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A B S T R A C T   

Low-bandgap GaInNAsSb single junction solar cells incorporating a planar Au back surface reflector for 
enhancing the photocurrent generation are reported. In particular, a 700 nm thick GaInNAsSb junction with a 
bandgap of 0.78 eV (corresponding to 6.2% N) incorporating the back reflector exhibited a short-circuit current 
density of 15.2 mA/cm2 for AM1.5D (1000 W/m2) illumination, when placed underneath a GaAs-filter 
mimicking the operation of a multijunction architecture. The corresponding external quantum efficiency rep-
resents the highest external quantum efficiency reported so far for dilute nitride solar cells with bandgaps below 
0.8 eV. Electrical simulations reveal that the relatively high value of the quantum efficiency is attributed to a low 
p-type carrier concentration and partially to the varying doping level in the GaInNAsSb region. Moreover, the 
absorption coefficients for low-bandgap GaInNAsSb materials are estimated and used in a comprehensive optical 
analysis to understand the photon harvesting performance of the solar cells with reflector. The analysis reveals 
incomplete absorption in the GaInNAsSb layers for the double-pass configuration enabled by the planar back 
reflector pointing to the need for deploying more advanced structured reflectors. However, the structures 
exhibited high collection efficiencies laying the foundation for further improvements of the quantum efficiency 
values. Moreover, the low-bandgap dilute nitride solar cells show potential to meet the current-matching re-
quirements in next-generation multijunction devices with five or more junctions, thus being a prospective 
alternative for replacing Ge as the bottom junction.   

1. Introduction 

Multijunction solar cells (MJSC) based on III–V semiconductor ma-
terials offer the highest conversion efficiencies in terrestrial and space 
power generation. Recently, a new record for terrestrial operation was 
set with a six-junction (6J) inverted metamorphic solar cell reaching a 
power conversion efficiency of 47.1% at 143 × sun concentration [1]. 
Ultra-high conversion efficiencies exceeding 40% have also been 
demonstrated with other multijunction architectures, e.g. 46% with a 
wafer bonded four-junction (4J) cell [2], 42.3% with an upright meta-
morphic triple-junction (3J) cell [3], as well as 44% with a 
lattice-matched (LM) 3J solar cell design [4,5]. Each of these approaches 
come with their own advantages and disadvantages. In metamorphic 
approaches the bandgap energies of individual subcells can be selected 
relatively freely but these involve the use of several thick buffer layers. 
Metamorphic approaches also require deployment of different tunnel 

junctions for subcell interconnects, further complicating the fabrication 
process. On the other hand, wafer bonding removes the need for thick 
metamorphic buffer layers as the subcells can be grown lattice-matched 
on different substrates. However, this approach requires growth and 
handling of different wafers, leading to more complex processing 
compared to monolithic solar cells and thus to possible detrimental 
implications on throughput, yield, and ultimately cost. In the LM case all 
the subcells are grown lattice-matched to the substrate material (typi-
cally GaAs or Ge) without thick buffer layers. Compared to wafer 
bonding method, the LM solar cell structures can be grown in a single 
growth run, and the processing is relatively straightforward. The 
drawback of this approach is that the bandgap energies of the subcells 
cannot be selected easily to cover the desired broadband spectral range 
required for high-efficiency operation. Such LM MJSCs incorporating 5 
or more junctions have the potential to achieve conversion efficiencies 
over 50% [6–9]. However, this calls for development of new subcell 
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materials, especially for ultraviolet and infrared regions of the solar 
spectrum, where conventional III–V junction materials are not providing 
optimal photovoltaic properties. 

For covering the infrared region in the LM approach, the so-called 
dilute nitrides, i.e. GaInNAs and GaInNAsSb compound semi-
conductors incorporating a few percent of nitrogen, are a prime choice. 
The main reason is that these materials can be used to cover bandgap 
energies from 1.4 eV down to 0.7 eV, while staying lattice-matched to 
GaAs or Ge [4,10–12]. Dilute nitride materials grown by molecular 
beam epitaxy (MBE) with bandgap energies around 1 eV have been 
successfully utilized in high-efficiency MJSCs [5,12–14]. Recently, we 
have also demonstrated significant improvement in the material quality 
of MBE-grown GaInNAsSb single junction (SJ) solar cells 
lattice-matched to GaAs with N concentrations up to 8%, corresponding 
to bandgap energies close to 0.7 eV [8], yet these heterostructures are 
known to be prone to suffer from high background doping levels [15] 
and short minority carrier lifetimes [16,17]. In turn, a high background 
doping narrows the depletion region [18]. At the same time, short mi-
nority carrier diffusion lengths, caused by the short minority carrier 
lifetimes [17,19] and relatively low carrier mobilities [20,21], reduce 
the carrier collection efficiency. When combined, these effects impose 
an upper limit for the thickness of the absorber layers, in particular for 
high N contents, where the reported quantum efficiencies are modest 
[17,22]. The problems associated with high background doping levels 
and short minority carrier lifetimes become more severe with high ni-
trogen compositions, i.e. >4% N, required for implementation in tan-
dem architectures with four or more junctions. One solution for 
mitigating these issues, ultimately enabling current-matching of the 
narrow bandgap GaInNAsSb subcell in a MJSC stack, is to utilize highly 
reflective back surface reflectors (BSR) below the GaInNAsSb junction. 
With a BSR, the optical path length of light in the absorber layer can be 
increased without the need for using physically thicker absorbing layers 
[23,24]; the increase in the effective thickness of the absorber reduces 
transmission related losses, boosting the current generation in the 
junction. The implementation of a BSR can also increase the cell voltage 
due to higher effective light concentration inside the junction [25,26]. 
Besides the enhanced performance, there are other practical benefits 
gained from the implementation of BSR for solar cell structures. First of 
all, since the integration of a BSR generally requires a substrate removal 
step, this also enables fabrication of thin, lightweight and flexible solar 
cells that enable solar generators with high power-to-weight ratio, 
which is an especially relevant parameter for space and unmanned aerial 
vehicle applications [27,28]. The substrate removal can also be per-
formed non-destructively with an epitaxial lift-off process, which per-
mits the reuse of the substrate, thus reducing the material costs 
originating from the III–V substrate [29]. 

