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A B S T R A C T   

We report the optimization of the process parameters used in ion beam sputtering of dielectric Ta2O5 thin films 
on III–V semiconductor surfaces, with an aim of minimizing the deterioration of semiconductor surfaces and their 
opto-electric performance. We demonstrate that linear tuning of the three main sputtering parameters, namely, 
the primary source radiofrequency power, the ion beam current, and the ion beam voltage, allows optimizing the 
deposition conditions of Ta2O5 minimizing the damage to the III–V surfaces. The effect of parametrization is 
evaluated by deposition of a Ta2O5 antireflection coating on GaAs-based multijunction solar cells employing 
AlGaAs and AlInP window layers. Numerical study reveals that the main source of damage is the scattered 
primary ions, in this case argon ions, that have not contributed to the sputtering process of the Ta2O5 at the 
target. Moreover, it is likely that the reactive oxygen atmosphere oxidizes the semiconductor surfaces in the 
initial phase of the deposition process. A similar optimization procedure should be employed for any other thin 
film directly deposited by reactive ion beam sputtering on III–V surfaces and optoelectronics devices to avoid 
deposition induced damage.   

1. Introduction 

Ion beam sputtering (IBS) is a coating method for producing high 
quality optical thin films with high laser damage threshold and envi-
ronmentally stable optical constants [1,2]. Widely used IBS materials 
include oxides (SiO2, TiO2, Al2O3, Ta2O5) [3–6] and nitrides (SiNx, TiNx, 
AlN) [7–10]. The oxides and nitrides can be produced with reactive ion 
beam sputtering utilizing a reactive gas atmosphere, optionally backed 
with additional oxygen or nitrogen radicals for ensuring stoichiometric 
growth of films [4,6,11,12]. The energetic sputtering process enables 
production of high quality films in near room temperature [6,9,10], 
which is a distinct advantage of IBS when compared to other physical 
vapor deposition methods of dielectrics, usually requiring sample 
heating or additional kinetic energy provided by an ion source beaming 
directly on the substrates by ion assisted deposition [13,14]. 

IBS processes are well established for coating optical filters on top of 
glass substrates [15] and the process control parameters are typically 
matched for high uniformity, high growth rate, and high film quality, 
namely smooth surface topography, stable optical constants, and good 
adhesion. When IBS is used for thin film deposition on optoelectronic 
devices, the coated surface differs from glass, creating a need for 
re-optimization of the process parameters to avoid process related 

damages of the semiconductor surface. In addition to adhesion and 
optical properties of the coating, the effects of deposition on the material 
properties of the semiconductor devices should be considered. 

In this study we focus on optimizing the IBS processes involved in 
deposition of antireflection coatings (ARC) on III–V multijunction solar 
cells (MJSC). Such MJSCs exhibit high conversion efficiencies providing 
that sunlight is transmitted into the cell without reflection losses over a 
broadband spectrum, which may extend from UV to beyond 1.5 µm [16]. 
A relatively high refractive index of ~2 and low absorption at wave-
lengths above ~300 nm [12] makes tantalum pentoxide (Ta2O5) a 
promising dielectric material for this purpose. However, utilizing IBS 
grown Ta2O5 as the starting layer of the ARC is not a viable option 
without re-optimization of the deposition process to ensure that the 
semiconductor surface is not critically damaged by the deposition pro-
cess. Besides reporting on the parametrization of Ta2O5 thin films to be 
used for ARC on III–V MJSCs, we employ a numerical analysis to eval-
uate the cause of IBS induced deterioration of the semiconductor 
surface. 

