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We report the development of AlInP-passivated solar cells grown by D-HVPE with AM1.5G 
efficiencies of 26.0% for single junction (1J) GaAs cells, and 28.0% for GaInP/GaAs (2J) tandems. 
We compare the device performance of solar cells passivated with AlInP vs. control cells 
passivated with GaInP, which has already enabled near unity carrier collection in GaAs solar cells. 
1J devices passivated with either AlInP or GaInP have an identical open circuit voltage (VOC) of 
1.06 V and long wavelength current collection near 95%, indicating that both window materials 
provide a similar degree of passivation. Adding AlInP passivation to each solar cell structure 
improves the current collection by 1.3 mA/cm2 and 1 mA/cm2 for the 1J and 2J, respectively. The 
AlInP also results in a top cell VOC boost of ~40 mV relative to a tandem device passivated only by 
a thin, highly-doped GaInP emitter. Secondary ion mass spectrometry measurements indicate 
that although O and Si both incorporate in the AlInP window, they do not appear in the 
subsequently grown absorber layers and do not impact its ability to passivate the front surface. 
We expect these achievements, along with continued optimization, will enable parity of HVPE-
grown device efficiencies with state-of-the-art devices grown by other epitaxial methods in the 
near future.  
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1. Introduction
Dynamic hydride vapor phase epitaxy (D-HVPE) is an epitaxial growth method with the potential
for high-throughput and low-cost production of III-V photovoltaics and a wide variety of III-V
optoelectronic devices [1]. Historically, HVPE growth of Al-containing materials, especially
Al(Ga)InP, was deemed impossible due to precursor incompatibilities with reactor hardware and
unfavorable growth thermodynamics [2]. However, recent work employing AlCl3, an alternative
Al-containing-precursor to AlCl, and uncracked hydrides resulted in the successful growth of
AlGaAs and Al(Ga)InP materials in the HVPE environment [3], [4]. In addition, Al-containing
materials were successfully integrated in III-V solar cell devices as passivating AlGaAs [5] and
AlGaInP [4] [6] window layers. This led to a conversion efficiency as high as 28.3% for a
GaInP/GaAs dual junction cell that utilized AlGaInP as both the window and back surface field
layers for the GaInP top cell [6]. AlInP, however, has less parasitic optical absorption of short
wavelength photons than AlGaInP, and would improve short wavelength current collection
beyond the ~550 nm absorption cutoff observed by Shoji, et al. [4]. This is due to the large band
gap of AlInP (~475 – 500 nm) [7], [8], which is wider than all other III-V alloys at the GaAs lattice
constant. Consequently, AlInP is routinely used in the highest efficiency III-V solar cells grown by
other methods, such as organometallic vapor phase epitaxy (OMVPE) [9], [10]. However, AlInP is
highly susceptible to O contamination [11] and subsequent carrier removal resulting in degraded
electronic material quality and passivation ability [12]. One recent study observed high Si and O
concentrations in HVPE-grown AlGaInP material and attributed their origins to byproducts from
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the reaction of AlClx with quartz reactor components and ambient O stemming from the 
atmospheric pressure HVPE system, respectively [4]. Given this challenge, high-quality 
passivation by D-HVPE-grown AlInP windows, which has a higher potential for O incorporation 
[11], has yet to been demonstrated.  
 
Here, we demonstrate AlInP-passivated GaAs single junction (1J) and GaInP/GaAs tandem (2J) 
solar cells grown by D-HVPE. We characterize the material quality of HVPE-grown AlInP using 
spectroscopic ellipsometry, atomic force microscopy (AFM), and secondary ion mass 
spectrometry (SIMS). We then evaluate the performance of AlInP-passivated solar cells relative 
to control cells passivated with GaInP, which previously demonstrated excellent passivation in 1J 
devices [13], and show that AlInP enables equal passivation and thus higher current collection in 
HVPE-grown GaAs cells. Equivalent open circuit voltage (VOC) and fill factor of the 1J devices 
suggest that both windows provide the same levels of passivation. In the 2J device, adding an 
AlInP window improves both current collection and top cell voltage compared to our previous 
use of a thin, highly-doped GaInP emitter as the front-surface passivation. SIMS reveals 
significant levels of O and Si impurities contained within the AlInP window, although the solar cell 
results suggest that the observed levels do not impact any aspect of solar cell performance. Thus, 
we demonstrate that D-HVPE-grown AlInP is indeed of sufficient quality to passivate 
high-efficiency III-V solar cells.   
 
2. Methods 

2.1. Solar cell growth by HVPE 
Solar cells were grown using an atmospheric pressure, dual-growth-chamber D-HVPE reactor 
described previously [13]. GaCl and InCl precursors were generated in situ by flowing HCl over 
elemental Ga and In in the source zones, which were held at 800°C. AlCl3 was generated ex situ 
in a separate quartz ampoule that was redesigned relative to our previously reported Al 
generator [3] to move the Al source closer to the point of use. The Al ampoule was held at 400°C 
where generation of AlCl3 is thermodynamically preferential to AlCl [14]. HCl was supplied to the 

Al source at a partial pressure of ~410-3 atm to generate AlCl3; InCl was supplied at 