Here, we report on the development of MBE-grown SJ GaInNAsSb p- 
i-n solar cells with bandgap energies close to 0.8 eV (corresponding to N 
concentrations of ~6%) employing planar Au BSR. For this demon-
stration, we did not implement a lift-off process, which would require 
separate optimization. Instead, the n-GaAs substrate was thinned and 
used as an optical filter to assess the photovoltaic properties of such 
high-N-content SJ solar cells in structures with illumination conditions 
more similar to multijunction architectures. 

2. Experimental 

2.1. Fabrication details 

The GaInNAsSb SJ p-i-n solar cell structures were grown by plasma- 
assisted MBE using a Veeco GEN20 system. The MBE system was 
equipped with SUMO cells for group III elements and valved cracker 
sources for As, P and Sb. Atomic N was introduced by using a Veeco UNI- 
Bulb radio frequency plasma source. The SJ solar cell structures were 
grown on 3” n-GaAs(100) substrates (625 μm, 2 × 1018 cm− 3) and 
consisted of undoped GaInNAsSb absorber layers with nominal 

thickness of either 350 nm or 700 nm placed between p-GaAs and n- 
GaAs layers. For the back-surface field and window layers, p-GaInP and 
n-GaInP were used on the p-side and n-side of the structures, respec-
tively. The nitrogen concentration of the GaInNAsSb layers was ~6%, 
corresponding to bandgap energies of ~0.8 eV. The nitrogen composi-
tions were determined by energy-dispersive spectroscopy (EDS) 
following the procedure described in Ref. [8]. The sample descriptions 
for the solar cell structures are provided in Table 1. 

Individual prototype solar cell devices were fabricated from each of 
the grown wafers. The schematics of the solar cell structures and the 
process flow are illustrated in Fig. 1. First, the n-GaAs substrates of the 
samples were thinned and polished nominally to ~200 μm; this im-
proves handling during processing steps and emulates light transmission 
in multijunction architectures. The substrates were thinned using a 
lapper and chemical etching and the actual thicknesses of the thinned 
substrates (Table 1) were inspected with a scanning electron micro-
scope. The samples were then cleaved into 6 mm × 6 mm pieces. A Ni/ 
Au/Ge/Au (10 nm/5 nm/30 nm/200 nm) front contact grid was 
deposited on the n-side (substrate side) of the samples using an electron 
beam (e-beam) evaporator after which a rapid thermal annealing (RTA) 
was performed to ensure formation of an ohmic contact. The back 
contact consisted of Au/Pt/Au (50 nm/50 nm/100 nm) and was evap-
orated on the p-side (epilayer side) by e-beam. The p-side metallization 
also acts as a planar BSR. After metallization, a four-layer TiOx/SiOy (43 
nm/20 nm/14 nm/82 nm) antireflection coating (ARC) was deposited 
on the n-side of the samples using ion beam sputtering. In addition to the 
actual solar cell samples, same ARC was deposited on samples without 
the n-side metal grids for assessment of the cell reflectance. For assessing 
the reflectance of the antireflection film, the ARC was also deposited on 
a n-GaAs substrate. Finally, n-GaAs substrate samples with a thickness of 
210 μm, with and without Au BSR, were fabricated in order to determine 
the reflectance (R) and transmission (T) properties of the n-GaAs filter 
and back reflector for optical modelling of the solar cell structures. 

2.2. Methodology for characterization and electrical simulation 

The performance of the solar cells was assessed by external quantum 
efficiency (EQE) measurements and light-biased current-voltage (LIV) 
measurements. The EQE measurements were performed with an in- 
house-built monochromator-based setup equipped with a 250 W 
quartz tungsten halogen lamp and suitable edge-pass filters. A NIST- 
calibrated Ge reference detector was used for the signal calibration of 
the EQE measurement system. The measured EQE values were also 
modelled using PC1D simulation software (v.5.9) [30,31]. In the simu-
lations, a doping dependent value for charge carrier mobility in the 
dilute nitride layers was used. The simulation included the measured 
absorption coefficient for the thick n-GaAs top filter layer to estimate the 
amount of light that is passed to the dilute nitride absorber. 
Capacitance-voltage (C–V) measurements performed for separately 
processed mesa-type diode structures using a BioRad DL8000 deep level 
transient spectroscopy instrument, were used to estimate the doping 
profile in the GaInNAsSb layers. Then by using an iterative fitting pro-
cess (i.e. manually tuning the variables and using the simple batch 
processing capability of PC1D), the simulated values for the short-circuit 
current density (Jsc), open-circuit voltage (Voc), and EQE, were fitted to 

Table 1 
Sample descriptions including the layer thicknesses, N compositions and 
bandgap energies for the GaInNAsSb absorbers, and the measured thickness of 
the n-GaAs filter layer for each cell (the thickness variation is unintentional).  

Sample GaInNAsSb thickness 
(nm) 

[N] 
(%) 

Eg (eV) n-GaAs thickness 
(μm) 

A 350 6.0 0.80 196 
B 700 6.0 0.80 184 
C 700 6.2 0.78 203  
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the experimental characteristics. More precisely, the simulation vari-
ables included the carrier concentrations, carrier bulk lifetime, and the 
absorption coefficient of the GaInNAsSb. The reflectance values for the 
backside and frontside were also included in the PC1D modelling while 
the free carrier absorption of GaInNAsSb was excluded from the simu-
lations; however, we note that the contribution of free carrier absorption 
is partially taken into account in the absorption coefficients of the 
GaInNAsSb layers. 

The LIV characterization was performed with an OAI TriSol solar 
simulator at one-sun AM1.5D (1000 W/m2) spectral conditions and 
25 ◦C (hereafter referred as one-sun). Electrical characterization also 
included measurements under dark conditions (referred as dark-IV). The 
specular reflectance and transmission spectra for the solar cell reflec-
tance samples, ARC on n-GaAs substrate and the 210 μm thick n-GaAs 
substrate samples were measured using a PerkinElmer Lambda 1050 
spectrophotometer. 

