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A B S T R A C T   

High performance narrow-bandgap GaInNAsSb solar cells are instrumental for the development of lattice- 
matched GaAs-based solar cells with more than four junctions. To this end a comprehensive optimization pro-
cess including the effects of growth temperature, As/III beam equivalent pressure ratio, and Sb flux on the 
performance of 0.8 eV GaInNAsSb solar cells grown by molecular beam epitaxy is reported. For this, sets of 
GaInNAsSb p-i-n solar cell structures with 5–6% nitrogen compositions were fabricated, while varying the key 
growth parameters. The quantum efficiency and current generation increased significantly when the narrow gap 
materials were grown at elevated growth temperatures, close to phase separation. A further improvement in the 
current generation was observed by employing lower As/III beam equivalent pressure ratios. The best GaInNAsSb 
cell exhibited about 94% peak external quantum efficiency and generated a short-circuit current of 17.7 mA/cm2 

with AM1.5D (1000 W/m2) illumination at wavelengths above 900 nm without employing a back surface 
reflector. Our analysis indicates that the best cell is already close to being absorption limited. While the N 
composition should be kept as low as possible (i.e., ≲5%) to achieve high performance, increasing the Sb flux 
generally results in improved the material quality, i.e., leading to a slight improvement for the open-circuit 
voltages and fill factors. In addition, it was found that the phase separation observed at the growth tempera-
ture of 480 ◦C could effectively be inhibited by employing higher Sb fluxes.   

1. Introduction 

Ultra-high conversion efficiencies can be achieved with multi-
junction solar cells (MJSC) based on III–V materials using various ap-
proaches [1,2]. Currently, the world record efficiency of 47.6% has been 
set by a wafer-bonded four-junction (4J) solar cell [3], but high effi-
ciencies up to 44% have also been demonstrated by lattice-matched 
(LM) solar cell devices comprising dilute nitride subcells [4–6]. In this 
particular LM approach, the germanium bottom junction commonly 
used for GaInP/GaInAs/Ge triple-junction (3J) cells [7], is replaced with 
dilute nitride GaInNAs(Sb) subcell with a more optimal bandgap energy 
(Eg) of ~1 eV [8], and typically the MJSC stack is grown on GaAs. The 
LM approach offers benefits in terms of processing and epitaxy since 
relatively standard post-growth processing can be utilized, and the 
epitaxy does not involve growth of thick passive buffer layers. The dilute 
nitride compounds, where a small fraction of other group-V atoms is 
replaced with N, are attractive for MJSC applications since they are the 

only III–V materials, with the exception of GaAsPBi [9], that can be 
grown lattice-matched to GaAs while reaching bandgaps down to 0.7 eV 
[5,10]. However, due to the limited solubility of N into III–V compounds 
at thermal equilibrium [11] and large miscibility gap [12], metastable 
dilute nitrides need to be grown at significantly lower temperatures than 
traditional III–V materials [13,14]. The optimal growth temperature 
range for dilute nitrides is limited by formation of various crystalline 
point defects at low temperatures [15,16] and by phase separation at 
high growth temperatures [17,18]. The formation of point defects and 
phase separation both have detrimental impact on the material quality 
and device operation. The adverse effects of N also get more pronounced 
with higher N concentrations [17–20]. In general, dilute nitride solar 
cells are infamous for suffering from short minority carrier lifetimes [21, 
22], short diffusion lengths [15] and high background doping densities 
[23], which have hindered their wide spread use for solar cells. How-
ever, the use of molecular beam epitaxy (MBE) has proven to be effective 
for growing high-quality 1 eV GaInNAs(Sb) materials with 
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approximately 3–4% N compositions, resulting in development of high 
performance LM MJSCs [5,24,25]. However, reaching the so far elusive 
50% efficiency level would essentially require increasing the number of 
junctions to five or more [26,27]. For certain five-junction (5J) and 
six-junction (6J) MJSC designs it could be beneficial to employ a ~0.8 
eV subcell as the bottom junction of the stack [28]. In the LM approach 
this would require development and use of new subcells and junction 
materials for the narrow bandgap region. A somewhat obvious solution 
for bridging the gap between the 1 eV GaInNAs(Sb) and germanium 
(0.67 eV) in the infrared spectral region would be to increase the N 
content of GaInNAs(Sb) alloy, but reaching bandgap energies of ~0.8 eV 
already requires approximately 6% N compositions. With this high N 
compositions the adverse effects associated with higher N incorporation 
make the successful fabrication of GaInNAs(Sb) junctions with quality 
necessary for MJSC integration challenging [29]. However, the un-
wanted effects of N can be drastically reduced by optimization of growth 
parameters [14,23,30], use of growth surfactants [31–33], and thermal 
annealing [15,34]. Recently, we have demonstrated thin GaInNAsSb 
single junction solar cells grown by MBE with 6–8% N concentrations 
corresponding to bandgap energies between 0.7 eV and 0.8 eV [35]. It 
was estimated that a lattice-matched 6J design with subcell bandgaps of 
2.0–2.2 eV, 1.92 eV, 1.63 eV, 1.40 eV, 1.18 eV and 0.78 eV utilizing the 
demonstrated 0.78 eV GaInNAsSb subcell could already realistically 
attain efficiencies in the range of 50.4–52.1% at 1000 suns. Yet, despite 
demonstrating promising results for MJSC integration, there was sig-
nificant room for improving the solar cell performance, especially in 
terms of current generation for achieving current-matched operation. By 
introducing a back surface reflector underneath the GaInNAsSb junc-
tion, higher current densities were obtained, yet further improvements 
would still be needed for practical deployment of the junction in a MJSC 
stack [36]. Here we have extended the optimization of the epitaxy 
process and studied the effects of growth temperature, arsenic over-
pressure, and Sb flux on the performance of MBE-grown narrow gap 
GaInNAsSb single junction solar cells in an effort of improving their 
performance. 

