere and cylinder gratings are presented in 
Figure 25, where the difference between the total and the specular reflectance 
represents the diffuse reflectance. The absorption of SI-GaAs is observed in the 
wavelengths below 900 nm, as expected.  

 

Figure 25. Measured reflectance of the half-sphere grating and cylinder grating reflectors. The red 
double-headed arrow represents the quantity of the diffuse light. The data is adopted from [P2]. 

In Figure 25, the half-sphere grating exhibits higher diffuse reflectance when 
compared to the cylinder grating. Here, the diffuse reflectance is a desired effect for 
diffraction gratings since it will increase the length, which the light is travelling inside 
the absorbing layers of the solar cell. However, in both gratings a local maximum in 
the specular reflectance is observed at the target wavelength range of 0.9 1.2 μm, 
decreasing the diffuse reflectance. As a reference, the planar reflector showed high 
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total reflectance and ~10 percentage points lower specular reflectance, presumably 
due to the diffuse reflectance, which may occur also at planar surfaces due to optical 
scattering [126]. 

To quantify the amount of diffracted light, diffraction efficiency was measured 
with an in-house built variable angle measurement system and 2D-simulated for the 
reflector with the half-sphere grating as described in [P2]. The diffraction orders of 
m = 0, m = ±1, and m = ±2 were measured. As a result, a good correlation between 
the measurements and the simulations were observed as presented in Figure 26. The 
diffraction orders are symmetric along the xz-plane, which was observed at the 
m=±1 and m=±2 diffraction orders [P2]. Considerable power coupling to the first 
two diffraction orders is discovered. Moreover, the measured diffraction efficiency 
of the zero order is in line with the specular reflectance results for half-sphere grating 
presented in Figure 25, which proves the reliability of the results.  

 

Figure 26. Measured and simulated diffraction efficiency results of the reflector with the half-sphere 
grating. The data is adopted from [P2]. 

3.2.2 Reflector with blazed grating 

To enhance the quantity of the diffuse light, i.e., to diminish the local maximum 
observed in the specular reflectance spectra of the half-sphere grating (Figure 25), a 
reflector with a blazed grating was devised. The sample design is presented in Figure 
22. In the fabrication process, a NIL master with blazed grating (Thorlabs) was 
transferred into a polydimethylsiloxane (PDMS) stamp. The blazed grating of the 
stamp was imprinted to a commercial OrmoComp NIL photoresist (Micro Resist 
Technology GmbH) [127] by a NIL process using EVG mask aligner. In addition, 
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on top of the polymer layer, 200 nm Ag layer was deposited using electron beam 
evaporator to complete the reflector. The fabricated blazed grating structure has the 
height of 1.2 μm and the period of 3.2 μm. A microscopy image and a cross-sectional 
SEM image of the blazed grating are presented in Figure 27. 

 

Figure 27. (a) Microscopy image with 100× magnification from the top of the blazed grating and (b) the 
cross-sectional SEM image of the blazed grating. 

The reflectance spectra of the reflector with blazed grating and the reference sample 
with planar reflector are presented in Figure 28, which also presents the simulation 
results. According to the results, the local maximum seen in the half-sphere grating 
results is no longer present, increasing the portion of the diffuse light in the 
wavelength range of 0.9 1.2 μm. In addition, the blazed grating showed higher 
diffuse reflectance when compared to the half-sphere structure. However, the total 
reflectance of the blazed grating was lower compared to the half-sphere grating, 
revealing some extra losses in the structure, presumably originating from surface 
plasmon resonance (SPR) appearing in the metal reflector [128]. This behavior was 
also seen in the simulated total reflectance, which was 10 percentage points lower 
than the measured reflectance, since the simulations are most probably 
overestimating the losses in the reflector. Moreover, the lower losses in the 
fabricated structure could be attributed to the reduction of SPR effect due to the 
flattening of the grating pattern when compared to the simulated grating. A more 
detailed analysis can be found in [P2]. 

To assign the limits of the diffuse light, the front surface reflectance of the 
samples was simulated and is presented in Figure 28. The single-layer SiNx ARC was 
designed to have the lowest reflectance at the wavelength of 0.9 μm, meaning that 
part of the light is reflected from the surface of the sample without reaching the back 
reflector, thus increasing the specular reflectance. 
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Figure 28. Measured and simulated reflectance of the reflector with blazed grating. In addition, the front 
surface reflectance was simulated. The red double-headed arrow represents the diffuse reflectance. 
The simulated total and specular reflectance of the planar reflector are identical. The data is adopted 
from [P2]. 

As an observation, the simulated total reflectance is almost horizontal for the planar 
reflector, whereas the measured reflectance is increasing towards higher wavelengths 
as seen in Figure 28. This difference could be mostly due to the residual absorption 
of light into SI-GaAs. The transmittance measurements across the SI-GaAs wafer 
revealed an extinction coefficient k~6×10-6, whereas the adopted GaAs optical 
model [129] used in the simulations had k = 1×10-6 in the wavelengths above 
890 nm. 

The diffraction efficiency results of the reflector with blazed grating are presented 
in Figure 29. The diffraction orders of m = 0, +1, and +2 in the 2D-simulations are 
supporting the measurements, even though they are not perfectly matching. In the 
simulations, low frequency oscillations were predicted for the m = 0 spectrum, 
which were not observed in the measured spectrum. Such oscillations could be 
attributed to the onset of a Fabry-Perot cavity effect in the polymer layer [130]. 
However, such interference effects are not apparent in the experimental results due 
to the non-uniformity of the fabricated gratings. In addition, at m = 0, the 
corresponding specular reflectance shown in Figure 28 is compatible with the 
diffraction efficiency measurement. Since the blazed grating is asymmetric, the 
diffraction orders are not symmetric along the xz-plane which is observed at m = ±1 
and m = ±2 diffraction orders [P2]. 
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Figure 29. Measured and simulated diffraction efficiency results of the reflector with blazed grating. 
The data is adopted from [P2]. 

3.2.3 Reflector with pyramid grating 

The reflector with pyramid grating was designed to further increase the diffraction. 
In the experimental process, an in-house fabricated NIL master with the pyramid 
grating was used. The master was patterned by electron beam lithography and the 
pyramid grating was created by etching Si by anisotropic wet etching. To obtain the 
required dimensions of the pyramids, i.e., the height and the aspect ratio (Figure 21), 
the pyramid grating was transferred into a PDMS stamp, which was then imprinted 
onto NIL photoresist. Subsequent to the NIL, the pattern was dry etched with a 
desired selectivity by reactive ion etching into another Si wafer, realizing the final 
NIL master with pyramid grating, which is presented in Figure 30. As seen from the 
SEM image, the peak of the pyramid is slightly flatted.  