3. Results and discussion 

3.1. EQE and LIV characterization 

The EQEs measured for the GaInNAsSb single junction cells are 
presented in Fig. 2. The highest EQE, with a peak value of 0.79, was 
measured for sample C with the thicker 700 nm GaInNAsSb absorber 
layer and the lowest bandgap energy of 0.78 eV. Sample B, also 
comprising a 700 nm GaInNAsSb layer, but with 0.8 eV bandgap energy, 
exhibits slightly lower EQE with a peak value of 0.73. Sample A with the 

thin 350 nm GaInNAsSb i-region has the same peak EQE as sample B 
with the same bandgap energy, but for sample A the EQE is lower at 
longer wavelengths compared to sample B. The difference in EQE per-
formance between samples A and B can be attributed to reduced 
absorbance in the 350 nm thick GaInNAsSb layer of sample A. The EQE 
decreases for all samples at longer wavelengths as seen in Fig. 2. This 
behavior is more prominent for sample A with thinner i-region, indi-
cating insufficient absorption in the GaInNAsSb layers even with the BSR 
used to effectively double the absorber thickness. It should also be noted 
that the EQE response below 890 nm is not originating from the GaIn-
NAsSb junction, but instead is a measurement artefact possibly caused 
by luminescent coupling [32,33] from the thick n-GaAs filter layer. The 
EQE data was used for estimating the Jsc of the cells at AM1.5D (ASTM 
G173-03 [34], 1000 W/m2 normalization). The EQE response below 
890 nm was neglected in the estimation. The obtained Jsc values inte-
grated from the EQE data are listed in Table 2. 

It should be noted that some of the incident light is absorbed by the 
thick (~200 μm) n-GaAs filter mostly via free carrier absorption, which 
is the dominant absorption loss mechanism in semiconductors for 
photon energies below the bandgap energy [35]. This leads to lower 
EQE values for the GaInNAsSb junctions compared to the situation 
where a realistic (much thinner) GaAs subcell would be used on top of 
the junctions. The losses arising from the free carrier absorption are 
discussed later. 

One-sun LIV characteristics measured for the experimental GaIn-
NAsSb solar cells are shown in Fig. 3. The corresponding Jsc, Voc, and fill 
factor (FF) values are compiled in Table 3. The bandgap-voltage offsets 
(Woc) calculated from the bandgap energies and measured open-circuit 
voltages, the dark saturation current densities (J0), and series re-
sistances (Rs) obtained from dark-IV measurements are also presented 
Table 3. The Jsc values obtained from LIV measurements correspond well 
with the Jsc values integrated from the EQE values. For samples A and B, 
with similar bandgaps, the LIV characteristics are closely comparable 
except for Voc, which is ~30 mV higher for sample A with thinner i-layer. 

Fig. 1. Solar cell structure with simplified process flow.  

Fig. 2. Measured EQEs and best fits of simulated EQEs for the SJ GaInNAsSb 
solar cells with BSR. The measured EQE response at wavelengths below 890 nm 
is a measurement artefact not originating from the GaInNAsSb cell. 

Table 2 
Jsc values integrated from the EQEs, measured one-sun LIV characteristics, Woc, 
J0 and Rs values for the back reflector GaInNAsSb cells.  

Sample Jsc (mA/cm2) 
Integrated 
from EQE 

Jsc 

(mA/ 
cm2) 
LIV 

Voc 

(V) 
FF 
(%) 

Woc 

(V) 
J0 

(A/ 
cm2) 

Rs 

(mΩ∙cm2) 

A 12.1 12.3 0.21 52 0.59 1.8 
×

10− 5 

84 

B 13.7 14.4 0.19 54 0.61 2.6 
×

10− 5 

76 

C 15.2 15.5 0.13 46 0.65 2.5 
×

10− 4 

82  
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Consequently, also the Woc of sample A is smaller compared to the Woc of 
sample B. From the dark-IV measurements the J0 values for samples A 
and B were estimated to be 1.8 × 10− 5 A/cm2 and 2.6 × 10− 5 A/cm2, 
respectively, which are close to typical J0 values (1.4 × 10− 6 to 1.5 ×
10− 5 A/cm2) reported for Ge subcells [36]. The difference in J0 could at 
least partially explain the ~30 mV difference in Voc between samples A 
and B. For sample C the Voc is >60 mV lower compared to the other two 
samples, indicating deteriorated material quality. The J0 for sample C 
was estimated to be 2.5 × 10− 4 A/cm2, which is approximately one 
order of magnitude higher than J0 for the other two samples. The higher 
value of J0 is also linked with the small Voc of sample C, which then also 
translates into higher Woc. The Woc values of these cells are considerably 
higher than the ideal Woc, which should be in the range of 0.4 V [37]. In 
addition, the Woc values presented here are significantly higher 
compared to 0.47 V demonstrated with a 1 eV GaInNAs solar cell [38], 
indicating reduced material quality caused by the increased nitrogen 
content. Moreover, although the FFs exhibited by the GaInNAsSb cells in 
this work are approximately 10–20% points higher than FF values 
determined for similar cells (without BSR) [8], these are still relatively 
low. The higher FF values compared to cells without back reflector are 
not caused by the inclusion of the BSR but instead mostly by better 
ohmic contacts resulting from the RTA treatment for the front contact 
metals used in this work. For solar cell samples without BSR, fabricated 
from the same wafer as sample C, the contact RTA treatment for the 
n-side metals reduced the Rs from 234 mΩ∙cm2 to 105 mΩ∙cm2, while 
the FF increased from 30% to 42%. For the solar cells with BSR, the 
values for Rs were in the range of 76–84 mΩ∙cm2 (Table 2). The ~20 
mΩ∙cm2 difference between Rs values for cells with and without BSR is 
caused by the thinning of the n-GaAs substrate in the back reflector 
process. By further thinning of the 200 μm n-GaAs filter (i.e. in 

integration conditions) lower series resistances and thus also higher FFs 
could be expected from these cells. In a bigger picture, although these 
cells demonstrate a good current generation potential, the relatively low 
Voc values reduce the efficiency gained from the incorporation of the low 
bandgap dilute nitride subcells into MJSC architectures, requiring 
further improvements of the material quality. 