2. Methods 

The Ta2O5 films were deposited using a Navigator 700 (Cutting Edge 
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Coatings GmbH) reactive ion beam sputtering system. Sputtering was 
performed using Ar:O2 mixture with flow rates of 8 sccm to 5 sccm, 
respectively. A 200 mm × 200 mm tantalum (Ta) plate with a purity of 
99.95% was used as a sputtering target. The deposition took place in a 
reactive O2 atmosphere with a pressure of 4.5  × 10− 2 Pa. The distance 
from target to substrate was 0.4 m and the substrates were mounted on a 
planar substrate holder. The main sputtering parameters, namely pri-
mary source radiofrequency (RF) power, the ion beam current (Ibeam) 
and the ion beam voltage (Ubeam), were varied to optimize the film 
growth. The sputtering parameters used for the parametrization series 
are presented in Table 1. During the deposition, the sample holder was 
rotated at 60 rpm to guarantee uniform film deposition. 

A test series of Ta2O5/SiO2 ARCs using the parametrized Ta2O5 were 
deposited on top of two different lattice-matched GaAs-based triple- 
junction solar cell structures: GaInP/GaAs/GaInNAsSb with AlInP win-
dow layer and AlGaAs/GaAs/GaInNAsSb with AlGaAs window layer. 
The solar cells were grown by molecular beam epitaxy on p-GaAs sub-
strates using a Veeco GEN20 MBE system. The wafers were diced into 6 
mm × 6 mm solar cells with an active area of 0.25 cm2. The diced wafer 
pieces served as photoluminescence samples and the actual solar cell 
devices were further processed by depositing Ni/Au (10/100 nm) front 
contact grid on the n-side and Ti/Au (50/100 nm) planar back contact 
on the p-side by an electron beam evaporator. Different window mate-
rials used for the structures enable comparison between oxidized and 
non-oxidized sample surfaces, as AlGaAs is prone to form a native oxide 
under O2 atmosphere, whereas the oxidation of AlInP is a slower process 
[17]. Prior to deposition, the n-type contact GaAs layers were removed 
by wet etching with NH3:H2O2:H2O solution to expose the window 
layers. Beside the solar cell samples, the parametrized Ta2O5 layers were 
also deposited on rectangular 8 mm × 8 mm silicon (Si) and n-GaAs 
(100) substrates for ellipsometric and atomic force microscope charac-
terizations. These samples were diced from 2′′ wafers with nominal 
thicknesses of 325 µm and 625 µm for Si and GaAs, respectively. In order 
to verify the possible surface topography changes in the semiconductor 
material resulting from the coating process, the Ta2O5 layers on the 
n-GaAs test samples were wet etched with 50% hydrofluoric acid (HF) 
for 30 s, rinsed with de-ionized water and dried with nitrogen blow. A 
Dimension™ 3100 Atomic force microscope (AFM) from Veeco Ltd was 
used to obtain topographical information and surface roughness of the 
Ta2O5 layers and the post-deposition HF etched GaAs surfaces. The AFM 
image data was constructed with WSxM 5.0 Develop 9.4 software [18]. 

Film thickness and refractive index of the Ta2O5 films were deter-
mined with a Rudolph AutoEL III Null ellipsometer utilizing a He/Ne 
laser at λ = 632.8 nm. The parameters for ellipsometric calculations 
were the refractive index of Si-substrate nS = 3.863, substrate extinction 
coefficient kS = 0.162 and 70◦ angle of incidence. 

For assessing the effects of the deposition parameters of Ta2O5 on the 
III–V materials, an Accent RPM2000 photoluminescence (PL) mapper 
was used to measure the PL from the top and middle junctions of the 
MJSC structures. The GaInP and AlGaAs top junctions were probed with 
532 nm laser both in continuous wave (CW) and Q-switched modes 
using a 300 g/mm grating, a 570 nm high-pass filter, and a CCD de-
tector. The effects on the GaAs junction were evaluated by measuring 
the PL with CW 785 nm excitation using a 300 g/mm grating, an 850 nm 
high-pass filter, and an InGaAs detector. 

Light-biased current-voltage (LIV) characteristics of the solar cells 
were measured using a 7 kW OAI TriSol solar simulator calibrated for 
AM1.5D (1000 W/m2) illumination. Open-circuit voltage (VOC) and 
short-circuit current density (JSC) obtained from the LIV measurements 
were used to compare the device performance. A PerkinElmer Lambda 
1050 UV/VIS/NIR spectrophotometer equipped with a Universal 
Reflectance Accessory (URA) module was used for the reflectance 
measurements. The URA measures the specular reflectance at 8̊ angle of 
incidence. 