 

Figure 30. SEM image of the fabricated NIL master with pyramid grating. The material of the master is 
Si. 
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The NIL processes for fabricating the reflector with pyramid grating (sample design 
is presented in Figure 22) included transferring the pyramid gratings from the 
masters into PDMS stamps, which were used for imprinting the gratings into the 
OrmoComp NIL photoresist. The fabricated pyramid grating has the height of 
700 nm and the period of 2.5 μm. To finalize the reflector, a 200 nm Ag layer was 
deposited on top of the polymer grating using electron beam evaporator. Figure 31 
shows an optical microscopy image, an atomic force microscopy (AFM) image, and 
a SEM image of the pyramid grating. In addition, a photograph of the sample surface 
is presented in Figure 31 to illustrate the diffraction behavior when the light is 
reflected from the sample. The fabricated pyramids show flattened peaks, which was 
already observed in the Si master, meaning the transfer of the pattern was successful 
and the flattening is originating from the Si master. 

 

 

Figure 31. (a) AFM image (b) optical microscopy image, (c) SEM image, and (d) photograph of the 
pyramid grating sample with the sample size of being 15 mm × 15 mm. 

The reflectance results of the pyramid grating are presented in Figure 32, which also 
shows blazed grating results as a comparison. In addition, the simulated reflectance 
spectrum of the pyramid grating is presented. 
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Figure 32. Measured and simulated reflectance of the reflector with pyramid grating. The red double-
headed arrow represents the fragment of the diffuse light. The data is adopted from [P2]. 

According to these results, the pyramid grating shows the highest diffuse reflectance 
when compared to the blazed grating and the half-sphere structure. The total 
reflectance of the pyramid grating was higher when compared to the blazed grating, 
indicating lower losses in the reflector. As noticed also in the blazed grating results, 
the simulated total reflectance for the pyramid grating is approximately 10 percentage 
points lower than the measured total reflectance. This occurs possibly due to fact 
that the simulations are overestimating the losses in the structured reflector while 
the measurements have lower losses due to flattening of the pyramid structures 
reducing the SPR effect. Despite this, an overall good agreement between the 
measured and the simulated trends is achieved, supporting the conclusions of the 
diffractive properties of the pyramid grating. 

The diffraction efficiency results of the pyramid grating are presented in 
Figure 33, revealing power coupling to the first diffraction order. The second 
diffraction order was not observed in the results, since the measurement setup was 
performing measurements up to 48° angle, where m = 2 is not yet detectable. 
However, according to the simulations, there is power coupling also to the second 
diffraction order. The diffraction orders m = ±1 were observed to be identical since 
the pyramid grating is symmetrical. Furthermore, the m=0 diffraction order is well 
in line with the specular reflectance results, presented in Figure 32. 
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Figure 33. Measured and simulated diffraction efficiency results of the reflector with the pyramid 
grating. The data is adopted from [P2]. 

3.3 Electron irradiation of the pyramid grating structures 

Terrestrial III V solar cells have traditionally exhibited long lifetimes which are in 
the range of 20 to 30 years and even longer [131]. However, solar cells that are used 
in space confront harsh environments and are exposed to high-energy particle 
bombardment, which affects their lifetime. The irradiation dose that solar cells face 
during their lifetime in space depends on the type of the mission. For example, 
geostationary orbit missions usually continue for 15 years and the damage created by 
the electron irradiation equals a dose of 1×1015 1-MeV electrons/cm2, whereas for 
low earth orbit missions lasting for ~10 years, the equivalent doses are 5 to 10 times 
lower [132]. Thus, since flexible thin-film solar cells are potentially of high interest 
for space applications, a study was performed to assess the functionality of the back 
grating structures fabricated into a polymer after subjecting them to electron 
irradiation. 

The electron irradiation was performed on the samples with the OrmoComp 
polymer at an energy of 1-MeV and an electron flux of 5×1011 e-/cm2/s using a Van 
der Graaf accelerator at the Reactor Institute Delft of the Delft University of 
Technology. The desired irradiance of the samples was achieved by changing the 
exposure time, leading to three different total electron doses of 1×1014 e-/cm2, 
3×1014 e-/cm2, and 1×1015 e-/cm2, with the highest being considered as the end of 
life conditions. 
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The total and specular reflectance spectra were measured after the electron 
irradiation for the reflectors with pyramid grating having identical structure to those 
presented in Figure 22. The reflectance results are presented in Figure 34 together 
with the results of the reflector without the electron irradiation dose used as a 
reference [P3]. The total reflectance spectra of the irradiated samples were identical 
up to the highest dose when compared to the sample without irradiation. In addition, 
the specular reflectance spectra of the irradiated samples are similar to the reference, 
except for the sample with the dose of 1×1014 e-/cm2 which has slightly lower 
specular reflectance. This is incoherent since it has the lowest irradiation dose. The 
lower specular reflectance could originate from the inaccuracy in the reflectance 
measurement or variations in the fabrication but most likely is not caused by the 
electron irradiation. 

 

Figure 34. Total and specular reflectance results of the reflectors with pyramid grating after the electron 
irradiation. The data is adopted from [P3]. 

To characterize the transmittance of the polymer, a set of fused silica glass samples 
with planar polymer layer deposited on top of the glass was fabricated. The 
transmittance results are presented in Figure 35, where the black line represents the 
glass substrate, which has an average transmittance of approximately 93%, being the 
baseline for the polymer samples.  
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Figure 35. Transmittance results of the electron irradiated samples. The data is adopted from [P3]. 

The transmittance results are identical for all the samples in the wavelength range of 
0.9 2.0 μm. However, in the wavelength range of 0.3 9 μm, the effect of the 
electron irradiation is visible. For example, the sample with the lowest dose of 
1×1014 e-/cm2 exhibits the lowest transmittance. Since a clear trend is not apparent 
in the results, it is challenging to make any solid conclusion. Nevertheless, the 
transmittance of the polymer is not affected by the electron irradiation in the QD 
and dilute nitride solar cells wavelength range of 0.9 1.2 μm. 

In the mechanical study, the adhesion of the polymer was defined by the Scotch 
peel test. The sample structures were identical to the reflectors with planar polymer 
in Figure 22. No notable pealing was observed in any of the samples. However, since 
the sample with the highest irradiation dose was destroyed during the detachment of 
the sample from the temporary carrier, the adhesion of the highest dose remains 
undefined. Despite this, OrmoComp polymer could most probably be used as a part 
of a back reflector in space solar cells. 

To study the swelling of the polymer during electron irradiation, samples with a 
textured polymer layer on SiNx-coated GaAs substrate were fabricated. The 
dimensions of the features were measured by optical microscopy before and after 
the electron irradiation, and remained unchanged, indicating that the polymer was 
not affected by electron irradiation. 