3.2. Electrical simulations 

One-dimensional PC1D simulations were performed for the samples 
in order to devise the physical parametrization for the small bandgap 
GaInNAsSb junctions. The simulations were matched with the measured 
EQE and then with the LIV characteristics using best fit principle while 
focusing more on the Voc. The comparison between the simulated and 
measured EQE is shown in Fig. 2. For the absorption coefficient of the 
GaInNAsSb materials in the simulation, it was necessary to have slight 
variation between samples in order to obtain best fit with the measured 
characteristics. The starting point for varying the absorption coefficient 
values at different wavelengths was taken from our previous studies on 
dilute nitride solar cells. We would note that just shifting the absorption 
edge was not enough to have a good fit with electrical parameters. The 
C–V measurements (not shown here) revealed that for sample B the 
carrier concentration appeared to be almost constant (p = ~1.1 × 1016 

cm− 3) throughout the GaInNAsSb layer whereas for samples A and C the 
carrier concentration decreased towards the n-GaAs emitter. 

The GaInNAsSb material was determined to have a p-type conduc-
tion for all the three samples. The carrier concentration of sample A was 
the highest close to the p-GaAs base layer whereas sample B had the 
lowest carrier concentration near the p-GaAs base. However, the lowest 
carrier concentration was found for sample C close to the n-GaAs 
emitter, corresponding to bulk doping of 3.2 × 1015 cm− 3 and an erfc- 
type diffusion profile with peak doping of 5 × 1016 cm− 3 and depth 
factor of 0.22 μm. For sample A the diffusion profile parameters were: 
bulk doping of 2 × 1016 cm− 3, peak value of 1 × 1017 cm− 3 and depth 
factor of 0.35 μm. Although we initially attempted to use a fixed p- 
doping of 1.1 × 1016 cm− 3 for sample B, the best fit was in the end 
obtained using a p-type carrier concentration of 1.4 × 1016 cm− 3. 
Regarding the lifetimes, samples A and B show relatively similar best fit 
lifetime values; lifetimes for samples A and B are 1.05 ns and 1.09 ns, 
respectively. For sample C the lifetime was 0.31 ns. We did not consider 
changes in the lifetime component in the simulations with variation in 
the doping levels. However, the changes in the diffusion length would at 
least partially be considered by the doping dependent mobility used in 
the simulations. The lifetime values for A and B are rather long 
compared to previous experimental work on dilute nitrides [16], indi-
cating a relatively good material quality. Also, the lifetime of sample C is 
still close to ns range, which combined with the aid of the electric field 
generated by the carrier profile results in the highest EQE. In general, 
the carrier concentrations of the samples are slightly higher than what 
would be expected for the high-quality dilute nitride materials for solar 
cells grown by MBE [39]. With closely similar carrier lifetimes, higher 
doping level would be the limiting factor for carrier collection and thus, 
would set the limit for the thickness of the dilute nitride layer in the p-i-n 
type solar cell structures. This effect is seen for sample C, which based on 
the simulation data has clearly lower carrier lifetime than samples A and 
B, but on the other hand also have a very low carrier concentration 
ensuring that the i-region remains well depleted (or at least there is an 
electric field aiding the carrier collection) explaining the high EQE. The 
downside of the low carrier lifetime and concentration is that they lead 
to reduced Voc. The simulated Voc values were well matched with the 
measured LIV values. The simulated Jsc values for samples A, B and C are 
12.3 mA/cm2, 14.3 mA/cm2 and 15.6 mA/cm2, respectively, which 
correlate reasonably well with the Jsc values calculated from the EQE 
curves and Jsc values from the LIV measurements (Table 2). 

Fig. 3. One-sun LIV curves for the experimental GaInNAsSb solar cells 
with BSR. 

Table 3 
Values for IQE at Eg + 0.2 eV and Jsc integrated from the IQE (AM1.5D, 1000 W/ 
m2). The values shown in parenthesis are taken from the IQE values without the 
parasitic absorption of n-GaAs (dashed lines in Fig. 9).   

Sample 

A B C 

IQE at Eg + 0.2 eV 0.56 
(0.65) 

0.65 
(0.73) 

0.71 
(0.81) 

Integrated Jsc (mA/cm2) 12.6 
(14.6) 

14.3 
(16.2) 

15.9 
(18.4)  
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3.3. Solar cell reflectance 

The reflectance spectra measured for the reference samples without 
front metals grids are shown in Fig. 4. As a simple approximation, the 
measured reflectance can be considered as a superposition between the 
reflection from the front surface with ARC and the back reflection from 
the planar back surface reflector, which is illustrated in Fig. 4. Firstly, 
the reflectance near the band edge of GaAs is nearly 0%, showing that 
the ARC at this spectral range is highly transmissive. Secondly, an 
increased reflectance with increasing wavelength was observed for all 
samples the GaAs band edge. The measured reflectance in the GaIn-
NAsSb absorption band is clearly above the reflectance values of the 
ARC on n-GaAs substrate giving the baseline surface reflectance for the 
solar cell samples. The increased measured reflectance in the GaInNAsSb 
absorption band is mostly due to back reflection of photons that have not 
been absorbed by the GaInNAsSb layer even after multiple passes. For 
sample A this effect is more prominent due to rather thin GaInNAsSb 
layer (350 nm) causing the absorbance to be lower compared to the 
samples B and C with 700 nm thick absorbers. The measured reflectance 
saturates at ~70% beyond the GaInNAsSb band edge. The main reasons 
for the reflectance to be only ~70% beyond the GaInNAsSb band edge 
are the free carrier absorption in the n-GaAs substrate (acting now as a 
filter layer) [35] and the losses at the GaAs/Au interface [25]. A minor 
contribution also comes from the Au back reflector material since the 
reflectance of gold is ~99% in this spectral region [40]. 