Sputtering has a well-established theoretical background for which 
Sigmund linear cascade collision model [19] provides a basis on which 
many others have built their improved models [20–22]. Applying these 
is often done using numerical Monte Carlo simulations run by programs 
such as SDTrimSP [23], TRIDYN [24] and SRIM [25]. In this work, we 
used the semi-empirical sputtering equations reported by Seah et al. 
[21] (Eq. (B.4)–(B.11) and (B.16)–(B.19)) and recommended values 
used by Matsunami et al. [26] (Eq. (B.12)–(B.15)). These provide a 
simplistic, yet proven and efficient model for sputtering compounds 
[27]. For oblique incident angle calculations, we used the approach 
reported by Yamamura et al. [28] (Eq. (B.20)–(B.26)). The main 
calculational result describing a sputtering event is the sputtering yield 
Y, which refers to the ratio of the number of the sputtered particles per a 
projectile ion. Calculating the sputtering yield of a specific compound 
requires considering the surface binding energy of the compound, the 
collision cross-sections and energy transfers of all the included particles, 
the sputtering threshold of the projectile-target pair, and the initial 
energy of the sputtering projectiles. The theory and the equations are 
presented as supplementary material in Appendix B. 

Although the initial Ta target is metallic, based on previous studies 
we can assume that the surface of the target is oxidized [12,29] and that 
the molecular species being sputtered is Ta2O5. Demiryont et al. [12] 
showed that after the oxygen fraction of the ion beam exceeds 37.5% the 
sputtered Ta2O5 film is stoichiometric, and in their experiments they did 
not use additional background oxygen. The oxygen fraction for the ion 
beam used in this work is 38.5% and there is a constant 80 sccm O2 flow 
directed to the target plate, which according to Ohno et al. [29] already 
induces several nanometers thick oxide layer on the target. Fig. 1 pre-
sents simplified schematics of the main sputtering process under eval-
uation. We have chosen to examine the sputtering of TaO subparticles 
instead of Ta2O5, as it simplifies the calculations and includes the effects 
for having both oxygen and tantalum atoms in the sputtered species. A 
further analysis of the specific distribution of the possible particles 
present in the sputtered yield (Ta, TaO2, TaO3, Ta2O5) is not considered 
here. 

In this simplified scheme, the following effects are neglected:  

(I) sputtering by the oxygen ions present at the ion beam,  
(II) possible preferential sputtering of oxygen or tantalum at the 

target surface, and  
(III) the presence of sputtered species other than TaO molecules, 

The assumptions are made to simplify the calculations. The simpli-
fications are justified by the assumption that (I) the oxygen in the ion 
beam mainly contributes via oxidizing reactions with tantalum or as O2

+

ions, which has a mass similar to Ar+ ion (36 u versus 40 u, respectively), 
(II) the empirical comparison by Seah [27] shows that the preferential 
effects can be neglected in the used model, and (III) the TaO should 
represent an average example of the possible species fit to describe the 
phenomenon on a very general level. 

In addition to the sputtering at the target surface, we also numeri-
cally examine the possible secondary sputtering effects of the semi-
conductor samples by the scattered Ar+ ions and the TaO primary 
particles prior to the formation of the initial Ta2O5 layers. The secondary 
TaO particle energies are calculated assuming elastic two particle col-
lisions, as has been done by Bundesmann [30], Feder [31], and 
Lautenschläger [32] [Eq. (B.28) and (B.29)]. The semiconductor 

Table 1 
Sputtering parameters for the Ta2O5 test series. Parameter f denotes the linear 
scaling coefficient for the three ion source parameters.  

f Primary Source RF Power [W] Beam Current [mA] Beam Voltage [V] 