2. Experimental 

2.1. Growth and processing 

Three sets of GaInNAsSb single junction p-i-n solar cells with varying 
growth temperatures (Tg), As/III beam equivalent pressure (BEP) ratios 
and Sb fluxes were grown on 4” p-GaAs(100) substrates using Veeco 
GEN20 plasma-assisted solid-source MBE system. The MBE system was 
equipped with SUMO cells for group-III elements, valved cracker sources 
for As and Sb, and a radio-frequency (RF) plasma source for atomic N. 
The grown heterostructures consisted of 1.2 μm thick unintentionally 
doped GaInNAsSb layer embedded between 100 nm of n-type and p-type 
GaAs, 100 nm p-Al0.35Ga0.65As back surface field layer, 40 nm n- 
Al0.35Ga0.65As window layer, and 300 nm of highly doped n-GaAs con-
tact layer. The Eg of the GaInNAsSb layers was targeted at ~0.8 eV. The 
nominal In composition for the i-layers in the majority of the structures 
was 15%. The nominal N concentrations estimated using the plasma 
parameters [37] were around 5%, yet minor adjustments were made 
between growths in an effort to maintain the ~0.8 eV bandgap and 
sufficient lattice-matching. For the first set of samples (A–F) the growth 
temperature of the GaInNAsSb layer, measured with a thermocouple, 
was varied between 440 ◦C and 480 ◦C, while keeping the As/III BEP 
ratio at 9.0 and the BEP for Sb at ~1.0 × 10− 8 Torr. Then, based on the 
first set of samples, structures (G–H) were grown at Tg = 470 ◦C with BEP 
of ~1.0 × 10− 8 Torr for Sb, while the As/III BEP ratio was lowered to 7.0 
and 5.2. For the next structures (I–J), the Sb flux was increased to ~1.4 
× 10− 8 Torr and ~1.8 × 10− 8 Torr, while using Tg = 470 ◦C and As/III 
BEP ratio of 7.0. For samples grown with the highest Sb flux the In 
composition was reduced to ~14% in order to maintain better 
lattice-matching as higher Sb incorporation was expected. Finally, one 

additional structure (K) was grown with the higher Sb flux of ~1.8 ×
10− 8 Torr, but the Tg was raised to 480 ◦C. All the structures were 
selected to be in-situ annealed at 700 ◦C for 20 min under As over-
pressure of ~1 × 10− 5 Torr. Modest ramp rate (20 ◦C/min) was used for 
the annealing step. The annealing was not part of the optimization for 
this work, and the optimum annealing parameters for these high-N 
materials are likely to be different from the used parameters. The dif-
ferences in the growth parameters of the structures are compiled into 
Table 1. 

The grown wafers were processed into 6 mm × 6 mm solar cells with 
an active area of 0.25 cm2. The active area was used for determining the 
current density values of the experimental solar cells in the following 
sections. A double layer TiOx/SiOy (112 nm/178 nm) antireflection 
coating (ARC), designed for low reflectance in the near infrared region, 
was deposited on the devices using ion beam sputtering. The ARC was 
also deposited on separate reflectance sample pieces without front metal 
grids and a piece of blank n-GaAs substrate. 

2.2. Material and device characterization 

The optical and structural properties of the grown wafers were 
characterized by photoluminescence (PL) and x-ray diffraction (XRD) 
measurements. The room-temperature PL measurements were con-
ducted with an Accent RPM2000 PL mapper using a Q-switched 1064 
nm laser for excitation. For evaluating the lattice-matching and crys-
talline quality of the GaInNAsSb layers, ω-2θ scans around (004) 
reflection and reciprocal space maps (RSM) around symmetric (004) and 
asymmetric (-2-24) reflections were measured using a high-resolution 
Panalytical X’Pert3 triple-axis XRD system equipped with a PIXcel3D 
detector. 

The electrical performance of the solar cell devices was characterized 
by measuring dark current-voltage (dark-IV), light-biased current- 
voltage (LIV), and external quantum efficiency (EQE). The dark-IV and 
LIV measurements were made with an OAI TriSol 7 kW solar simulator 
at 25 ◦C. The LIV measurements were performed under simulated 
AM1.5D (1000 W/m2 normalization) spectrum filtered with a 900 nm 
long-pass filter to emulate excitation in a MJSC stack. The EQE mea-
surements were performed using a monochromator-based setup equip-
ped with a 250 W quartz-tungsten halogen lamp and suitable edge-pass 
filters. The signal calibration for the EQE system was performed using 
NIST-calibrated (National Institute of Standards and Technology) Si and 
Ge reference detectors. In addition, the bandgap energies of the GaIn-
NAsSb materials were estimated from the band edges of the measured 
EQEs. The specular reflectance spectra for the separate reflectance 
samples were measured at 8◦ incidence angle using a PerkinElmer 
Lambda 1050 spectrophotometer. 

2.3. Modelling 

The Eg values from the EQE measurements and the strain (εxx) 

Table 1 
The nominal In and N compositions, growth temperatures, As/III BEP ratios, and 
Sb pressures for the grown GaInNAsSb solar cell structures.  

Sample [In]nominal 

(%) 
[N]nominal 

(%) 
Tg 

(◦C) 
As/III BEP 
ratio 

Sb BEP 
(Torr) 

A 15 5.2 440 9.0 1.0 × 10− 8 

B 15 5.7 440 9.0 1.0 × 10− 8 

C 15 5.2 450 9.0 1.0 × 10− 8 

D 15 5.2 460 9.0 1.0 × 10− 8 

E 15 5.0 470 9.0 1.0 × 10− 8 

F 15 5.0 480 9.0 1.0 × 10− 8 

G 15 5.0 470 7.0 1.0 × 10− 8 

H 15 4.9 470 5.2 1.0 × 10− 8 

I 15 4.8 470 7.0 1.4 × 10− 8 

J 14 4.8 470 7.0 1.8 × 10− 8 

K 14 4.8 480 7.0 1.8 × 10− 8  
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obtained from the XRD measurements were used for estimating the 
material compositions (In, N and Sb) for the GaInNAsSb layers by using 
an interpolation scheme based on band anti-crossing models [38]. 

For evaluating the carrier lifetimes and background doping levels in 
the GaInNAsSb materials, the experimental EQE and LIV characteristics 
were modelled with PC1D simulation software (v.5.9) [39]. By itera-
tively fitting the short-circuit current density (Jsc), open-circuit voltage 
(Voc) and EQE given by the PC1D model with the experimentally 
determined values, estimates for the bulk carrier lifetime (τ) and carrier 
concentrations were obtained. 