3.4. Optical analysis 

To further analyze the optical properties of the solar cells, we per-
formed optical modelling based on the reflectance and transmittance 
data. First, the surface reflectance of the air/GaAs interface (Rf) and 
absorption coefficient (α) for the n-GaAs substrate material were 
determined from the reflectance and transmittance measured for the 
bare 210 μm n-GaAs substrate. This was done by simultaneously solving 
equations for measured transmittance (Tmeas) and measured reflectance 
(Rmeas) for a single slab of material taking into account multiple re-
flections at the interfaces [41,42]. The absorbance of the slab (Ameas) can 

be determined from the measured transmittance and reflectance as Tmeas 
+ Rmeas + Ameas = 1 [42]. In Fig. 5 we have plotted Tmeas, Rmeas, Ameas, Rf 
and α determined for the bare 210 μm n-GaAs substrate sample. Fig. 5 
also includes the absorption coefficient used in the PC1D simulations for 
the n-GaAs filter layer. We should also note that the measured absorp-
tion coefficient values below 900 nm region should be considered with 
care. This is because the thick n-GaAs effectively absorbs almost all the 
photons that have energy higher than the bandgap of GaAs. Therefore, 
the calculation based on Tmeas and Rmeas does not give reliable values for 
the absorption coefficient in this wavelength range. However, this will 
not affect the main conclusions of the article. 

Fig. 5 shows that the absorption coefficient for the n-GaAs substrate 
caused by free carrier absorption is ~5 cm− 1 beyond the GaAs band 
edge. These values obtained for the n-GaAs substrate with doping level 
of 2 × 1018 cm− 3 are consistent with the values reported for n-GaAs with 
doping levels ~1 × 1018 cm− 3 [35]. The absorbance in the bare 210 μm 
n-GaAs substrate beyond the GaAs band edge caused by the free carrier 
absorption is ~10%. 

The experimentally determined absorption coefficient and surface 
reflectance for the 210 μm n-GaAs substrate were then used for model-
ling of a 210 μm n-GaAs substrate sample with an Au BSR employing 
equations derived from a matrix formalism based on the study of Bau-
meister et al. [43] emphasizing the irradiance flow. From these calcu-
lations the reflectance of the Au back reflector (RB) was obtained. The 
average reflectance of the Au BSR was estimated from to be 93.3%. This 
indicates quite significant optical losses at the GaAs/Au interface and in 
the Au BSR. With similar matrix formalism the absorbance (A) of n-GaAs 
of material with a BSR was also determined. In addition, the optical 
losses arising from the BSR were estimated by introducing a parameter 
ξBR defined as ξBR = 1 – Rmeas – A. The experimental Rmeas and calculated 
values for Rmeas, A, RB and ξBR for the 210 μm n-GaAs substrate with BSR 
are shown in Fig. 6. 

The analysis indicates that the non-ideal reflectance of the Au BSR 
causes ~7–8% optical loss above the band edge of GaAs, as shown in 
Fig. 6. The absorbance of the 210 μm thick n-GaAs substrate layer is 
roughly doubled when Au BSR is employed compared to the bare n-GaAs 
sample (Fig. 5) as the BSR effectively doubles the thickness of the n-GaAs 
layer. 

Fig. 4. Reflectance spectra measured for reference GaInNAsSb samples without 
front metal grids. The reflectance measured for the four-layer TiOx/SiOy ARC on 
n-GaAs substrate is illustrated with the dashed grey line. In addition, for 
judging the optical model used for simulations, PC1D simulated reflectance 
spectra for samples A and B in the spectral range from 800 nm to 1800 nm are 
included. The dashed vertical lines show the band edges of GaAs 
and GaInNAsSb. 

Fig. 5. Tmeas, Rmeas, Ameas, Rf and α determined for the bare 210 μm n-GaAs 
substrate slab. For reference, also the absorption coefficient of n-GaAs used for 
PC1D simulations is given. The below bandgap free carrier absorption values 
used in the PC1D simulations for the n-GaAs are taken from the optical mea-
surements and optical modeling of the present work and are added to the 
typical GaAs absorption curve. The free carrier absorption added to the thick 
top GaAs in the simulation does not affect the photocurrent but allows simu-
lating the number of photons entering the GaInNAsSb junction. 
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Now, the data and material parameters obtained for the 210 μm n- 
GaAs substrate samples (Figs. 5 and 6) and the ARC on GaAs (Fig. 4) can 
be used for analyzing the reflectance measured for the dilute nitride 
back reflector solar cell samples (Fig. 4). For the analysis, expressions for 
Rmeas, absorbances in the n-GaAs filter (AGaAs) and GaInNAsSb layer 
(ADN) and ξBR in this particular case were constructed using the same 
transfer matrix method used earlier. For simplicity, the contributions 
from the epitaxially grown GaInP and GaAs layers in the structure were 
neglected. Thus, the solar cell structure for this model is approximated 
to comprise the four-layer TiOx/SiOy ARC, the ~200 μm n-GaAs filter 
layer, the GaInNAsSb absorber layer and the Au BSR. The transmission 
through the entire structure (i.e. through the Au BSR) is assumed to be 
negligible. The absorption coefficients of the GaInNAsSb layers could be 
estimated by fitting the expression for Rmeas with the reflectance 
measured for the solar cell structures (Fig. 4). Absorption coefficient of 
the n-GaAs substrate (Fig. 5), RB of the Au BSR (Fig. 6) and the measured 
front surface reflectance of the four-layer ARC on GaAs substrate (Fig. 4) 
were used in the fitting. The extracted absorption coefficients for the 

GaInNAsSb solar cells are shown in Fig. 7. For comparison, Fig. 7 also 
shows the absorption coefficients for samples B and C, obtained from the 
EQE modelling with PC1D. 