1 145 225 2000 
0.9 131 203 1800 
0.8 116 180 1600 
0.7 102 158 1400 
0.6 87 135 1200 
0.5 73 113 1000  
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sputtering calculations rely equally on Seah’s compound equations [27] 
and Malherbe’s review on sputtering semiconductors [22]. The energy 
distribution of sputtered TaO particles is calculated with the flux 
equations introduced by Thompson [33] [Eq. (B.30)–(B.39)]. The 
sputtering yields are calculated for GaAs, Al0.53In0.47P and Al0.4Ga0.6As 
compositions and their properties are assumed to be linearly constructed 
by the properties of their binary compounds. Such simplification omits 
any element preferential effects and might not represent the actual 
sputtering process of these compounds, as is emphasized also by both 
Seah [27] and Malherbe [22]. The models used, however, have been 
experimentally verified for GaAs and Ta2O5 and they do reveal the 
overall trend of the processes they describe. Regarding ternary com-
pounds there is very little sputtering data available for experimental 
verification of the model, so the numerical estimations should be taken 
as a rough approximation. The compositions for AlInP and AlGaAs cal-
culations are selected to match the window materials used, i.e. 
Al0.53In0.47P and Al0.8Ga0.2As. 

3. Results and discussion 

The calculated growth rates and measured refractive indices at 
632.8 nm obtained from the ellipsometry measurements of the param-
etrized Ta2O5 films are shown in Fig. 2a). The linear tuning of the ion 
source parameters results in almost linear scaling for the growth rate. 
Only the standard parameters (f = 1) result in slightly larger growth rate 
than expected by the linear fit. As we are restricted by the system pa-
rameters, higher than f = 1 parametrizations are not possible. Therefore, 
there remains a question if the trend of growth rate would stop being 
linear with higher Ubeam. The refractive index of the films varies 
significantly (~0.05) between the different parametrizations but does 
not clearly follow any trend. It is still inconclusive that how some of the 
excluded variables in the test series (e.g. system condition prior depo-
sition and short-term coating history) affect in the results. Nevertheless, 
it can be said that when changing Ta2O5 parametrization, care must be 
taken to verify the corresponding refractive index of the material as it 
cannot be linearly scaled or presumed to be constant in respect to the 
scaling factor. 

Fig. 2b) shows the calculated sputtering yields for Ta2O5 as a func-
tion of the kinetic energy of the argon projectiles (Eproj ≈Ubeam) at the 
normal incidence and at the sputtering angle of 55◦ used in this work. 
The vertical lines indicate the parametrization values and are marked for 
f = 1, 0.7, 0.6, 0.5 that are further examined with the MJSC ARCs. The 
sputtering yield increases along with the sputtering angle and the pro-
jectile energy. Within the energy range of the parametrization (Eproj =

1000–2000 V), the sputtering yield can be approximated to be linear, 
which is analogous with the growth rates shown in Fig. 2a). The 
reduction in yield with the investigated parametrized values compared 
to the standard deposition is more than 1 atom/ion, which can be 
considered as a notable difference. 

PL is a non-invasive characterization method, which allows versatile 
evaluation of MJSC devices by using variable excitation depths [34,35]. 
PL intensity generally indicates the quality of surfaces, bulk and in-
terfaces [36,37] and when the reflectance changes are considered and 
the signal normalized according to the pre-deposition signal, the in-
tensities should be ≥ 1 for non-damaged samples. A comparison of the 
effects of the parametrization on PL is shown in Fig. 3. Excitation with 
532 nm probes the topmost junction, either GaInP or AlGaAs, and CW 
mode mainly generates signal from the very topmost part of the junc-
tion, whereas Q-switched enables signal contribution from deeper in the 
junction. The 785 nm excited signal comes from the middle GaAs 
junction. 