In conclusion, based on the characterization results of the electron irradiation, 
the reflectors with pyramid grating fabricated into OrmoComp polymer are suitable 
for space environment when applied for QDSCs or dilute nitride solar cells. 
Furthermore, the tolerance against electron radiation has been demonstrated to be 
higher with InAs/GaAs QDSCs than with single junction GaAs solar cell [133]. 
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Also, the dilute nitride solar cell showed enhanced electron irradiation tolerance 
when compared to a GaAs solar cell [134], which gives a good background to 
fabricate these type of advanced solar cells using back reflectors with pyramid 
gratings for space applications. 
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4 III V SOLAR CELLS WITH BACK REFLECTOR 

This chapter describes the fabrication processes and analyses the results of the planar 
and the structured back reflectors applied to the dilute nitride solar cells and to the 
InAs/GaAs QDSCs. The first section concentrates on two generations of dilute 
nitride solar cells with the Eg of 1 eV [P1] and 0.8 eV [P5]. In these experiments, the 
n-GaAs substrate is thinned and polished and the measurements are conducted 
through an n-GaAs absorber. Nevertheless, the analysis of the EQE and current-
voltage (IV) characteristics of the solar cells is valid due to the different wavelength 
range dilute nitrides are absorbing when compared to GaAs. The second section 
focuses on the InAs/GaAs QDSCs with planar back reflector, in which the solar 
cells are in thin-film configuration where the substrate is removed, and the thin-film 
is bonded to the carrier. The total thickness of the solar cells is only a few 
micrometers. In the final section the use of back reflectors with pyramid grating 
applied to QDSCs is assessed by simulations, in which the analysis is conducted with 
realistic experimental parametrization. 

4.1 Thin-film dilute nitride solar cells with planar back reflector 

The use of back reflectors in MJSCs with dilute nitride bottom junction would enable 
achievement of current matching conditions in those cases that the thickness of the 
dilute nitride absorbing layer is limited by the defects associated with N 
incorporation. To this end, the effect of the back reflectors to dilute nitride solar 
cells fabricated by MBE was assessed. The dilute nitride solar cells have bandgaps 
similar to those used in recent demonstration of four junction solar cells [54]. The 
first type of dilute nitride single junction solar cell had Eg of ~1 eV and was used to 
assess the effect of different planar back reflectors [P1]. The goal was to reveal the 
optimal reflector approach. In the second phase of the study, three single junction 
dilute nitride solar cells with different thicknesses (350 nm, and 700 nm) and Eg 
values (0.8 eV, and 0.78 eV) were fabricated [P5]. In these solar cells, an optimized 
planar Au back reflector was used and the main goal was to assess the limits of using 
narrow bandgap dilute nitride material in MJSCs. 
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4.1.1 Performance of 1 eV solar cells with back reflector 

Single junction GaInNAs solar cells were grown inverted on highly doped n-GaAs 
substrate. The growth process of the semiconductor layers is reported in [69]. The 
final devices were fabricated with the same planar back reflectors which are 
presented in section 3.1. The metal reflectors were deposited using an electron beam 
evaporator. In addition, indium contacts were deposited on top of the polished 
substrate, which is the front side of the solar cell. Finally, the front surface of the 
solar cell was coated with a double-layer TiO2/SiO2 ARC by electron beam 
evaporator. A generic sample structure is presented in Figure 36. 

 

Figure 36. A Schematic drawing of the 1 eV dilute nitride solar cells with planar back reflector. 

EQE measurements were performed with a setup equipped with a 250 W quartz 
tungsten halogen lamp and a Digikrom DK240 monochromator equipped with an 
800 nm long-pass filter. The signal were measured using an SRS SR830 lock-in 
amplifier and chopped light. A NIST-calibrated Ge reference detector was used as a 
reference. Figure 37 presents the EQE results of the 1 eV dilute nitride solar cells 
with the planar back reflectors. 

The EQE results show drastic improvement for solar cells with the Ag/Cu and 
Cu back reflectors when compared to the benchmark Ti/Au metallization. This is a 
consequence of higher reflectance of the back reflector as seen in Figure 17, which 
correlates well with the EQE results. The highest enhancement in EQE is observed 
close to the band edge of GaInNAs, where the absorption coefficient decreases, 
while the transmission increases. As in the reflectance results, the difference between 
the 10 nm, 30 nm, and 50 nm Ag/Cu reflectors is small also in the EQE results, 
revealing that already 10 nm layer of Ag is working well as a reflector. In addition, 
after the 10 nm Ag/Cu sample was thermally annealed at 200 °C for 90 s, the high 
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EQE was maintained, revealing a successful behavior of Ag as a diffusion barrier for 
Cu. This confirms permitting the processing conditions of 200 °C without affecting 
the performance of the solar cell with back reflector as concluded in section 3.1. 

 

Figure 37. EQE results of the 1 eV single junction dilute nitride solar cells with planar back reflector. 
The data is adopted from [P1]. 

The Jsc values were estimated by integrating the EQE results over the AM1.5D 
(1000 W/m2) spectrum [51], while assuming a thick GaAs absorber on top of the 
solar cells. The calculated Jsc results are collected in Table 2. The Jsc of the solar cells 
with the Ag/Cu reflectors was about 14 mA/cm2, being 31% higher when compared 
to the reference solar cell with Ti/Au reflector. The obtained Jsc value meets the 
current matching condition of GaInP/GaAs top junctions used in triple-junction 
MJSCs [19]. 

Table 2. Calculated Jsc values from the EQE results at AM1.5D (1000 W/m2) spectral conditions for the 
dilute nitride solar cells with planar back reflectors. 

 

By using the Ag/Cu reflector with an optimized GaInP/GaAs/GaInNAs triple-
junction solar cell, a conversion efficiency of 45% could be achieved at AM1.5D 
spectrum under 1000× concentration. This is 10 percentage points higher when 
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compared to the identical triple-junction solar cell with conventional Ti/Au back 
metallization, which would reach the conversion efficiency of only 35% [P1]. 

4.1.2 Performance of 0.8 eV solar cells with back reflector 

A detailed description of the MBE growth and characterization of the narrow 
bandgap dilute nitride materials is presented in [55]. For the study with back 
reflector, an inverted architecture of the solar cells was used when grown on n-GaAs 
substrates, consisting of a 350 nm or 700 nm layer of undoped GaInNAsSb 
embedded between p-GaAs and n-GaAs layers. The nitrogen concentration was 
~6% corresponding to Eg of ~0.8 eV. 