Similar absorption coefficients were determined for all the GaIn-
NAsSb materials using the optical modelling. The experimental ab-
sorption coefficient values show some oscillations at the shorter 
wavelengths originating from the simplifications made for the solar cell 
structure in the optical model. In the model, the epitaxially grown GaInP 
and GaAs layers were neglected, but in practice, these additional layers 
have an impact on the optical properties of the structure causing inter-
ference fringes, which can be seen in the measured reflectance (Fig. 4). 
Due to these approximations, the fringes are then visible also in the 
absorption coefficient values obtained from the optical modelling. 
Nevertheless, the absorption coefficient values for samples B and C 
extracted using the optical model correlate extremely well with the 
values obtained from the PC1D modelling. We also note that the ab-
sorption coefficients determined by the optical model and by the PC1D 
simulation have marked differences, especially at the wavelengths 
beyond the band edge of GaInNAsSb. The absorption coefficient used in 
PC1D simulations is related to interband absorption processes, and thus, 
the absorption decreases rapidly at energies below the bandgap. How-
ever, the absorption coefficient determined by the optical model also 
considers intraband absorption processes. Still, this is the first time that 
absorption coefficients for GaInNAsSb compounds with <0.8 eV 
bandgap energies are reported. Using these absorption coefficient 
values, absorbance in the n-GaAs filter as well as the losses in the BSR 
could be estimated for the solar cells. The results of the optical analysis 
for sample C are illustrated in Fig. 8. 

The data shown in Fig. 8 indicates that the free carrier absorption 
loss from the 200 μm n-GaAs filter layer is ~10–15% in the absorption 
range of GaInNAsSb. The absorption losses in this case are comparable to 
the absorption losses of the bare n-GaAs slab (Fig. 5). Fig. 8 also shows 
that the losses arising from the non-ideality of the BSR are in the range of 
~1–5% in the GaInNAsSb absorption band. The oscillations seen in the 
absorbance of the GaInNAsSb layer are caused by the simplified optical 
structure used for the optical modelling, similar to the absorption co-
efficients shown in Fig. 7. Optical analysis was also performed for the 
samples A and B (not shown) and the results of these analysis are rather 
similar to those for sample C shown in Fig. 8. 

3.5. Internal quantum efficiency and internal collection efficiency 

The internal quantum efficiencies (IQE) of the cells were calculated 

Fig. 6. Rmeas, A, RB and ξBR determined for the 210 μm thick n-GaAs substrate 
sample with BSR. 

Fig. 7. Absorption coefficients for the GaInNAsSb layers determined from the 
optical modelling. In addition, absorption coefficient for samples B and C from 
PC1D EQE modelling (black circles and squares, respectively) are shown. 

Fig. 8. Optical modelling for sample C showing the Rmeas, ADN, AGaAs, RB and 
ξBR analyzed for the structure. 
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from the measured EQE values in two ways. First, the IQE was calculated 
using the typical relationship IQE = EQE/(1-R), where R is the reflec-
tance of the ARC on GaAs (Fig. 4). Second, as the IQE is used to estimate 
the current generation of a solar cell in absence of optical losses at the 
front (and back) surface, we have also estimated the IQE without the n- 
GaAs filter layer as it is a major source of optical losses for these solar 
cells (Fig. 8). For this the IQE values were estimated with IQE = EQE/(1- 
R-AGaAs), where AGaAs is now the absorbance of the n-GaAs filter layer 
obtained from the optical modelling. This second method also reflects 
more the actual IQE at integration conditions. IQE values for the back 
reflector cells are illustrated in Fig. 9. The IQE values at Eg + 0.2 eV and 
the maximum obtainable short-circuit current densities integrated from 
the IQEs are tabulated in Table 3. 

As expected, the IQE follows the same trend as the EQE; the lowest 
IQE was estimated for sample A with thinner i-region and whereas 
highest values were obtained for sample C. As seen from Fig. 9 and 
Table 3, by also considering the free carrier losses of the n-GaAs sub-
strate, the IQE values are increased by ~10%. Although the IQE values 
of the cells are still far from unity, they compare extremely well with 
values reported for dilute nitride solar cells with bandgap energies 
below 1 eV; IQE values at Eg + 0.2 eV of 0.16 for a 0.77 eV GaInNAsSb 
cell [44], 0.24 for a 0.90 eV GaInNAs cell [44], and 0.72 for a 0.92 eV 
GaInNAs cell [15] have been previously reported. 

The collection efficiencies (CE) of the GaInNAsSb junctions were also 
estimated. CE is defined as the fraction of number of carriers collected in 
the external circuit and the number of photons absorbed by the junction 
[45]. In general, the CE can be used to gauge the recombination losses in 
the junction and thus it also reflects the material quality. However, field 
aided collection also affects the CE, which means that junctions with 
same recombination losses can exhibit different CE depending on the 
presence (or absence) of field aided collection. Absorbance of the dilute 
nitride layers (ADN) obtained from the optical modelling were used to 
estimate the CE shown in Fig. 10 for the GaInNAsSb cells. As a note, the 
CE cannot be directly used to estimate the Jsc of a cell like EQE or IQE. 
The Jsc resulting from integration of CE would describe the Jsc without 
grid shadowing, without reflective losses and with infinite optical 
thickness for the junction. 

From Fig. 10 it can be seen that the highest CE is determined for 
sample A with thinner i-region, with values close to unity at around 1 eV 
spectral range, whereas the lowest CE of ~0.8 is obtained for sample B 
with thicker i-region even though the N content for these samples is the 

same (6%). This signifies that the recombination losses are significantly 
increased for sample B. Then on the other hand, the CE for sample C is 
~0.9, which is noticeably higher compared to sample B. This is most 
likely caused by field aided collection resulting from the gradient in the 
doping profile for sample C as discussed in section 3.2. 