The results in Fig. 3 show that the standard sputtering parameters for 
Ta2O5 degrade the material quality of both MJSC structures independent 
of the window layer material. It seems that the top junction takes most of 
the damage with the standard parameters (f = 1) as the GaAs signal 
remains above 1, while the PL of the top junctions drops significantly. 
For f = 0.7 the AlInP window MJSC has already significantly improved 
surface PL when compared to the standard parametrization, but for 
AlGaAs the PL is just slightly better. At f = 0.6 all the signals are above 1 
indicating unharmful deposition of Ta2O5 in respect of the MJSCs. For f 
= 0.5, however, the signal from AlGaAs top junction is reduced for CW 
excitation. All the other signals are slightly better or the same than with 
the parametrization f = 0.6. The overall trend seems to be that the PL 
intensities improve as the sputtering parameters are reduced. Only 
contradiction to this is the drop of the AlGaAs PL intensity from f = 0.6 
to f = 0.5. As the Q-switched signal is still relatively high (~1.4), the 
signal drop of AlGaAs could be related to oxidation of the AlGaAs win-
dow layer of the top junction. This could also explain why the signal for 
AlInP window structure is further improved, as AlInP does not oxidate 
similarly than AlGaAs. 

As the Ta2O5 films are expected to be amorphous [5], it is unlikely to 
have drastic topographical differences in the parametrized series. 
Nevertheless, to rule out the possible effect of structural differences of 
Ta2O5 layers, the parametrized films were investigated with AFM. The 
surface topography maps are shown in Fig. 4. 

The dielectric nature of Ta2O5 causes slight areal charging effect 
during the AFM scans and the resulting maps are not the sharpest in 
contrast. Despite this, the scans shown in Fig 4 represent relatively well 

Fig. 1. A simplified illustration of the reactive sputtering process at the Ta target surface.  
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the overall quality of the Ta2O5 surfaces. Based on the topography maps, 
there is no significant difference in the surface quality between the 
parametrized films as the root-mean-square roughness Rrms and average 
roughness Rave values are almost identical between the samples. The 
roughness values show that there is only a minor difference in the 
sputtered oxide film smoothness for standard parameters (f = 1) film 
compared to the parametrized films. This could be related to the 
roughening of the semiconductor surface in the beginning of the coating 
process. All the films are very smooth, both Rrms and Rave being ~0.1 
nm, and the parametrization does not significantly affect the surface 
quality of the films. This indicates that the differences in the PL results 
would come solely from the semiconductor material and not from 
changes in the Ta2O5 films. Possible damage mechanisms include un-
intentional sputtering of the III–V surface by the scattered primary 

projectiles (Ar+) or the sputtered molecules (TaO), ion implantation of 
the scattered Ar+ ions, and crystal defects induced by collision cascades. 

Fig. 5a) shows the calculated (Eq. (B.28)-(B.29)) maximum kinetic 
energies of the sputtered TaO particles and the scattered argon ions as a 
function of the primary ion energy. From this it would seem equally 
likely for the sputtering of the semiconductor material to be caused 
either by the Ar+ ions or the sputtered TaO species. 

Fig. 5b) shows the calculated (Eq. (B.30)-(B.39)) fluxes of the sput-
tered TaO particles as a function of the particle energy, both in low 
energy region (≤ 50 eV) and in high energy region (≥ 50 eV). Majority of 
TaO particles has less than 50 eV kinetic energy to begin with and on 
their way to the substrate they lose most of their kinetic energy due to 
collisions with the background gas particles [38]. On average, a sput-
tered TaO particle collides approximately 4 times (Eq. B.30–32) with 
oxygen before reaching the semiconductor surface, whereas a scattered 
Ar+ ion undergoes only ~2 collisions. The collisions have been calcu-
lated for oxygen atmosphere, where other gas species have not been 
considered. In this sense, the post-collision energies shown in Fig. 5a) 
and b) are the absolute upper limits for projectiles arriving at the 
substrates. 

In addition to the projectile energetics, the surface binding energies 
(Usb) of the sputtered material needs to be known to estimate the 
possible secondary sputtering at the semiconductor surface. Although 
Usb has a strong effect on the sputtering yields, the used values are 
usually just approximations like the heat of sublimation or the heat of 
atomization of the material under investigation. In this work the values 
have directly been taken from Seah [27] and Malherbe [22]. With the 
Usb values and the information of the projectiles, the sputtering 
threshold for each target-projectile combination can be calculated. 
There are different ways to calculate the sputtering threshold energies 
and here the equations of Matsunami [26] and Yamamura [28] have 
been used for normal incidence and oblique angle sputtering thresholds, 
respectively. The sputtering thresholds are provided in Table 2. Values 
calculated with Bohdansky’s formulation [20] have also been provided, 
which are commonly used as a simple approach to estimate sputtering 
thresholds and yields. 