To process the devices, the n-GaAs substrates were thinned and polished to the 
thickness of ~220 μm using a Logitech PM5 precision lapping machine. The 
remaining substrate operates as a GaAs absorber, i.e., as a filter, replicating a realistic 
MJSC operating conditions. The front contact metals, Ni/Au/Ge/Au 
(10 nm/5 nm/30 nm/200 nm), were deposited with an electron beam evaporator. 
To ensure the ohmic contact, annealing at 420 °C for 90 s was performed. Next, the 
back reflectors, which also act as back contacts, were evaporated using the 
Au/Pt/Au (50 nm/50 nm/100 nm) design. After the metallization, and to finalize 
the solar cells, a four-layer TiO2/SiO2/TiO2/SiO2 (43 nm/20 nm/14 nm/82 nm) 
ARC was deposited on the front side using ion beam sputtering. A schematic 
drawing of the fabricated device is presented in Figure 38.  

 

Figure 38. A schematic drawing of the fabricated dilute nitride samples with planar back reflector. The 
n-GaAs absorber has a thickness of ~220 μm. 
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The highest EQE was measured for the solar cell with the 700 nm thick absorber 
layer and the lowest bandgap energy of 0.78 eV as presented in Figure 39. The 
sample with the same thickness but with an Eg of 0.80 eV exhibited slightly lower 
EQE. In addition, the thinnest sample has the same peak value as the thicker sample 
with the identical Eg but the carrier collection efficiency is decreased at the longer 
wavelengths. This difference in EQE performance indicates that the absorption in 
the 350 μm thick GaInNAsSb layer is insufficient even with the back reflector. 

 

Figure 39. The EQE results of the dilute nitride solar cells with Au back reflector. The data is adopted 
from [P5]. 

It should be noted that the thick n-GaAs absorber on top of the solar cells caused 
unwanted free-carrier absorption of the incident light. This is the dominant 
absorption loss mechanism in semiconductors for photons having the energy below 
the Eg [135]. By using a thinner and a more realistic GaAs filter on top of the dilute 
nitride solar cell, higher EQE values could be expected. 

The IV characterization was performed with an OAI TriSol solar simulator at 
AM1.5D (1000 W/m2) spectral conditions at 25 °C and the measured IV curves are 
presented in Figure 40. The figures of merit from the IV measurements and the 
estimated Jsc calculated from the EQE results over the AM1.5D (1000 W/m2) 
spectrum are presented in Table 3. 
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Figure 40. IV results of the dilute nitride solar cell measured at AM1.5D (1000 W/m2) spectral 
conditions. The data is adopted from [P5]. 

Table 3. The integrated Jsc values from the EQE and the IV results for dilute nitride solar cells with 
planar back reflector at AM1.5D (1000 W/m2) spectrum. 

 

The Jsc values retrieved from IV data are 5–10% higher when compared to values 
estimated using the EQE results. This is due to the spectral mismatch in the infrared 
wavelength range of the spectrum delivered by the solar simulator. The highest Voc 
was observed in the solar cell with the 350 nm thick absorber, which was ~30 mV 
higher when compared to the sample with the thicker absorber and the same Eg. The 
narrowest bandgap sample exhibited a Voc of over 60 mV lower compared to the 
other samples, indicating deteriorated material quality. However, the relatively low 
measured Voc values are comparable to diffused Ge junctions [136]. A more detailed 
analysis can be found in [P5]. In conclusion, despite the modest Voc of the dilute 
nitride solar cells, the demonstrated current generation showed great potential, 
enabling the narrow bandgap dilute nitride solar cells to be used as a bottom junction 
in MJSCs. 
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4.2 Thin-film QD solar cells with planar back reflector 

To characterize the increase in the photocurrent generation of InAs/GaAs QDSCs 
with back reflector, the QDSC structures were grown inverted by MBE. A so-called 
shallow junction design was employed with an n-GaAs emitter and a p-GaAs base 
[137]. The structure included 10 QD layers with a QD density of approximately 
6×1010 1/cm2, separated by ~30 nm thick i-GaAs layers. The total thickness of the 
absorbing layers was 0.75 μm. This is too thin for being optimal for terrestrial 
operation, yet it was selected in view of optimizing the solar cell performance after 
electron irradiation exposure to estimate the suitability of the thin-film QDSCs for 
space applications [138]. Moreover, the thin-film design included a 600 nm thick 
AlInP window layer to enable the fabrication of a nanostructured ARC [37, 139]. As 
a reference, a wafer-based QDSC with similar QD layer structures was used. The 
electrical contacts for the wafer-based QDSC were fabricated using Ni/Au metals 
on the front side and Ti/Au metals on the backside deposited by electron beam 
evaporation. After the contact GaAs removal by selective wet etching using an 
NH3:H2O2:H2O etchant, a double-layer ARC of TiO2/SiO2 was deposited by 
electron beam evaporation. 

In the thin-film QDSC process, a planar Au reflector was deposited by electron 
beam evaporation on top of the p-GaAs contact layer. In addition, Pt/Au metals 
were deposited on top of the reflector with Pt acting as a diffusion barrier and Au 
as a bonding contact layer. The QDSC was indium bonded to a carrier and the 
substrate was thinned and polished to the thickness of ~100 μm with a Logitech 
PM5 precision lapping machine. The residual substrate was wet etched with a sulfuric 
acid -based solution until the etch stop layer, which was removed by HCl, revealing 
the n-GaAs contact layer. Next, the front contacts (Ni/Au) were deposited by 
electron beam evaporation using a photolithographic lift-off process. To define the 
perimeter of the QDSC, electrical isolation, i.e., mesa etching, was performed with a 
photoresist mask using both sulfuric acid -based and HCl-based solutions. Finally, 
the n-GaAs contact layer was removed by wet etching and a double-layer ARC 
(TiO2/SiO2) was deposited by electron beam evaporation using a photolithographic 
lift-off process. A schematic drawing of the thin-film QDSC with back reflector and 
a picture of the final device are presented in Figure 41. The EQE and the IV 
characteristics of the QDSC were measured with the setup introduced in section  
4.1.1. 
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Figure 41. (a) A schematic drawing of the thin-film QDSC with back reflector. (b) A photograph of the 
final device. 

In addition to the experimental measurements of the thin-film QDSC with back 
reflector, the performance of the QDSCs was simulated using an in-house developed 
numerical tool for QDSCs [140], validated against several experimental case studies 
[21, 141, 142]. A detailed description of the electrical and optical models can be 
found in [P4]. 

The measured and simulated EQE results are presented in Figure 42, showing 
the QD response in the wavelength range of 0.9–1.1 μm. The thin-film QDSC with 
back reflector produced increased EQE when compared to the wafer-based QDSC. 
The simulated data is well in line with the experimental results, showing only some 
deviation near 900 nm. This could be due to the fact that the simulations assume a 
sharp cut-off at 870 nm in the GaAs absorption profile whereas the fabrication 
process of the QDs produces an absorption band tail in the range between the GaAs 
band-edge and the QD wetting layer states [143]. The EQE data was used for 
calculating the Jsc corresponding to the QDs by integrating over the AM1.5D (1000 
W/m2) solar spectrum in the wavelength range of 0.9–1.1 μm. The calculated results 
are presented in Table 4, which reveals that the thin-film QDSC with planar back 
reflector have approximately twice the current generation by the QDs when 
compared to the wafer-based QDSC. 
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Figure 42. Measured and simulated EQE results for the thin-film QDSC with planar back reflector and 
for the wafer-based QDSC. The data is adopted from [P4]. 