3. Results and discussion 

3.1. Material characterization 

The experimentally obtained Eg and εxx values for the GaInNAsSb 
materials are listed in Table 2. The strain in the GaInNAsSb is defined as 
εxx=(aGaInNAsSb-as)/as, where aGaInNAsSb and as are the lattice constants of 
the dilute nitride layer and the GaAs substrate, respectively [40]. In 
addition, Table 2 includes the best-fit values for In, N and Sb composi-
tions for the GaInNAsSb materials obtained through the modelling. 

In general, the bandgap energies of GaInNAsSb materials were quite 
close to the targeted value of 0.8 eV with ~6% N compositions. But 
within the Tg set (A–F) there was slight variation in the N compositions 
and determined bandgaps. For structure F, grown at 480 ◦C, the material 
composition and Eg could not be determined as the GaInNAsSb material 
had phase separated, resulting in an inferior material quality. Compared 
to the rest of the structures with more than 6% of N, lower N compo-
sition of ~5% were determined for samples A and C, which translates 
into larger Eg values of these samples. For sample A the attained [N] was 
very close to the nominal value (Table 1), but the N concentration was 
simply too low for reaching the target Eg of 0.8 eV. Consequently, for the 
growth of structure B, the nominal N was increased. However, now the N 
composition did not follow the predicted value like for sample A. 
Instead, the attained N composition for sample B was observed to be 
1.16 times higher than the target, indicating change in the incorporation 
kinetics of N. For sample D (grown prior to sample C) the growth tem-
perature was increased to 460 ◦C and the nominal N composition was 
tuned back to the original value used for sample A, due to the excess 
incorporation of N in structure B, as well as, for accommodating ther-
mally activated increase in the N incorporation with higher Tg [41]. 
Interestingly, the incorporation of N in sample D was still increased 
resulting in 1.23 times higher composition compared to the nominal 
value. Similar behavior was observed for all the samples except for 
structures C and F. For sample C (grown at 450 ◦C) the N concentration 
agreed well with the nominal value. Based on these observations it 
seems that the incorporation of N is significantly enhanced for these 
narrow gap materials when the growth temperature exceeds 450 ◦C 
(Fig. 1a). Between samples C and D the N composition increases with a 
slope of 0.023%/◦C when normalized with the nominal N composition 

of 5.2%, which is approximately ten-fold compared to the composition 
normalized slope of 0.002%/◦C reported for 3% GaInNAs [41]. The 
large difference between the slope observed here and the slope reported 
earlier for GaInNAs likely originates from changes in the incorporation 
kinetics caused by the significantly higher N concentrations and the use 
of Sb surfactant in this work. 

The Sb composition in the Tg sample set was consistently determined 
to be ~2.5%. But when the As/III BEP ratio was lowered from 9.0 to 5.2 
(E, G–H) the Sb composition increased from 2.2% to 3.3% (Fig. 1b). At 
the same time an increase in the measured N composition can also be 
seen (Fig. 1b). The higher incorporation of Sb and N with lower As/III 
BEP ratio is likely to be caused by a reduced competition for the group-V 
lattice sites by As. When the Sb flux was increased (G, I–J), the Sb 
composition quite expectedly went linearly from 3.0% to 3.8%. 

In terms of crystalline structure, the GaInNAsSb layers were not fully 
lattice-matched. Majority of the grown GaInNAsSb layers were under 
slight compressive strain. Slight compressive strain has been found to be 
beneficial for 1 eV dilute nitride solar cells [42]. Only structure B was 
determined to be under slight tensile strain, whereas for sample F the 
strain state could not be reliably determined due to phase separation of 
the GaInNAsSb material. Despite being strained, all the GaInNAsSb 
layers except for sample F, showed good coherence with no signs of 
relaxation in the measured RSMs (Fig. 2a and Fig. 2b). The RSMs 
measured for sample F quite clearly confirmed the phase separation 
occurring at the growth temperature of 480 ◦C and inferior crystalline 
structure of the GaInNAsSb layer (Fig. 2c and Fig 2d). By employing 
higher Sb flux (sample K), the phase separation in the high growth 
temperature regime was inhibited, effectively demonstrating the sur-
factant effect of Sb reported in literature [43,44]. 

The PL spectra measured for the samples in the Tg set (A–E, K) did not 
show any clear dependency on changes in the growth temperature 
(Fig. 3a). Instead, the PL data shows that the PL emission wavelength of 
the GaInNAsSb quite expectedly follows the determined N compositions 
(Fig. 3b). In addition, Fig. 3b shows that the PL signal is reduced when 
more N is incorporated into the crystal, presumably indicating increased 
non-radiative recombination in the GaInNAsSb material associated with 
higher N. Interestingly, the PL signal is not drastically reduced when N 
goes from 5.2% to 6.1% but drops rapidly when N concentration exceeds 
6.1%. The relatively high PL signal measured from structure E (N =
6.1%) could be attributed to more optimal growth conditions, thus 
suggesting optimal Tg setpoint around 470 ◦C, close to the limit for phase 
separation under these experimental conditions, at least in terms of PL 
signal. The reduction in the As/III BEP ratio (E, G–H) also translates into 
lower PL signal (Fig. 4). Particularly, when the As/III BEP ratio is 

Table 2 
Bandgap energies, lattice strain and best-fit compositions of the GaInNAsSb 
layers.  

Sample Eg (eV) εxx (%) [In] (%) [N] (%) [Sb] (%) 

A 0.83 0.32 15.4 5.3 2.5 
B 0.78 − 0.12 15.3 6.6 2.6 
C 0.84 0.35 15.2 5.2 2.4 
D 0.79 0.09 15.2 6.4 2.5 
E 0.81 0.25 15.2 6.1 2.3 
Fa n.a. n.a. n.a. n.a. n.a. 
G 0.80 0.21 15.1 6.2 3.0 
H 0.80 0.29 15.1 6.1 3.3 
I 0.80 0.39 15.0 6.3 3.2 
J 0.80 0.33 14.3 6.2 3.8 
K 0.80 0.30 14.1 6.4 3.8  

a Phase separated material. 

Fig. 1. (a) The deviation from targeted nitrogen composition as function of the 
growth temperature. The dashed line represents the average between samples at each 
Tg as guide for the eye. (b) The Sb composition and deviation of nominal N 
composition for samples H, G and E for which the As/III BEP ratio was varied be-
tween 5.2 and 9.0. 
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reduced from 9.0 to 7.0 the corresponding PL signal drops by ~70%. In 
terms of varying the Sb flux (G, I–J), Fig. 4 shows that the PL peak signal 
first increases by ~36% when the Sb BEP is increased from 1.0 × 10− 8 

Torr to 1.4 × 10− 8 Torr for the growth, showing increase in the 

luminescent properties of the material. On the other hand, when the Sb 
BEP is further increased to 1.8 × 10− 8 Torr the observed PL peak signal 
drops close to the original value. 