When comparing the values in Table 2, there are some variations 
depending on the method used for calculating the threshold. However, 
the overall magnitude for each of the target-projectile combination is of 
the same order, excluding the oblique angle values that should be lower 
due to larger fraction of particle energy deposited near surface when 
compared to normal incidence [30]. Projectiles with less energy than the 
sputtering threshold of the material do not contribute to the sputtering 
process. Therefore, the relevant quantity for TaO flux is the number of 
particles having more kinetic energy than 50 eV. Table 3 shows the in-
tegrated TaO fluxes above 50 eV and their fractions of the total TaO flux. 

The integrated fluxes are large enough that they need to be taken into 
consideration in the yield calculations. However, the higher sputtering 
threshold energies indicate smaller yields compared to Ar+. In contrast, 
the sputtering threshold energies with Ar+ are about ~10 eV smaller 
than for TaO. The number of scattered Ar+ ions can be significant and 
their high-energy counts can be ten times of the counts for high-energy 
sputtered species [39,40], which would favor sputtering by the Ar+ ions 
compared to TaO particles. The calculated sputtering yields for Ar+ ions 
are shown in Fig. 6a) and for TaO particles in Fig. 6b). 

The angular sputtering yields are not well defined with the projectile 
energies below and near the threshold energy of the target materials 
[28], so the calculated yields for TaO sputtering are shown Espu ≥ 50 eV, 
which is well above the calculated sputtering thresholds for oblique 
angles in Table 2. It can be stated that the yields follow the sputtering 
threshold energies i.e., the lowest threshold material (GaAs) has the 
highest yield and so forth. Also, the yields with Ar-projectiles are nearly 
three times higher than the yields by TaO particles with the same 
parametrization. This combined with the thermalization losses that the 
TaO particles experience on their way from target to samples [38] makes 
it more likely that the damage for the semiconductors is due to the 

Fig. 2. a) Growth rate and refractive index as a function of the scaling factor f. 
The uncertainty bars represent 90% level of confidence. b) Numerically 
calculated sputtering yield (Y) of Ta2O5 with Ar+ ions (Eproj) for normal inci-
dence and for the incidence angle of 55◦ used in this work. 
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scattered Ar+ ions. The differences in PL results with parametrization 
are not directly explained by the sputtering yield as both AlInP and 
AlGaAs follow similar trend between f = 1 and f = 0.5, so it is likely that 
the surface oxidation of AlGaAs plays a major role in the discrepancies 

between the two window materials. 
To verify the possible surface topography changes in the semi-

conductor material caused by the coating process, a test series of 
parametrized Ta2O5 films on n-GaAs samples were wet etched with 50% 

Fig. 3. Normalized reflectance-corrected PL intensities from the MJSC structures with AlGaAs or AlInP window layer coated with the parametrized Ta2O5 ARCs.  

Fig. 4. Surface topography maps of the parametrized Ta2O5 thin films by AFM.  

Fig. 5. a) Calculated maximum kinetic energies of the sputtered TaO particles (Espu) and the scattered Ar ions (Esca). b) Calculated fluxes of the sputtered TaO 
particles as a function of the particle energy, both in low energy region (≤ 50 eV) and in high energy region (≥ 50 eV). 
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HF to remove the Ta2O5 layers. The nominal etch rate of Ta2O5 in 50% 
HF is ~230 nm/min [41], so the films with the thickness of 39 nm 
should have been completely dissolved with the treatment. GaAs is used 
in place of the MJSCs, as HF is known to etch Al-containing III–V ma-
terials rapidly [42–44], which would prevent observing any surface 
changes caused by the deposition on AlInP or AlGaAs surfaces. The AFM 
scans for the post-deposition HF-etched n-GaAs samples are shown in 
Fig. 7. Also, a non-etched GaAs sample was measured, but it proved to be 
topographically identical with the HF etched sample and thus is not 
shown here. 