The results from the IV measurements and from the simulations are presented in 
Figure 43, and the corresponding figures of merit are collected in Table 4. The 
simulations provide target values since they disregard any extrinsic recombination 
mechanism. Moreover, the simulated and measured Jsc values are comparable with 
the note that the wafer-based QDSC has a thicker p-GaAs base, increasing the Jsc 
when compared to the thin-film QDSC with back reflector. The measured FF of the 
thin-film QDSC is decreased compared to simulated value and is also lower than for 
the wafer-based QDSC. Most likely the difference is caused by the lack of an ohmic 
contact between the Au back reflector and the p-GaAs contact layer in the thin-film 
QDSC. Based on [P1] results, the ohmic contact should be formed by the Au 
reflector if the doping level is sufficiently high, which seems not to be the case in the 
thin-film QDSC, while for the wafer-based QDSC, the ohmic contact is formed 
between the highly doped p-GaAs substrate and the back metal. 
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Figure 43. The measured and simulated IV results at AM1.5D (1000 W/m2). The data is adopted from 
[P4]. 

Table 4. The photocurrent generation of the QDs integrated from the EQE results together with the IV 
characteristics of the thin-film and wafer-based QDSC. 

 

The thin-film QDSC with back reflector exhibited a Voc of 0.884 V, which is high 
when compared to the reported values for other QDSCs [21, 32, 144]. However, it 
is ~60 mV lower than the simulated value. To understand the origin of the 
difference, IV measurements were performed with different concentrations for both 
the wafer-based and thin-film QDSCs. As presented in Figure 44, the Jsc scales almost 
linearly with the concentration factor (C), confirming that both QDSCs are operating 
as a conventional single junction solar cell, whereas in the intermediate band 
operation the Jsc scales super-linearly with C [32]. By expressing the Jsc as 

         ,     (1) 
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and using the diode equation [145], the dependence of Voc on concentration can be 
written as 

,    (2) 

where η is the diode ideality factor and VT the thermal voltage. The measured Voc is 
presented as a function of ln(C) in Figure 44, and by a linear fit, the extracted η values 
are ~1.4 for the both QDSCs. This implies that the dark current has an extrinsic 
component, originating from nonradiative recombination in the intrinsic layers. This 
causes the 60 mV difference between the measured and simulated QDSC. Similar 
reduction of Voc occurs for both the wafer-based and the thin-film QDSC, proving 
that the Voc is otherwise preserved during the thin-film processing, while there is still 
room for improvement in terms of epitaxial growth. 

 

Figure 44. (a) Jsc normalized by Jsc at one sun as a function of C. (b) Voc as a function of ln(C). The 
data is adopted from [P4]. 

4.3 Thin-film QD solar cells with pyramid grating 

The pyramid grating introduced in section 3.2.3 was implemented to the thin-film 
QDSC structures in two different configurations presented in Figure 45, and the 
photocurrent generation of the QDs was simulated. In the first approach shown in 
Figure 45(a) and introduced in [P2], the back reflector with pyramid gratings was 
fabricated into polymer and a Ag reflector was deposited below the grating. The 
second approach, shown in Figure 45(b) and introduced in [P5], included a pyramid 
grating formulated into a p-GaInP BSF layer with the addition of separate polymer 
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planarization layer before deposition of the planar Ag reflector. This way the large 
surface area at the interface of the textured semiconductor and Ag could be avoided, 
decreasing the parasitic losses in the reflector [96]. 

 

Figure 45. A schematic drawing of the thin-film QDSC with pyramid gratings. (a) The pyramid gratings 
are fabricated into the polymer [P2] and (b) into the BSF layer [P4].  

In the first approach, the thin-film QDSC comprised a 2.6 μm thick GaAs active 
region embedding a stack of 20 InAs/GaAs QD layers with the overall thickness of 
about 400 nm [118, 122]. The ACRs on the top and on the bottom included single-
layer SiNx having similar parameters as the ARCs presented in Figure 22. Further 
details on the QDSC structure can be found in [118]. The diffractive back reflector, 
introduced in section 3.2.3, included a pyramid grating in low refractive index 
polymer and a Ag layer. In the simulations, the optical model of the QDs was 
extracted from the EQE results presented in [21]. The absorbance spectrum was 
calculated by integrating the absorbed photon density only in the active region of the 
QDSC, thus disregarding the optical losses in the contact GaAs and metal layers. 

The achieved absorbance spectrum is presented in Figure 46 for the thin-film 
QDSC with the reflector with pyramid grating. In addition, the absorbance spectra 
of the wafer-based QDSC and the thin-film QDSC with planar back reflector 
containing identical QDSC structures are included as references. The QDSC with 
pyramid grating shows significant increase in absorbance in the QD wavelength 
region with respect to the reference structures. The corresponding Jsc values 
produced by the QD layers are calculated by integrating the absorbance over the 
AM1.5D (1000 W/m2) spectrum in the wavelength range of 0.9 1.1 μm. The 
calculated results are summarized in Table 5, revealing a fourfold increase in the Jsc 
of the QD layers when pyramid grating is applied. Already this is a remarkable result 
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when considering the technological effort of the epitaxial growth required to achieve 
the same Jsc of the QDs by increasing the number of QD layers. Further optimization 
of the applied diffractive grating design, e.g., employing higher index material for the 
pyramid grating could generate even higher current enhancements [21, 122]; this 
path was followed in the second approach. 

 

Figure 46. The simulated absorbance spectrum for the thin-film QDSC with pyramid gratings in 
polymer. In addition, the absorbance of the wafer-based QDSC and the thin-film QDSC with planar 
reflector are presented as a reference. The data is adopted from [P2]. 

As presented in Figure 45, the second approach included a pyramid grating 
fabricated into an GaInP BSF layer. The InAs/GaAs QDSC included 10 QD layers 
with an in-plane QD density of approximately 6×1010 1/cm2, separated by ~30 nm 
thick i-GaAs layers. The total thickness of the absorbing layers was 0.75 μm. In 
addition, a double-layer ARC of TiO2/SiO2 was applied on top of the window layer. 