Fig. 2. (a) RSMs measured around symmetric (004) reflection and (b) asymmetric (-2-24) reflection for sample H witha coherent GaInNAsSb layer. (c) RSMs measured for 
sample F around symmetric (004) reflection and (d) asymmetric (-2-24) reflection, showing phase separation in the GaInNAsSb layer. 

Fig. 3. (a) PL spectra measured using pulsed 1064 nm excitation for GaInNAsSb structures grown with varying Tg. (b) The PL peak signal and wavelength as function of the 
determined N composition. 
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3.2. Electrical properties 

The EQE curves for the experimental GaInNAsSb solar cells measured 
in 800–1800 nm range along with the measured reflectance of the ARC 
on n-GaAs substrate are plotted in Fig. 5. Overall, Fig. 5 clearly shows 
the significant improvement in the EQE values between the initial 
structures grown at low temperatures (A–B) and the best structure (H) 
grown with more optimized parameters. With the utilization of better 
growth conditions, an average increase of 40% for the EQEs between 
samples B and H was observed. The maximum EQE (EQEmax) value rose 
considerably from 0.69 to 0.94 between samples B and H. 

The high EQEs for the GaInNAsSb solar cells in this work are also 
partially enabled by the low reflectance of the ARC, which has an 
average reflectance of only 1.2% in the 800–1800 nm wavelength range 
(Fig. 5). The reflectance spectra measured from a typical sample coated 
with the same ARC (not shown) were very similar to the ARC on n-GaAs. 
The reflectance spectra of the coated solar cell materials were used for 
estimating the internal quantum efficiencies (IQE) of the cells based on 

the experimental EQE spectra using the relationship IQE = EQE/(1-R), 
where R is the measured reflectance. Due to the very low reflectance of 
the coated solar cells, the IQE values show only slight increase compared 
to the measured EQE values. Nevertheless, the IQE values taken at Eg +

0.2 eV can be used to compare these cells with performance reported 
earlier [23,45,46]. The IQE values at Eg + 0.2 eV for samples B and H 
were 0.41 And 0.78, respectively, thus demonstrating significant 
improvement of the material quality. The IQE for sample H taken at Eg +

0.2 eV surpasses the experimental values of 0.65 and 0.71 reported 
earlier for 0.78 eV GaInNAsSb cells without back reflector and with back 
reflector, respectively [35,36]. The value also now exceeds the value of 
0.72 demonstrated with a 0.92 eV GaInNAs junction [23]. 

The measured EQE spectra were also used for estimating the short- 
circuit current densities (Jsc) for the GaInNAsSb cells at wavelengths 
above 900 nm using the ASTM G173-03 AM1.5D (1000 W/m2 normal-
ization) reference spectrum [47]. The significant increase in the EQE 
between samples B and H translates into the Jsc values as the 
short-circuit current densities for B and H were 10.8 mA/cm2 and 17.5 
mA/cm2, respectively. The values for peak EQE and IQE at Eg + 0.2 eV 
along with calculated Jsc values are listed in Table 3. 

The EQE spectra in Fig. 5 also shows that for all the structures, the 
EQE decreases at longer wavelengths suggesting transmission losses 
through the 1200 nm thick GaInNAsSb absorber layers. By employing 
similar optical modelling method used for analysis of the narrow 
bandgap back reflector GaInNAsSb cells along with the absorption co-
efficients reported for 0.8 eV GaInNAsSb [36], the absorbance (ADN) and 
transmission losses (TDN) in the GaInNAsSb layers could be estimated. 
Since ADN describes the fraction of incident photons absorbed by the 
GaInNAsSb, it sets the upper limit for the EQE of the cell. With unity 
collection efficiency every photon absorbed by the GaInNAsSb material 
creates charge carriers that are collected by the external circuit, thus 
causing EQE and ADN to be equal. Recombination losses in the cell 
reduce the collection efficiency below unity, leading to lower EQE 
compared to ADN. As seen from Fig. 6, the modelled absorbance for a 
1200 nm thick GaInNAsSb layer correlates quite well with the EQE of 
sample H. The measured EQE is only slightly lower than the modelled 
ADN, indicating low recombination losses in the junction correlating 
with a high collection efficiency. In fact, the average collection effi-
ciency in the range of 900–1550 nm for sample H was estimated to be 
95%. Since the same GaInNAsSb layer thickness was used for all the 
structures, then ADN should also be closely similar between the struc-
tures. Consequently, as lower EQEs were determined for the other 
structures compared to the EQE of sample H (Fig. 5), the rest of samples 
can be analyzed to have lower collection efficiencies because of higher 
recombination losses in the material. 

The optical analysis also shows relatively high transmission losses for 
the 1200 nm thick GaInNAsSb layers (Fig. 6). In fact, approximately 
14% of incident photons of AM1.5D spectrum in the 900–1550 nm range 
are lost due to incomplete absorption in the GaInNAsSb material. By 
increasing the effective thickness of the GaInNAsSb layer, either by 

Fig. 4. Measured PL peak signal as function of As/III BEP ratio (E, G–H) and Sb 
BEP (G, I–J) used for the growth of the GaInNAsSb layers. 

Fig. 5. EQE spectra measured for the GaInNAsSb structures at wavelengths above 
800 nm. Also, the reflectance spectra measured for ARC deposited on n-GaAs sub-
strate is shown. 

Table 3 
Determined values for EQEmax, values of IQE taken at Eg + 0.2 eV, and calculated Jsc 
values at wavelengths above 900 nm using AM1.5D (1000 W/m2) reference 
spectrum.  