The results show that with f = 1, the semiconductor surface gets little 
rougher (0.01 nm) when compared to the just etched GaAs, which in-
dicates only minor secondary sputtering taking place at the sample 
surface. Noteworthy, the difference in Ta2O5 layer roughness for stan-
dard parametrization compared to other parametrizations shown in Fig 
4. corresponds with the increase in roughness observed with the HF 
etched f = 1 GaAs sample. For f = 1 there are visible islands with heights 
of ~3 nm and diameters ranging between 10 and 50 nm. Such islands 
are also visible on the just HF-etched GaAs and f = 0.6 sample, but their 
diameters are only of ~15 nm with heights of ~1 nm. In order to deduce 
the formation mechanism of the larger islands, their elemental compo-
sition should be analyzed. At this point, it is assumed that the reactive O2 
atmosphere produces native oxides [45,46] that have different surface 
binding energies from non-oxidized semiconductor material, which 
leads to preferential sputtering. The islands on f = 0.5 sample are of the 
same diameter (~15 nm) than on the just HF-etched and f = 0.6 samples, 
but slightly lower in height (~0.5 nm), which makes them almost 
indistinguishable on the scan. The parametrized films f = 0.6 and f = 0.5 
seem to produce smoother surfaces than the HF-etched reference GaAs, 
which could be either caused by slight sputtering of any loosely bound 
surface atoms, or densification of the surface species. It is possible that 
the present oxygen species in the reactive sputtering process can affect 
the former by creating more volatile compounds on the semiconductor 
surface. In addition, the parametrization f = 0.5 produces even smoother 
surface than f = 0.6, which partially contradicts the PL results shown in 
Fig. 3, where the surface PL gets worse for the AlGaAs window structure 
with f = 0.5. As the smaller scaling parameter decreases the growth rate 
of Ta2O5 and thus increases the time the bare semiconductor surface is 
exposed to the reactive oxygen species, we believe that the deterioration 
of PL for AlGaAs surface is more due to the surface oxidation than the 
deposition parameters related to secondary sputtering. This notion is 
backed by the PL results of the other junctions being better with the f =
0.5 than f = 0.6, and the sputtering yields for AlInP and AlGaAs 
following similar trend between f = 0.5 than f = 0.6 for both investi-
gated projectile species. 

Photoluminescence and surface quality alone do not demonstrate the 
effects of Ta2O5 parametrization on a MJSC device performance. For this 
GaInP/GaAs/GaInNAsSb MJSCs were coated with Ta2O5/SiO2 ARCs 
with the standard parameters (f = 1) and the best parametrization result 
by PL (f = 0.6). Just the starting Ta2O5 layers of the ARCs are parame-
trized. The corresponding LIV results of the MJSCs are shown in Fig. 8a). 

The negative effect of standard Ta2O5 coating on the cell perfor-
mance is drastic, as it provides worse LIV performance than the un-
coated MJSC, although its average reflectance is 20 percentage points 
lower. This indicates deposition inherited damage to the solar cell 
structure that increases recombination losses. The parametrized ARC in 
comparison leads to a significant enhancement in the current density 
(~40%) and shows no clear evidence of coating process induced dam-
age. Moreover, the open-circuit voltage does not vary between the 
MJSCs, being ~2.6 V for all three, which points mainly to increased 
recombination losses in the window layer, instead of other loss 

Table 2 
Calculated sputtering thresholds for Ta2O5, GaAs, AlGaAs and AlInP.  