The simulations of the QDSC were performed as described in [P4], and they 
utilize the 3D rigorous coupled wave analysis for the pyramid gratings [146]. The 
physical model was first validated and revised based on the experimental results of 
the QDSC with the planar reflector (see section 4.2). The calculated EQE spectrum 
for the thin-film QDSC with pyramid grating in BSF is shown in Figure 47, which 
also presents the reference EQE spectra of the wafer-based QDSC and the thin-film 
QDSC. The increase in the EQE of the QDSC with pyramid grating is remarkable 
owing to light being diffracted efficiently, resulting in multiple passes through the 
QD layers. The Jsc produced by the QDs was again calculated by integrating the EQE 
results over the AM1.5D (1000 W/m2) spectrum in the wavelength range of 0.9
1.1 μm. The calculated Jsc values are listed in Table 5, revealing a photocurrent 
generation of 0.189 mA/cm2 per one QD layer for the QDSC with pyramid grating. 



 

72 

The Jsc is approximately 12 times higher than the Jsc of the wafer-based QDs. This 
improvement is instrumental in order to achieve high-efficiency QDSCs, since the 
absorption of the QDSC is enhanced without increasing the thermalization losses. 

 

Figure 47. The simulated EQE spectrum for the thin-film QDSC with pyramid gratings in BSF. In 
addition, the EQE of the wafer-based QDSC and the thin-film QDSC with planar reflector are presented 
as a reference. The data is adopted from [P4]. 

Table 5. Calculated photocurrent generation over one QD layer at AM1.5D (1000 W/m2) spectrum for 
approaches with the pyramid grating in polymer and the pyramid grating in BSF.  
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5 CONCLUSIONS AND FUTURE WORK 

The III V semiconductor solar cells exploring dilute nitride materials in MJSC 
architectures or InAs QDs in GaAs solar cells represent the active topics of research 
for emerging photovoltaic technology. Although both approaches enable improved 
spectral coverage, possibly leading to new levels of conversion efficiency, their 
operation suffers from reduced absorption in active area of the solar cells that falls 
below their theoretical potential. This is valid for dilute nitride solar cells with narrow 
bandgap and high N content or for QDSCs where the number of QD layers is 
limited in order to preserve good material quality. In this thesis, it was shown that 
these limitations can be alleviated by implementing a thin-film architecture 
employing back reflector for more efficient absorption, providing additional 
advantages in terms of functionality, i.e., flexibility, high power-to-weight ratio, and 
potentially lower costs related to the reuse of the substrate. Several demonstrations 
advancing the state-of-the-art technology have been made. The most notable results 
are: 

i) Development of Ag/Cu planar back reflectors exhibiting high reflectance in the 
wavelength range of 0.9 1.4 μm. A thin 10 nm layer of Ag ensures a high 
reflectance and acts as a diffusion barrier to Cu. The studies revealed proper 
adhesion between the semiconductor and Ag/Cu reflectors and an ohmic 
contact functionality to the highly doped p-GaAs contact layer. The Ag/Cu 
reflector was found to withstand the processing temperatures of at least 200 °C. 

ii) Back reflectors with diffractive grating were developed to increase the absorption 
length inside the active area of the solar cells. The best performance was obtained 
for a reflector with pyramid grating. The polymer used for pyramid grating 
fabrication was investigated in terms of radiation hardness, indicating suitability 
for space applications. 

iii) Demonstration of state-of-the-art EQE for 1 eV dilute nitride solar cells with 
Ag/Cu planar back reflectors when compared to the other planar reflectors. A 
solar cell with Ag/Cu reflector exhibited an estimated Jsc of ~14 mA/cm2 at 
AM1.5D (1000 W/m2) under a GaAs filter, fulfilling the needs for current 
matching in MJSCs with more than three junctions. 
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iv) First demonstration of ~0.8 eV GaInNAsSb solar cells with planar Au back 
reflector. The highest EQE corresponded to Jsc of 15.4 mA/cm2 under AM1.5D 
(1000 W/m2) spectral conditions, sufficient for current matching in MJSCs. 
Although the experimental results exhibited relatively low Voc values, they were 
comparable to the values of diffused Ge solar cells. 

v) Demonstration of thin-film InAs/GaAs QD solar cells with planar back 
reflector showing a two-fold increase in the current generation of the QD 
absorber compared to a reference wafer-based solar cell. The Voc remained at the 
same level as for the wafer-based QDSC, indicating that the thin-film processing 
does not degrade the electrical performance. The demonstrated Voc of 0.884 V 
is one of the highest reported for MBE-grown QDSCs. 

vi) Performing a realistic simulation study for QDSCs utilizing reflector with 
pyramid grating using a parametrized model based on the experimental results. 
When compared to the wafer-based QDSC, a four times higher current 
generation in the QD layers was achieved when the pyramid gratings are 
fabricated into the polymer. On the other hand, the current enhancement 
corresponding to the QD absorbers was 12 times higher when fabricating the 
pyramid grating into BSF layer with the planarization polymer. This is a 
significant result considering the technological effort required to fabricate 12 
times more QD layers to achieve similar current generation ability. 

The experimental implementation of the developed pyramid gratings in connection 
with InAs/GaAs QDSC is an important part of the work continuation path. 
Moreover, in terms of achieving state-of-the-art efficiencies, the most important 
future development is to fabricate MJSC with dilute nitride junction (four of more 
junctions) with pyramid grating. Ultimately, this should enable reaching the 
conversion efficiency of over 50% while exploiting a mechanically stable lattice 
matched solar cell architecture. 
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Abstract—We report on the development of light-trapping 

architectures applied to thin-film solar cells. In particular, we 

focus on enhancing the absorption at 1-eV spectral range for 

dilute nitride and quantum dot materials and report on the 

influence of planar back reflectors on the photovoltaic 

properties. Moreover, we discuss the properties of polymer 

diffraction gratings with enhanced light-trapping capability 

pointing to advantageous properties of pyramidal gratings. In 

order to understand the suitability of these polymer grating 

architectures for space applications, we have performed an 

electron irradiation study (1 MeV) revealing the absence of 

reflectance changes up to doses of 1×1015 e-/cm2. 

Keywords—solar cell, III-V semiconductor, quantum dot, 

back reflector, optical design, diffractive grating, electron 

irradiation 

I. INTRODUCTION 

Space photovoltaic generators require solar cells with high 
efficiency, high power-to-weight ratio, and additional 
functionality in terms of flexibility. To this end, III-V solar 
cells with substrate removal and employing light-trapping to 
enhance photogeneration are gaining increased attention. For 
example, by using a highly reflective planar reflector on the 
backside of the solar cell, the length of the optical path is 
effectively doubled while further enhancement of the 
absorption can be obtained by using diffraction gratings 
combined with back reflector [1]. Planar reflectors have been 
initially utilized for thin-film single-junction GaAs solar cells 
[2], and more recently also applied to more advanced 
GaInNAs solar cells [3], and quantum dot (QD) solar cells [4]. 
Furthermore, different approaches utilizing diffraction 
gratings as back reflectors have been published [1], [5] and 
introduced as nanostructured back reflectors in GaAs solar 
cells [6]. 