Sample EQEmax IQE at Eg + 0.2 eV Jsc (mA/cm2) 

A 0.76 0.51 11.2 
B 0.69 0.41 10.8 
C 0.78 0.52 11.4 
D 0.76 0.51 12.6 
E 0.82 0.59 13.7 
F n.a. n.a. n.a. 
G 0.93 0.74 16.9 
H 0.94 0.78 17.5 
I 0.87 0.68 15.7 
J 0.83 0.60 14.0 
K 0.93 0.74 16.9  
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physically thickening the layers or by employing back reflectors, the 
absorption could be significantly increased resulting in reduction in the 
transmission losses. To illustrate this, Fig. 6 includes ADN and TDN esti-
mated for 2000 nm and 2500 nm thick GaInNAsSb layers. The absor-
bance is significantly increased by employing 2000 nm and 2500 nm 
thicknesses for the GaInNAsSb layer, and the fraction of photons lost due 
transmission in the 900–1550 nm would be reduced to 6% and 4%, 
respectively. By assuming the same collection efficiency for thicker 
samples as was determined for sample H, the EQE would be significantly 
enhanced as a result of the increased absorbance. Up to 2.0 mA/cm2 and 
2.6 mA/cm2 higher Jsc values compared to the Jsc of 17.5 mA/cm2 

determined for structure H (Table 3) could be expected with 2000 nm 
and 2500 nm layer thicknesses, respectively. Still, achieving similar 
collection efficiency might prove to be difficult to realize considering the 
short carrier diffusion lengths of these materials. 

The Jsc targets for current-matched 5J and 6J designs would be 
approximately 10.8–12.0 mA/cm2 and 9.0–10.0 mA/cm2, respectively 
[6,36,48]. If sample H would be used as the bottom junction in a 5J or 6J 
multijunction cell, beneath an optically thick subcell, these current 
density targets could be met by employing bandgap energies of ~1.15 
eV and ~1.2 eV for the overlying subcell, respectively (Fig. 7). By 
thinning of the overlaying subcell, therefore allowing a fraction of the 
photons useable by the upper subcell to be passed to the bottom junc-
tion, the Eg of the overlying subcell could be pushed even to lower en-
ergies. If the 0.78 eV bottom junction could be fabricated with 2000 nm 
and 2500 nm absorber thicknesses (as estimated in Fig. 6), current 
matching could be attained in 5J and 6J designs using optically thick 
subcells with bandgaps ~1.1 eV and ~1.15 eV, respectively, on top of 
the bottom junction (Fig. 7). By employing sample H as the bottom 
junction in the 6J design utilizing a 0.78 eV GaInNAsSb subcell reported 
earlier [35], the overlying subcell would not require as much thinning, 
and efficiencies exceeding 52% could be realistically achieved. 

The LIV curves for the experimental GaInNAsSb solar cells measured 
under AM1.5D (1000 W/m2) with 900 nm high-pass filter are shown in 
Fig. 8. The experimental Jsc values obtained from the LIV measurements 
follow quite closely the values estimated from the EQE curves shown in 
Table 3. As expected, sample H with the highest EQE also demonstrated 
the highest Jsc of 17.7 mA/cm2. A p-type background doping was 
determined for all the GaInNAsSb samples. Higher current densities are 
seen for samples with lower background doping densities. This is due to 

wider depletion region and thus more efficient collection of the carriers 
from the dilute nitride layer. A general trend for the LIV curves seen 
from Fig. 8 is that there is a trade-off between high current generation 
and high open-circuit voltage (Voc). Clearly higher Voc values were 
recorded for the cells with the lower N compositions of 5.2–5.3% (A and 
C), while significantly lower Voc values are determined with N compo-
sitions over 6%, which can also be seen from the inset of Fig. 8. The 
lower Voc values seen with higher N compositions can be partially 
explained by the reduction of Eg, but it can also be attributed to N related 
degradation of GaInNAsSb material quality when the N concentration 
increases. This can also be seen in the simulated carrier lifetimes (τ) 
shown in Table 4, which show decrease with higher N compositions, 
thus signaling stronger non-radiative recombination for samples with 
more N. The N related deterioration of material quality is reflected also 

Fig. 6. Comparison of the EQE and the modelled absorbance of the GaInNAsSb 
layer for sample H also showing estimated transmission losses. In addition, the 
improvement in the absorbance and reduction in the transmission losses by employing 
thicker GaInNAsSb is illustrated with ADN and TDN modelled for 2000 nm and 2500 
nm thick GaInNAsSb layers. 

Fig. 7. Estimated Jsc values for the 0.78 eV GaInNAsSb subcell with 1.2 μm 
(experimental), 2.0 μm (estimated) and 2.5 μm (estimated) absorber thickness under 
subcells with varying bandgaps. The overlaying subcells are considered to be optically 
thick, ie. absorbing every photon with energy above Eg. In addition, the Jsc targets for 
5J and 6J structures are illustrated. 

Fig. 8. The LIV curves measured for the experimental GaInNAsSb structures under 
900 nm high-pass filtered AM1.5D (1000 W/m2) illumination. The inset shows the 
Voc with respect to the N concentration. 
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in the dark saturation current densities (J0) and diode ideality factors (n) 
listed in Table 4, which were obtained from the dark-IV measurements 
(Fig. 9) by fitting one-diode model to the experimental data. The J0 
values for the samples with >6% of N are one to two orders of magnitude 
higher compared to the samples with just over 5% N compositions (A 
and C), thus signifying increased recombination for samples with higher 
N. The ideality factors for samples A and C with low N were 1.31 and 
1.33, respectively, indicating higher recombination in the quasi-neutral 

regions. For sample B with the highest N content of 6.6% an ideality 
factor of 1.67 was determined, signaling higher recombination in the 
depletion region. The same trend can be observed in the bandgap- 
voltage offset (Woc = Eg/q-Voc) values of the cells. For samples A and 
C with lower N compositions the Woc was 0.57 V, which is close to the 
typical value of 0.55 V for 1 eV dilute nitride solar cells [49,50]. The 
samples with N over 6% exhibit higher Woc values between 0.61 V and 
0.68 V indicating lower material quality. Similar increase in the Woc 
values close to 0.8 eV bandgap energies was observed previously for 
narrow bandgap GaInNAsSb solar cells in which only the N content was 
varied [35], further supporting the claim of N related reduction of Voc. 
Nevertheless, the Woc values exhibited by these cells are considerably 
higher than Woc values of approximately 0.3–0.4 V expected for high 
quality solar cells operating close to the radiative limit [26]. The 
measured fill factors (FF) also exhibit degradation with increasing N 
concentration, showing a clear trend corresponding with increase in the 
J0 values. The determined LIV characteristics, Woc, J0 and n values, as 
well as the simulated carrier lifetimes and background doping densities 
for the GaInNAsSb cells are shown in Table 4. 