3.6. Optical improvements for GaInNAsSb subcell and projected 
performance in a multijunction configuration 

The CE of a solar cell cannot be used to directly estimate the Jsc of the 
cell mainly as the CE assumes infinite optical thickness for the junction. 
Still, we have used the CE determined for sample C (Fig. 10) to estimate 
the EQE of the cell with various improvements considered for the optical 
structure. The EQE values were projected by modifying the parameters 
in the optical modelling of sample C (i.e. layer thicknesses, Rb and Rf) in 
order to obtain new values for absorbance in the GaInNAsSb layer (ADN), 
which were then multiplied with the CE shown in Fig. 10. First modi-
fication for the structure was to reduce the thickness of n-GaAs filter 
from 200 μm to 2 μm, i.e. closer to the typical thickness of the GaAs 
subcell. This increases the cell EQE response by ~18% on average as the 
free carrier losses of the GaAs filter (Fig. 8) are drastically reduced. 
Consequently, the integrated Jsc of the cell at AM1.5D would be 
increased by 2.2 mA/cm2 when compared to the experimental cell 
(Table 2). Secondly, the reflectance of the ARC (Fig. 4) could be reduced 
significantly in the infrared region by optimizing the ARC layer design. 
Another possibility for obtaining a broadband ARC with low average 
reflectance would be to use nanostructured ARCs [46–49]. If an ARC 
with an average reflectance of 5% would be fabricated on top of the cell 
with 2 μm GaAs filter, the integrated Jsc would actually be ~0.2 mA/cm2 

lower than with the experimental four-layer ARC as the performance of 
an ARC with average reflectance of 5% would be worse in the 800–1200 
nm range compared to the experimental four-layer ARC (Fig. 4), out-
weighing the gain at longer wavelengths. But if an ARC with an average 
reflectance of 2% could be employed, additional 0.5 mA/cm2 would be 
gained. Then, if the Rb could be increased from ~93% to e.g. 98%, the 
losses at the back surface would be reduced and the Jsc would be ex-
pected to increase by 0.2 mA/cm2. To this end, the Rb could be increased 
by employing different metals on the back surface, such as Ag or Ag/Cu 
[50]. Yet the most significant benefit for the EQE performance would 
come from increased optical thickness of the GaInNAsSb layer, which 
would enable increased absorption in that layer. This could be realized 
either by thicker dilute nitride layer or by employing light-trapping 

Fig. 9. Estimated IQEs for the GaInNAsSb solar cells with BSR. The solid lines 
represent IQEs calculated with only considering the surface reflectance of the 
cells. The dashed lines represent IQEs in which the optical losses arising from 
the ~200 μm n-GaAs filters have also been eliminated. 

Fig. 10. Estimated collection efficiencies for the GaInNAsSb back reflector 
solar cells. The solar cell Jsc cannot be directly estimated from the CE as it as-
sumes an infinitely thick junction. 
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techniques. Increasing the physical thickness of the GaInNAsSb layer 
(d0) would not be the ideal solution since the relatively high background 
doping level in these materials (especially with high nitrogen compo-
sitions) usually causes the depletion width to be small [18]. Thus, 
although the absorption in the GaInNAsSb layer would be increased, the 
EQE would still be limited by the narrow depletion region and short 
carrier diffusion length. By employing light-trapping techniques, the 
optical path length could be increased without the need for physically 
thicker absorber layers. This can be realized with a textured BSR that 
effectively scatters light increasing the optical path length of photons 
[51–56]. If the apparent thickness (deff) of the GaInNAsSb layer could be 
doubled from 700 nm to 1400 nm owing to light-trapping, the integrated 
Jsc of the cell at AM1.5D could be increased approximately by 2.3 
mA/cm2 (with Rb = 98%). In case the deff of the i-layer could be 
increased by factor of 2.5, like reported for a GaAs solar cell with 
quasi-random nanostructuring [55], the Jsc would be further increased 
by 0.4 mA/cm2. The estimated EQE curves for the GaInNAsSb cell with 
aforementioned optical improvements are presented in Fig. 11. 

We have also included in Fig. 11 EQE curves simulated for sample C 
using PC1D with n-GaAs filter thicknesses of 2 μm and 20 μm. It is 
observed that the lower wavelength edge of EQE shifts toward shorter 
wavelengths when the n-GaAs filter is thinned down. This is due to the 
fact that for thinner filter layers more photons with wavelengths below 
900 nm are passed through the n-GaAs to the active parts of the solar cell 
and can thus participate in photocurrent generation, i.e. increasing the 
EQE. This effect is not seen in the EQE values obtained from optical 
modelling since the model used here cannot predict the EQE correctly 
for wavelengths that are not passed through the ~200 μm thick n-GaAs 
filter layer. The PC1D model gives thus more accurate estimation of the 
EQE for these wavelengths due to more realistic absorption coefficient 
for the thick n-GaAs filter used in the simulation in this wavelength 
range. When the n-GaAs filter is thinned down to 2 μm the PC1D 
simulation of the LIV curves yields Jsc values of 16.8 mA/cm2, 18.9 mA/ 
cm2, and 20.7 mA/cm2 and Voc values of 0.224 V, 0.203 V and 0.143 V 
for samples A, B, and C, respectively. The PC1D-simulated Jsc values are 
clearly larger than those estimated based on the optical model due to 
abovementioned underestimation of the EQEs at short wavelengths 
close to absorption edge of GaAs. It is also interesting to compare the 

simulated Voc values of the devices with thick n-GaAs filter to devices 
with thinned filters. There is a clear increase in the Voc values upon 
thinning of the filter layer. The increased Voc values with thinned n-GaAs 
filters are due to increased amount of light entering the solar cells, which 
results in a higher photogeneration. The Voc of 0.224 V simulated for 
sample A, would already be well comparable to Voc values of diffused 
Ge-junctions [57]. 