In this work, we compare the performance of different 
planar reflectors and discuss the properties of diffraction 
gratings fabricated onto a polymer film deposited on the 
backside of the solar cells. The suitability of the polymer 
diffraction gratings for space application is assessed by 
performing electron irradiation study (1 MeV). In addition, we 
present the results of a thin-film QD solar cell with back 
reflector. 

II. BACK REFLECTORS 

A. Planar Back Reflectors 

In an initial study, different planar metal back reflectors 
were compared. The Ag/Cu reflector showed high reflectance 
and resulted in enhanced external quantum efficiency (EQE) 
when compared to conventional Ti/Au back metals for dilute 
nitride (GaInNAs) solar cells as shown in Fig. 1. The EQE 
results show correlation with the reflectance results of the 
back reflectors, revealing higher reflectance of the reflector 
 

Fig. 1. Reflectance results of semi-insulating (SI) GaAs samples with the 

metal reflector are presented as solid lines and EQE results of GaInNAs solar 

cells with metal reflectors are presented as symbol and line.
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Fig. 2. Schematic drawing of (a) blazed gratings and (b) pyramidal gratings. SEM images of (c) blazed gratings and (d) pyramidal gratings. 

resulted in higher EQE. Detailed study of the metal reflectors 
showed Ag/Cu and Au reflectors to be suitable for use in thin-
film solar cell design [3]. In particular, the metal adhesion to 
semiconductor showed no peeling in the adhesion tests and the 
contact resistivity values were of the order of magnitude of  
10-6 Ω/cm2, which indicates to the formation of ohmic contact. 
Moreover, no discernible diffusion of metals into 
semiconductor was observed after thermal annealing (at 200 
°C). 

B. Back Reflector with Diffractive Gratings 

To further enhance the EQE, two different diffractive 
gratings, blazed and pyramidal, were fabricated using a  
 

Fig. 3. (a) Reflectance of the diffractive grating structures. (b) The 

reflectance of the pyramidal grating structure after electron irradiation. 

commercial nanoimprint lithography (NIL) polymer 
(Ormocomp) with a Ag reflector [7]. If the diffractive gratings 
would be directly structured into the semiconductor, parasitic 
losses may occur due to surface plasmon effect resulting from 
the large microstructured interface area between the 
semiconductor and the metal [1]. For this reason, the 
diffractive gratings were fabricated onto a polymer, which acts 
as an interlayer, alleviating the parasitic losses. Schematic 
drawings and scanning electron microscopy (SEM) images of 
the fabricated grating structures are presented in Fig. 2, where 
the dimensions of the gratings are also shown. Prior to the 
fabrication of the diffractive gratings, optimum dimensions of 
the gratings for wavelength range of 900‒1300 nm were 
simulated [8]. The simulation result pointed to the use of a 
height/period aspect ratio of 0.32‒0.38, which was then used 
in the fabrication. 

The diffractive gratings were characterized by measuring 
the total and specular (at 8° angle) reflectance spectra, which 
are presented in Fig. 3(a). The diffuse light is defined as the 
difference between the total and specular reflectance. The 
pyramidal grating showed higher diffuse reflectance when 
compared to blazed gratings in the wavelength range 
corresponding to dilute nitride junction and QD solar cells 
(900 nm to 1300 nm). Blazed grating showed also low 
specular reflectance, which is beneficial for high diffraction of 
light. However, the total reflectance of the blazed grating was 
reduced compared to the pyramidal grating, indicating some 
extra losses in the structure, potentially originating from 
parasitic absorption in the metal reflector. In addition to 
diffractive grating samples, a reference sample with planar 
polymer layer and Ag reflector was fabricated, showing 
almost identical specular and total reflectance spectra, 
verifying that only specular refection occurs in the planar 
reflector. 

C. Electron Irradiation of the Diffractive Gratings 

The samples with pyramidal gratings were exposed to 
1 MeV electron irradiation with three different doses, to study 
the suitability of the polymer gratings in the space 
environment. The total and specular reflectance results after 
the irradiation are presented in Fig. 3(b). These results reveal 
that the performance is mainly equivalent to the sample 
without the irradiation. Only for the sample exposed to the 
lowest dose (1×1014 e-/cm2), the specular reflectance was 
decreased, which might possibly originate from the 
fabrication of the sample or from the handling of the sample 

 

 



during irradiation, transport, and measurement. However, the 
higher dose samples showed no changes in the specular 
reflectance relative to the sample without any irradiation dose. 
These irradiation results indicate that the polymer are suitable 
for diffractive gratings in space solar cells in terms of radiation 
hardness. 

III. THIN-FILM QD SOLAR CELL WITH BACK REFLECTOR 

A. EQE of the QD Layers 

The effect of a planar back reflector on photocurrent 
generation in QD layers was experimentally investigated for 
InAs/GaAs solar cells containing 10 QD layers fabricated by 
molecular beam epitaxy [9]. QD solar cells were processed 
both as thin-film with Au reflector and wafer-based (i.e. with 
the substrate and without the back reflector) configurations. 
The measured EQE of the cells are presented in Fig. 4(a), 
which shows an increased photogeneration in the QD solar 
cell with back reflector when compared to QD solar cell 
without the reflector. 

The photocurrent generation in QD layers (900‒1100 nm) 
was calculated by integrating the EQE over the AM1.5D 
spectrum (1 000 W/m2). The QD solar cell with reflector 
increased the current density (Jsc) component obtained from 
the QD layers by a factor of two when compared to the QD 
layers without the back reflector. The additional current 
density components to Jsc were 0.35 mA/cm2 and 
0.17 mA/cm2 for QD solar cell with the reflector and QD solar 
cell without the reflector, respectively.  

 

Fig. 4. IV results of the QD solar cell with and without planar back reflector 

and GaAs solar cell without reflector. 

The absorbance spectrum of the QDs were simulated by 
using the rigorous coupled wave analysis method and the 
results are presented in Fig. 4(a). In addition to planar 
reflector, the absorbance of the QD solar cell utilizing a 
reflector with pyramidal grating was simulated, revealing a 
theoretical four-fold increase in the additional Jsc component 
originating from the QD layers. 