3.3. Effects of growth temperature on solar cell performance 

The initial growth temperature setpoint of 440 ◦C for the Tg set (A–F) 
was chosen based on the optimal growth temperature reported earlier 
for ~1 eV GaInNAs solar cells [14]. For the subsequent structures it was 
predicted that the formation of structural defects such as AsGa antisites 
and Ga vacancies (VGa), for which the concentration is reported to in-
crease with higher N contents and lower growth temperatures [19,20, 
51], could be mitigated by using higher Tg. Another motivation for 
increasing the Tg lies in the background doping of the GaInNAsSb layer. 
It has been proposed that N-VGa complexes could act as acceptors in 
dilute nitrides [52]. Since a p-type background doping was analyzed for 
0.8 eV dilute nitride previously [36], it was presumed that by increasing 
the Tg the concentration of VGa could be reduced, which should lead to 
lower background doping density for the GaInNAsSb. Lower background 
doping densities on the other hand would lead to better depletion of the 
GaInNAsSb layer, leading to wider depletion region and improved car-
rier collection. In fact, when the Tg setpoint for the GaInNAsSb is 
increased from 440 ◦C towards 480 ◦C, while keeping the As/III BEP 
ratio fixed at 9.0 and the Sb BEP at 1.0 × 10− 8 Torr, a significant in-
crease in the current generation is observed until 480 ◦C, at which point 
the material had undergone phase separation effectively destroying the 
material and the cell performance. Although sample K is not fully 
comparable with the samples of the original Tg set (A–F) due to differ-
ences in the growth conditions, it shows that by employing higher Sb 
flux the phase separation at 480 ◦C was effectively avoided, resulting in 
further improvement of the Jsc. Between samples A and E grown at 
440 ◦C and 470 ◦C, respectively, the Jsc was increased by 28% going 
from 11.3 mA/cm2 to 14.5 mA/cm2, whereas sample K grown at 480 ◦C 
(with different Sb flux and As/III BEP ratio) exhibited a Jsc of 17.0 
mA/cm2. The evolution of Jsc as function of Tg is illustrated in Fig. 10a. 
The PC1D simulations show that the higher current densities obtained 
for samples grown at higher Tg can indeed be attributed with better 
depletion of the GaInNAsSb layer resulting from lower background 
doping. The level of the p-type background doping is exponentially 
reduced with higher Tg, which enables wider depletion regions, and 
thus, improves the collection efficiency for samples grown at elevated 
growth temperatures. As predicted earlier, the reduction in background 
doping could be attributed to the reduction of structural defects such as 
VGa. Alternatively, the reduction of background doping could be caused 
by formation of deep non-radiative recombination centers, which could 
also explain the reduction of minority carrier lifetimes at higher Tg. The 
higher current densities obtained for samples grown at higher Tg would 
make it easier to achieve current-matching in a MJSC configuration. 

Although one might observe some reduction in the Voc values with 
higher Tg, the drop in Voc is actually a result of increased dark saturation 

Table 4 
LIV characteristics and Woc values determined for the GaInNAsSb with 900 nm high- 
pass filtered AM1.5D (1000 W/m2) illumination. Dark saturation current densities 
and ideality factors determined from dark-IV measurements made at 25◦C are also 
shown. In addition, the estimated carrier lifetimes and the p-type background doping 
densities are included.  

Sample Jsc 

(mA/ 
cm2) 

Voc 

(V) 
Woc 

(V) 
FF 
(%) 

J0 

(A/ 
cm2) 

n τ 
(ns) 

Doping 
density 
(cm− 3) 

A 11.3 0.26 0.57 63 4.1 
×

10− 6 

1.33 4.0 1.0 × 1017 

B 11.1 0.17 0.61 52 1.1 
×

10− 4 

1.67 0.8 3.0 × 1016 

C 11.1 0.27 0.57 63 2.6 
×

10− 6 

1.31 5.0 1.4 × 1017 

D 13.2 0.18 0.61 54 9.1 
×

10− 5 

1.55 0.9 1.5 × 1016 

E 14.5 0.20 0.61 56 4.1 
×

10− 5 

1.40 1.5 1.5 × 1016 

F n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
G 17.2 0.15 0.65 50 2.3 

×

10− 4 

1.50 0.6 2.0 × 1015 

H 17.7 0.13 0.67 47 4.1 
×

10− 4 

1.50 0.5 1.5 × 1015 

I 15.7 0.17 0.63 53 9.8 
×

10− 5 

1.39 0.7 5.0 × 1015 

J 14.6 0.17 0.63 53 8.6 
×

10− 5 

1.36 0.7 7.0 × 1015 

K 17.0 0.12 0.68 46 4.4 
×

10− 4 

1.52 0.3 1.1 × 1015  

Fig. 9. Dark-IV curves measured at 25 ◦C for the experimental GaInNAsSb cells.  

R. Isoaho et al.                                                                                                                                                                                                                                  



Solar Energy Materials and Solar Cells 248 (2022) 111987

8

current for samples grown at different Tg setpoints (A–E, K) caused by 
variations in the N compositions between the samples rather than var-
iations in the Tg. This becomes evident from the fact that the measured 
Voc values are expectedly proportional to the natural logarithm taken 
from the inverse of J0 values (Fig. 10a inset), and the J0 values show 
exponential dependence on the determined N compositions (Fig. 10b 
inset). In other words, the differences in the Voc values for the samples 
with different Tg (A–E, K) is mainly caused by increased recombination 
resultant from deterioration of the GaInNAsSb material quality with 
higher N concentrations. The N induced increase in recombination can 
also be seen in the carrier lifetimes obtained from the simulations 
(Table 4) as τ is significantly lowered when more N is incorporated into 
the crystal. Although the reduction in the minority carrier lifetimes also 
reduces the minority carrier diffusion length, the reduction in the 
background carrier doping density enables sufficient depletion of the 
relatively thin 1200 nm GaInNAsSb layer leading to increase in the 
depletion width of the cells. Therefore, more charge carriers are 
generated within the depletion region, which increases the field-aided 
carrier collection of carriers and improves the overall carrier collec-
tion even with reduced carrier lifetimes and diffusion lengths. Still, 
between samples D and E, with identical background doping level of 1.5 
× 1016 cm− 3, lower Jsc is measured for sample D with lower τ, signaling 
reduced carrier collection due to reduction in the minority carrier 
diffusion length. The FF values for the cells exhibit a linear dependence 
with respect to the Voc values. On the other hand, the Woc values show an 
increase with higher Tg setpoints (Fig. 11), thus still indicating some 
reduction in material quality with higher Tg. 