In a realistic multijunction configuration with five or more junctions, 
the narrow bandgap GaInNAsSb subcell would not be stacked below a 
GaAs subcell but instead, for example below a ~1 eV subcell [58] or 
~1.2 eV subcell [8] depending on the design. Thus, one could avoid 
overgeneration of current in the bottom junction (typically seen in Ge 
subcells) and enable more efficient utilization of the solar spectrum. For 
this purpose, we have used the modelled EQEs shown in Fig. 11 to es-
timate the Jsc of the GaInNAsSb subcell in a configuration where the 
junction is stacked below an optically thick subcell (absorbing 100% of 
photons with energies above Eg of the subcell) with varying Eg. The 
resulting Jsc values as function of the bandgap energy of the overlaying 
subcell are presented in Fig. 12. For example, when placed below an 
optically thick 1.1 eV subcell (e.g. GaInNAs), the 0.78 eV experimental 
GaInNAsSb junction would generate 7.0 mA/cm2, whereas with thinned 
n-GaAs filter the junction could generate 7.8 mA/cm2. With improve-
ments for the ARC and the BSR, the junction could generate short-circuit 
current densities of up to 8.3 mA/cm2. Combined with light-trapping, 
which would effectively increase the optical thickness of the GaIn-
NAsSb layer, Jsc up to 10.6 mA/cm2 could be obtained. The maximum Jsc 
of a SJ solar cell with unity EQE at wavelengths up to 1700 nm (EQE for 
sample C extends to 1700 nm) with AM1.5D (1000 W/m2) spectrum is 
60.0 mA/cm2. If this current density would be divided evenly between 
the subcells in a MJSC, the Jsc of current-matched 5J and 6J would be 
12.0 mA/cm2 and 10.0 mA/cm2, respectively. If a more realistic average 
EQE of 0.9 is assumed, the maximum Jsc obtainable with a SJ is reduced 
to 54.0 mA/cm2. In this case, the current-matched Jsc for 5J and 6J 
would be 10.8 mA/cm2 and 9.0 mA/cm2, respectively. By comparing 
these theoretical values with the estimated Jsc values it is evident that in 
the case of implementing the aforementioned optical modifications, the 
0.78 eV GaInNAsSb junction under 1.1 eV subcell could closely fulfill the 
current-matching requirements of 5J and 6J devices. If the bandgap 
energy of the overlaying subcell would be reduced to 1 eV, the maximum 
Jsc for a 0.78 eV subcell with all the presented modifications would be 
6.7 mA/cm2, and with 0.9 eV subcell the Jsc of the improved 0.78 eV 

µ
µ
µ
µ
µ
µ
µ
µ
µ

µ
µ

Fig. 11. Modelled EQE for sample C with different modifications to the optical 
structure of the solar cell. The EQEs are modelled in different situations when 
the thickness of the 200 μm n-GaAs filter is reduced to 2 μm: average reflec-
tance of 5% or 2% for ARC, back reflector reflectance increased to 98% and the 
apparent thickness of the GaInNAsSb layer increased either by factor 2 or 2.5. 
For reference, the PC1D simulated EQEs with a 2 μm and 20 μm thick n-GaAs 
filters are included (dotted lines). 

Fig. 12. Estimated Jsc for 0.78 eV GaInNAsSb subcell with optical improve-
ments under an optically thick subcells (absorbing 100% of photons with en-
ergies above Eg) with different bandgap energies. The dotted vertical lines are 
to guide the eye to subcell bandgap energies discussed in the text. 
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junction would be only ~3.0 mA/cm2. The large decline for the esti-
mated Jsc values with lower bandgap energies of the subcell on top of the 
0.78 eV junctions is largely due to the dip in the AM1.5D spectrum 
around 1300–1500 nm caused by water absorption [34]. Consequently, 
in order to achieve current-matching in MJSC designs employing sub-
cells with Eg < 1.1 eV on top of the 0.78 eV GaInNAsSb junction, the 
thickness of the overlaying subcell should be designed sufficiently thin 
to allow part of the photons from the overlaying subcell to be trans-
mitted to the 0.78 eV bottom junction. Nevertheless, if we compare the 
Jsc values estimated for 0.78 eV GaInNAsSb junctions in MJSC config-
uration (Fig. 12) with the theoretical current-matched Jsc values and 
literature values (estimated and experimental) for 5J and 6J cells [1,59], 
it can be seen that the narrow bandgap dilute nitrides have potential to 
meet the requirements for current-matching in the next-generation 
MJSC architectures with five or more junctions. 

4. Conclusions 

The performance of MBE-grown ~0.8 eV GaInNAsSb single junction 
solar cells with planar Au back surface reflectors was reported. When 
used under a ~200 μm n-GaAs filter, the highest EQE was determined 
for GaInNAsSb cell with Eg of 0.78 eV, for which the Jsc value was 
estimated to be 15.2 mA/cm2 under AM1.5D (1000 W/m2) illumination. 
The photocurrent of the 0.78 eV junction was found to be limited by 
losses related to incomplete absorption in the GaInNAsSb junction, but 
also by the free carrier absorption in the thick GaAs filter, amounting for 
an additional ~10–15% loss. The EQE and LIV data were used for 
electrical parameter fitting of the structures using PC1D simulations. 
The C–V measurements and simulation results indicate that the high 
EQE value imply a non-constant carrier profile with the lowest p-type 
GaInNAsSb carrier concentration of ~3 × 1015 cm− 3 close to the n-GaAs 
emitter layer, ensuring depletion of the i-region in the device and good 
carrier collection. On the other hand, the low carrier concentration, and 
an estimated minority carrier lifetime of ~0.3 ns would explain the 
relatively low Voc value. Using electrical simulations and optical analysis 
carried out for the structures, we report for the first time the absorption 
coefficients of the 0.8 eV GaInNAsSb materials and employ these in a 
comprehensive optical analysis in order to understand the performance 
of such solar cells with planar reflector. The IQE values at Eg + 0.2 eV of 
0.71 and 0.81 with and without the 200 μm n-GaAs filter layers, 
respectively, were estimated for the experimental 0.78 eV GaInNAsSb 
cell. Furthermore, our analysis shows that with additional optical and 
structural improvements, the 0.78 eV GaInNAsSb junction with a BSR 
could satisfy the current-matching requirements of next-generation 
MJSCs. The short-circuit current densities obtained from the LIV mea-
surements at AM1.5D (1000 W/m2) spectral conditions were in line with 
the Jsc values integrated from EQE data. The experimental cells exhibi-
ted relatively low open-circuit voltages between 0.13 V and 0.21 V, thus 
resulting in high Woc values of 0.59–0.65 V. However, the highest 
measured Voc of 0.21 V is approaching the Voc of diffused Ge junctions, 
opening the path for using such low-bandgap material as bottom junc-
tion in advanced lattice-matched solar cells with 5 or more junctions. 
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