B. Current-Voltage Characteristics 

The measured current-voltage (IV) characteristics of the 
QD solar cells with and without the planar reflector are 
presented in Fig. 4(b). In addition, Fig. 4(b) shows the IV 
results of a GaAs solar cell, which was fabricated as a 
reference. The comparison of the measured Jsc values is not 
simplistic due to the structural differences in the epitaxial 
layers of the QD solar cells and GaAs solar cell. For example, 
QD solar cell with back reflector has a 600 nm thick window 
layer, which absorbs photons lowering the Jsc when compared 
to wafer-based QD solar cell, which has 20 nm thick window 
layer. In addition, the thicknesses of the p-GaAs base are 750 
nm, 2 100 nm, and 900 nm for QD solar cell with reflector, 
wafer-based QD solar cell and wafer-based GaAs solar cell, 
respectively. However, despite these differences, the 
comparison of the open circuit voltage (Voc) values is 
meaningful. The QD solar cell with back reflector has a very 
similar Voc to the QD solar cell with substrate, indicating that 
the high Voc is preserved during the thin-film process. The 
measured Voc of 0.884 V for thin-film QD solar cell with back 
reflector is high when compared to the reported values for 
thin-film QD solar cells [4], [10]. 

IV. CONCLUSIONS 

Diffraction grating structures implemented as back 
reflector were developed for light-trapping in thin-film III-V 
solar cells. Pyramidal gratings in Ormocomp polymer showed 
high diffuse reflectance and ability to enhance photocurrent 
generation in 1-eV cells, e.g. in multijunction solar cells with 
dilute nitride bottom junction and in QD solar cells. In 
addition, the polymer was resistant against the electron 
irradiation indicating possible suitability for space 
applications. 

The effect of the planar back reflector on the performance 
of InAs/GaAs QD solar cell was studied by fabricating thin-
film QD solar cell with back reflector. The photocurrent 
generation in the QD layers increased by a factor of two when 
QD solar cell with planar back reflector was compared to 
wafer-based configuration and at the same time the Voc 
remained high as in the wafer-based sample. The photocurrent 
generation could be further enhanced with a back reflector 
based on pyramidal gratings. 

ACKNOWLEDGMENT 

The work has been financially supported and carried out 
as part of the European Union Horizon 2020 project TFQD 
(Grant Agreement No. 687253) and ERC AdG project 
AMETIST (Grant Agreement No. ERC-2015-AdG 695116). 
It is also a part of the Academy of Finland Flagship 
Programme PREIN #320168. T.A. thanks Jenny and Antti 
Wihuri Foundation for their financial support and would like 
to thank Ville Polojärvi and Elina Anttola for their technical 
support. 

REFERENCES 

[1] S. Mokkapati and K. Catchpole, "Nanophotonic light trapping in solar 

cells," J. Appl. Phys., vol. 112, pp. 101101, 2012.  

 



[2] J. J. Schermer, G. J. Bauhuis, P. Mulder, E. J. Haverkamp, J. Van 
Deelen, Van Niftrik, A. T. J., and P. K. Larsen, "Photon confinement 

in high-efficiency, thin-film III–V solar cells obtained by epitaxial lift-

off," Thin Solid Films, vol. 511, pp. 645-653, 2006.  

[3] T. Aho, A. Aho, A. Tukiainen, V. Polojärvi, T. Salminen, M. 
Raappana, and M. Guina, "Enhancement of photocurrent in GaInNAs 

solar cells using Ag/Cu double-layer back reflector," Appl. Phys. Lett., 

vol. 109, pp. 251104, 2016.  

[4] F. Cappelluti, D. Kim, M. van Eerden, A. Cédola, T. Aho, G. Bissels, 

F. Elsehrawy, J. Wu, H. Liu, and P. Mulder, "Light-trapping enhanced 
thin-film III-V quantum dot solar cells fabricated by epitaxial lift-off," 

Sol. Energy Mater. Sol. Cells, vol. 181, pp. 83-92, 2018.  

[5] E. Yablonovitch and O. Miller, "The influence of the 4n2 light trapping 
factor on ultimate solar cell efficiency," in proceedings of Optics for 

Solar Energy, pp. SWA1, 2010. 

[6] A. Cattoni, H. Chen, J. Goffard, R. De Lépinau, B. Behaghel, C. 
Dupuis, N. Bardou, and S. Collin, "Multiresonant light trapping in 

ultra-thin GaAs and CIGS solar cells," in proceedings of Optical 
Nanostructures and Advanced Materials for Photovoltaics, pp. 

PW3A2, 2017. 

[7] T. Aho, M. Guina, F. Elsehrawy, F. Cappelluti, M. Raappana, A. 
Tukiainen, A. K. Alam, I. Vartiainen, M. Kuittinen, and T. Niemi, 

"Comparison of metal/polymer back reflectors with half-sphere, 

blazed, and pyramid gratings for light trapping in III-V solar cells," 

Opt. Express, vol. 26, pp. A331-A340, 2018.  

[8] F. Elsehrawy, F. Cappelluti, T. Aho, T. Niemi, V. Polojärvi, and M. 
Guina, "Back grating optimization for light trapping in thin-film 

quantum dot solar cells," in proceedings of 19th Italian National 

Conference on Photonic Technologies, pp. 34, 2017. 

[9] A. Tukiainen, J. Lyytikäinen, T. Aho, E. Halonen, M. Raappana, F. 

Cappelluti, and M. Guina, "Comparison of ‘shallow’and ‘deep’junction 
architectures for MBE-grown InAs/GaAs quantum dot solar cells," in 

proceedings of 2018 IEEE 7th World Conference on Photovoltaic 
Energy Conversion (WCPEC)(A Joint Conference of 45th IEEE 

PVSC, 28th PVSEC & 34th EU PVSEC), pp. 2950-2952, 2018. 

[10] T. Sogabe, Y. Shoji, P. Mulder, J. Schermer, E. Tamayo, and Y. Okada, 
"Enhancement of current collection in epitaxial lift-off InAs/GaAs 

quantum dot thin film solar cell and concentrated photovoltaic study," 

Appl. Phys. Lett., vol. 105, pp. 113904, 2014.  

  
 

 

 



 

PUBLICATION 
IV 

 

Thin-film InAs/GaAs quantum dot solar cell with planar and pyramidal 
back reflectors 

Timo Aho, Farid Elsehrawy, Antti Tukiainen, Sanna Ranta, Marianna Raappana, 
Riku Isoaho, Arto Aho, Arttu Hietalahti, Federica Cappelluti, and Mircea Guina 

Applied Optics, 59(21), pp. 6304 6308 (2020) 
DOI: 10.1364/AO.396590 

 

 

Publication reprinted with the permission of the copyright holders. 

 
 





 

PUBLICATION 
V 

 

High performance low-bandgap (0.8 eV) single junction GaInNAsSb solar 
cells incorporating Au-based back surface reflectors 

Riku Isoaho, Timo Aho, Arto Aho, Jarno Reuna, Marianna Raappana, Antti 
Tukiainen, and Mircea Guina 

Submitted to Solar Energy Materials and Solar Cells, 9th of July (2020) 
  

 

 

Publication reprinted with the permission of the copyright holders. 

 
 