Consequently, although the Jsc increased significantly when higher 
Tg was used, the maximum power (Pmax) produced by the cells is more 
determined by their Voc and FF values, which were deemed more 
dependent on the N concentration rather than the Tg. In fact, the Pmax 
shows decrease as a function of the N concentration (Fig. 10b). So, 
regardless of samples A and C (with lower N contents) exhibiting lowest 
Jsc values, therefore effectively hampering their use in MJSCs, the 
highest Pmax values were recorded for these cells due to their higher Voc 
and FF values. For structures with >6% N in the Tg set, the highest Pmax 
was demonstrated by sample E grown at 470 ◦C, exhibiting the highest 
Jsc within the set. Despite generating even higher current than sample E, 
the Pmax for sample K, grown at 480 ◦C and slightly modified conditions, 
was lower due to the lower voltage of the cell. 

Based on the experiments, for achieving high current generation 
enabling current-matching in MJSC architectures, the narrow gap 
GaInNAsSb materials should be grown close to the high end of the 
growth temperature range, in this case around 470 ◦C (i.e. close to the 

phase separation limit observed with these growth conditions). On the 
other hand, the N concentration should be kept as low as possible to 
reduce the detrimental effects of N incorporation on Voc. 

3.4. Effect of As/III BEP ratio on solar cell performance 

The As series was based on sample E from the Tg set, which was 
grown using As/III BEP ratio of 9.0. Samples G and H were grown using 
lower As/III BEP ratios of 7.0 and 5.2, respectively, while employing the 
same Tg of 470 ◦C and Sb BEP of 1.0 × 10− 8 Torr used for sample E. 
Similar to increasing the Tg, lowering the As/III BEP ratio is shown to 
reduce the concentrations of AsGa antisites and Ga vacancies forming in 
the dilute nitride [19], therefore potentially reducing the background 
doping of the material by reducing the concentration of N-VGa com-
plexes [52]. In fact, a significant reduction in the p-type background 
doping by using lower As/III BEP ratios for the growth has been previ-
ously reported for GaInNAs solar cells [52]. At first glance, this seems to 
also hold true for the high-N GaInNAsSb as the background doping 
densities given by the PC1D simulations show reduction when the As/III 
BEP ratio is reduced for the GaInNAsSb layer. But rather than resulting 

Fig. 10. a) The measured Jsc with respect to growth temperature with inset showing the Voc as function of J0. b) Pmax for GaInNAsSb cells grown at different temperatures as 
function of N concentration with inset illustrating the exponential dependence of J0 on the N composition. 

Fig. 11. Woc values determined for the GaInNAsSb cells as function of growth 
temperature. Also, the effects of reduced As/III BEP ratio and higher Sb flux on the 
Woc is shown. 
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from the modification of the defect formation with caused by lower As 
overpressure, the reduction in the background doping density can be 
explained with increased Sb surfactant effect when the As/III BEP ratio 
is reduced. The doping densities seem to correlate with the increase in 
the Sb composition, which was analyzed to be caused by less competi-
tion for the group-V lattice sites when lower As pressures are used 
(Fig. 12b). This is consistent with the other reports on reduction of 
background doping with incorporation of Sb [23,53]. The impact of the 
lower background doping densities can be seen as an increase in the 
carrier collection as the Jsc first increases from 14.5 mA/cm2 (E) to 17.2 
mA/cm2 (G) and then to 17.7 mA/cm2 (H), with the As/III BEP ratio 
going from 9.0 to 7.0 and then to 5.2, respectively (Fig. 12a). In fact, the 
Jsc values demonstrate linear dependence on the determined Sb com-
positions (Fig. 12a inset). On the other hand, the PC1D simulations 
indicate that τ increases with larger As/III BEP ratios, signaling 
decreased recombination and, therefore, improved material quality 
when more As is used for the growth of the GaInNAsSb. Although the 
reduction of As/III BEP ratio is seen to reduce the minority carrier 
lifetime, consequently reducing the minority carrier diffusion length in 
the GaInNAsSb material, the simultaneous reduction in the p-type 
background doping close to 1 × 1015 cm− 3 ensures sufficient depletion 
of the 1.2 μm GaInNAsSb layer, resulting in an increase in the overall 
carrier collection. Also, the J0 values show increase in respect with 
reduction in the As/III BEP ratios (Fig. 12b inset). Consequently, this 
leads to lower Voc (Fig. 12a) and FF values for GaInNAsSb cells with less 
As. The reduction in the material quality is also visible in the Woc values, 
since the Woc increases linearly from 0.62 to 0.67 as the As/III BEP ratio 
is reduced from 9.0 to 5.2 (see Fig. 11). In terms of power generation, the 
gain for the Jsc obtained by reducing the As/III BEP ratio gets over-
shadowed by the simultaneous reduction in Voc and FF values, therefore 
leading to lower Pmax values. The Pmax reduces linearly from 0.40 mW to 
0.26 mW when As/III BEP ratio is lowered from 9.0 to 5.2 (Fig. 12b). 

In overall, higher Jsc values can be obtained for the narrow gap 
GaInNAsSb cells by reducing the As pressure for the dilute nitride 
growth, yet the reduction of As/III BEP ratio lowers the Voc and FF, 
which consequently reduces the maximum power output of the cell. 
Similar effects of reducing As/III BEP ratio have been reported earlier for 
1 eV GaInNAs solar cells [54]. Nevertheless, sample H exhibits the 
highest current generation to date for any dilute nitride solar cell with 
bandgap near 0.8 eV, making a subcell based on this material attractive 
for integration in a MJSC architecture. 