Sputtering Threshold [eV] 
Target material Ta2O5 GaAs AlGaAs AlInP 

Projectile Ar+ Ar+ TaO Ar+ TaO Ar+ TaO 
Eth

Matsunami 19 14 41 16 49 23 77 
Eth

Bohdansky 28 21 40 24 45 33 63 
Eth

Yamamura 42 19 45 21 53 39 59 
Eth

Oblique 14 8 19 9 22 16 24  

Table 3 
Integrated TaO particle fluxes of particles having over 50 eV kinetic energy and 
their relative amount in comparison to total TaO particle flux.  

f Integrated Flux [s− 1cm− 2] 
Espu ≥ 50 eV 

Relative Amount from Total Flux 

1 9.8 × 1015 8.4% 
0.7 5.5 × 1015 7.1% 
0.6 4.1 × 1015 6.4% 
0.5 2.8 × 1015 5.4%  

Fig. 6. a) Calculated sputtering yields for GaAs, AlGaAs and AlInP by the 
scattered Ar+ ions at 50◦ incidence. b) Calculated sputtering yields for GaAs, 
AlGaAs and AlInP by the primary TaO particles at 50◦ incidence. 
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mechanisms. The reflectance in Fig. 8b) show that both ARCs provide 
similar improvement in reflectivity compared to the uncoated MJSC, 
although small differences can be seen due to nominally different 
refractive index of Ta2O5 layer and minor alteration in layer thicknesses 
between the coating runs. Based on the LIV results, non-optimal 
parametrized deposition of Ta2O5 is not suitable for optoelectronics, 
as it clearly causes functional damage to the semiconductor materials. 
Similarly, it is seen that optimization mitigates the deposition induced 
degradation. 

4. Conclusions 

Optimization of the process parameters use in reactive ion beam 
sputtering of Ta2O5 thin films for III–V multijunction solar cells was 
investigated in order to prevent deposition induced damage of the 
semiconductors. The parametrized Ta2O5 was used as a starting layer for 
an ARC on both GaInP/GaAs/GaInNAsSb and AlGaAs/GaAs/GaInNAsSb 
MJSCs with AlInP and AlGaAs window layers, respectively. 

The standard deposition parameters were found to damage the 
MJSCs leading to reduced PL intensities and to a significant drop in the 
short-circuit current density, by 0.5 mA/cm2 when compared to an 

Fig. 7. AFM surface topography maps of the n-GaAs samples after post-deposition HF etching of parametrized Ta2O5 thin films and just HF etched GaAs as 
a reference. 

Fig. 8. a) Demonstration of the effects of parametrization of Ta2O5 on GaInP/GaAs/GaInNAsSb MJSC light-biased current-voltage properties with an uncoated MJSC, 
and with ARCs deposited using f = 1 and f = 0.6 parametrizations. The measured current densities, shown under the curves, highlight the influence of parame-
trization on the MJSC performance. b) Measured reflectance of GaInP/GaAs/GaInNAsSb MJSCs without an ARC and with the parametrized ARCs. 
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uncoated MJSC, and by 3.4 mA/cm2 when compared to the ARC with 
the optimized parameters. The parametrization was done by linearly 
scaling the three main parameters of the ion source, namely RF power, 
ion beam current, and beam voltage. 

Numerical investigations indicate that the root cause for the per-
formance drop is caused by the scattered Ar+ions that have not 
contributed to the target sputtering. AFM comparison revealed a slight 
increase in the surface roughness with the standard parameters that is 
due to secondary sputtering of the semiconductor surface. The scaled 
parameters provided smoother surfaces than the non-coated reference 
GaAs. It is likely that the surface oxidation plays a significant role in the 
observed secondary sputtering and performance changes in the MJSC. 
Future work needs to address the oxidation of the semiconductor sur-
faces and the possible preferential sputtering that was omitted here. 

The linear parametrization provided a functional tool to find suitable 
deposition conditions of Ta2O5 for III–V multijunction solar cells. We see 
it necessary to utilize such parametrization for all IBS materials depos-
ited on III–V semiconductors to prevent surface damage and device 
degradation. For further improvement we would suggest pre-deposition 
passivation to prevent uncontrolled oxidation of the semiconductor 
surface. This would remove one unknown variable (state of oxidation) 
from the process and would allow more specific deposition process 
optimization for specific coated semiconductor compound. 
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