3.5. Effect of Sb flux on solar cell performance 

The Sb series was based on sample G from the As-set, grown at 470 ◦C 
with As/III BEP ratio of 7.0 and Sb BEP of 1.0 × 10− 8 Torr. For samples I 
and J the Sb pressure was increased to 1.4 × 10− 8 Torr and 1.8 × 10− 8 

Torr, respectively, while keeping the growth temperature and As/III BEP 
ratio fixed (470 ◦C and 7.0, respectively). The goal was to study if in-
crease in the Sb flux would improve the material quality and reduce the 
background doping also for these high-N dilute nitrides. For these 
samples increase in the Sb flux (and Sb composition) resulted in lower 
cell currents. The Jsc values decreased linearly from 17.2 mA/cm2 to 
14.6 mA/cm2 when the BEP for Sb was increased from 1.0 × 10− 8 Torr 
to 1.8 × 10− 8 Torr (Fig. 13a), corresponding with the increase in the Sb 
composition from 3.0% to 3.8% (Table 2). This would suggest that 
increasing the Sb flux would actually increase the background doping 
for these samples, therefore reducing the depletion width and conse-
quently carrier collection. In fact, the PC1D simulations for samples G, I 
and J indicate that the p-type background doping increases with respect 
to higher Sb composition, going from 2 × 1015 cm− 3 to 7 × 1015 cm− 3 

when [Sb] is increased from 3% to 3.8%. Similar increase in the doping 
density has been analyzed for 1 eV GaInNAsSb when the Sb composition 
goes above ~2% [55]. On the other hand, increase in the Sb flux has a 
positive impact on the Voc and FF values. Although higher Voc and FF 
values are obtained for both samples grown using higher Sb flux (I–J) 
compared to the base level (G), a local maximum for both parameters 
can be observed with sample I, grown using Sb BEP of 1.4 × 10− 8 Torr 
corresponding to Sb composition of 3.3%. This is illustrated in the inset 
of Fig. 13a. The increase in the Voc and FF values can mainly be attrib-
uted to Sb increasing the GaInNAsSb material quality, since reduction in 
the J0 values and increase for the estimated carrier lifetimes is observed 
for samples with higher Sb flux. This is reflected in the Woc values as they 
are reduced by 20 mV to 0.63 V when the Sb flux is increased (see 
Fig. 11). In terms of power generation, the reduction for the Jsc is 
somewhat offset by the improvement of Voc and FF values. In fact, 
Fig. 13b shows that for the Sb sample set a clear maximum in the Pmax 
values is obtained for sample I, grown using BEP of 1.4 × 10− 8 Torr for 
Sb. An increase of 8% is observed in the Pmax between samples G and I, 
grown using BEP of 1.0 × 10− 8 Torr and 1.4 × 10− 8 Torr for Sb, 
respectively. 

The Sb sample series shows that by carefully selecting the Sb flux 
used for growing these narrow gap materials an overall increase in the 
GaInNAsSb solar cell performance can be obtained owing to improve-
ment in the material quality. Consequently, the adverse effects associ-
ated with higher Tg and lower As pressures could be remedied by more 

Fig. 12. a) The measured Jsc and Voc values with respect to As/III BEP ratio with inset showing the Jsc as function of the determined Sb composition. b) Evolution of Pmax as 
function of As/III BEP ratio with inset illustrating the dependence of J0 on the As/III BEP ratio. 
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thorough optimization of the Sb fluxes. In addition, sample K demon-
strates that by employing higher Sb fluxes the phase separation occur-
ring at higher growth temperatures can be inhibited, effectively 
increasing the growth parameters range of high-N GaInNAsSb materials. 

4. Conclusions 

We have studied the effects of growth temperature, As/III BEP ratio, 
and Sb flux on the performance of high-N GaInNAsSb solar cells lattice- 
matched to GaAs grown by molecular beam epitaxy. The aim of the 
investigation was to improve the performance, especially the current 
generation, of the 0.8 eV GaInNAsSb p-i-n solar cells lattice-matched to 
GaAs. With that in mind, sets of narrow-bandgap GaInNAsSb p-i-n solar 
cells with approximately 5–6% nitrogen compositions were grown using 
growth temperatures of 440–480 ◦C, As/III BEP ratios of 5.2–9.0 and Sb 
pressures in the range of 1.0 × 10− 8 –1.8 × 10− 8 Torr. A significant 
increase in the EQE and Jsc values was seen for the experimental GaIn-
NAsSb cells when these materials were grown at elevated growth tem-
peratures, close to the phase separation, and by lowering the As 
pressure. The increase in the Jsc was attributed to lower p-type back-
ground doping in the GaInNAsSb material allowing for better depletion 
of the i-layer and thus enabling better carrier collection. GaInNAsSb cell 
grown at 470 ◦C with As/III BEP ratio of 5.2 exhibited a peak EQE of 
0.94, IQE at Eg + 0.2 eV of 0.78, generating a Jsc of 17.7 mA/cm2 with 
AM1.5D (1000 W/m2) illumination at above 900 nm wavelengths. Our 
analysis showed that the EQE of this cell is already close to being limited 
by the absorption in the GaInNAsSb layer. On the other hand, reduction 
of the material quality was observed with higher Tg and lower As/III BEP 
ratios, resulting in short carrier lifetimes, higher J0, and reduced Voc, FF 
and Woc values. The Woc values for the cells producing the highest cur-
rents were 0.65–0.68 V, resulting in low Voc values between 0.12 V and 
0.15 V, therefore hindering the efficiency boost gained from the 
implementation of these subcells in a MJSC structure. In addition, it was 
seen that the material quality degrades quite rapidly when N concen-
tration goes from 5% to >6%. On the other hand, increasing the Sb flux 
for the growth of GaInNAsSb improved the material quality, thus 
yielding in a slight improvement for the Voc and FF, leading to improved 
power corresponding to a Sb BEP of 1.4 × 10− 8 Torr. In addition, it was 
seen that the phase separation observed at 480 ◦C could be avoided by 
employing higher Sb flux, effectively increasing the upper limit for the 
Tg. Despite the low cell voltages, the improvements obtained for the 
current generation of the GaInNAsSb subcells in this work would enable 
fabrication of current-matched MJSC devices using these materials, 

therefore increasing the viability of these materials for lattice-matched 
multijunction architectures with 5 or more junctions. Still, we expect 
that further improvements for the performance of the narrow-bandgap 
GaInNAsSb junctions would be attained with even more thorough 
optimization of the growth parameters and annealing. 
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Fig. 13. a) The measured Jsc when the Sb BEP is varied. The inset illustrates the Voc and FF values as function of the determined Sb composition. b) Evolution of Pmax with the 
Sb BEP showing a maximum obtained with the intermediate Sb flux. 
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