~1.410-4 atm. A total H2 carrier flow of 2500 sccm was used to quickly transport the AlCl3 
through the 800°C source zones in a 4 mm inner diameter quartz tube, similar to a prior report 
[3]. Group V elements were supplied by AsH3 and PH3 gas. AlInP layers were grown in a hydride 
enhanced regime [15], using a PH3 carrier flow rate of 2500 sccm to deliver predominantly 
uncracked PH3 through another 4 mm inner diameter tube to the growth surface [3]. PH3 partial 

pressures of either 2 or 9  10-3 atm were used to grow good quality AlInP at growth rates of 
~2 μm/min and ~7 μm/min, respectively. The slower rate was used to allow adequate time for 
changing precursor gases in the other growth chamber for structures containing different layers 
on either side of the AlInP window. Diethylzinc and H2Se were used for p- and n-type doping, 
respectively. Thick layers (e.g. GaInP and GaAs base layers) were grown at 60 μm/h, while the 
remaining, thinner layers were typically grown at 2 to 7 μm/h.  
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Figure 1: Schematic of the inverted GaAs (1J) and GaInP/GaAs tandem (2J) solar cells, passivated with either GaInP 
or AlInP, analyzed in this study. 

All samples were grown on epi-ready (100)-GaAs wafers with a 6° offcut toward (111)A. The 
substrate temperature was 650°C during growth. AlInP calibration samples were grown on 
homoepitaxial GaAs buffers. Active solar cell layers were grown in the inverted sense with 
structures depicted in Figure 1. The 1J GaAs cell and GaAs bottom subcell of the 2J tandem cell 
utilized a rear heterojunction structure. The GaInP top subcell of the 2J employed a front 
homojunction. A homoepitaxial n-GaAs buffer layer followed by a ~200 nm n-GaInP etch stop 
layer, not shown in these schematics, were grown prior to the active solar cell layers and were 
removed during device fabrication. Devices employed either AlInP or GaInP windows, grown at 
5 μm/h or 2 μm/h, respectively. Both windows were doped n-type to a carrier concentration of 

~5  1018 cm-3, verified with the electrochemical capacitance-voltage technique, and were grown 
~25 nm thick. The GaInP-passivated 2J employed only a thin ~30-nm-thick n-GaInP emitter, which 
was found to optimize current collection at the expense of increased sheet resistance [16]. The 
AlInP-passivated 2J employed a thicker ~100 nm emitter to decrease the sheet resistance. A 
p+-GaInP layer served as both the back contact and rear emitter in the GaAs cells [9], [17] or the 
back surface field (BSF) of the GaInP top cell and p-type side of the tunnel junction in the 2J. An 
Au layer served as both the back contact and rear-reflector to improve collection of photons near 
the GaAs band edge [17]. It should be noted that the layer doping and thicknesses are nominal 
targets. The actual values may vary slightly due to dopant diffusion as detailed in a recent report 
[16].  
 

2.2. Material and device characterization 
Differential contrast optical microscopy and AFM were used to characterize the epitaxial film 
morphology. Growth rates were measured by a combination of contact profilometry, 
spectroscopic ellipsometry, and/or optical reflectance measurement techniques on calibration 
samples. Ellipsometry was performed on a J.A. Woollam M-2000DI variable angle spectroscopic 
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ellipsometer using an angle of incidence ranging from 65 to 80. SIMS data were taken using a 
Cameca IMS 7f instrument tuned to minimize background signals while maintaining good 
detection limits for the elements of interest. SIMS measurements were performed on several 
calibration and solar cell samples to quantify the dopant and impurity concentrations both within 
standalone AlInP layers and throughout complete solar cell structures.  
 
Post-growth inversion, substrate removal, and device fabrication were conducted according to 
methods detailed elsewhere [18], [19]. 0.25 cm2 devices were defined and fabricated using 
standard photolithographic techniques. Electroplated Ni/Au and Au were used for the front and 
back contacts, respectively, with nominally identical thicknesses to cells demonstrated in [13], 
[16], and [18]. A ZnS/MgF2 bi-layer antireflective coating (ARC), with layer thicknesses of ~50 nm 
and ~100 nm, respectively, targeting the optimal current collection of each cell with a 1D transfer 
matrix method model [20], was evaporated on the cells after device processing. 
 
Solar cell external quantum efficiency (EQE) and reflectance were measured using a custom QE 
system with lock-in amplification and a monochromated beam that is split between a calibrated 
reference photodetector and the device under test. Current density-voltage (J-V) characteristics 
were certified by the National Renewable Energy Laboratory Photovoltaic Device Performance 
Group. All EQE spectra were scaled to yield the same AM1.5G-integrated JSC as that obtained 
from the certified illuminated J-V results. Electroluminescence (EL) analysis after Geisz, et al. [15] 
was conducted in conjunction with standard dark J-V measurements to calculate J-V curves for 
the individual subcells in the 2J devices, and to extract implied VOC and dark current contributions 
for each subcell, as exampled in Schulte, et al. [18]. 
 
3. Results and Discussion 

3.1. AlInP material characterization 

 
Figure 2: a) atomic force micrograph and b) optical n and k spectra obtained from spectroscopic ellipsometry of a 
typical ~300-nm-thick HVPE-grown AlInP standalone film. The optical spectra of MBE-grown [21] and OMVPE-grown 
[7] AlInP are presented for reference. c) SIMS depth profiles obtained on a 1 µm-thick HVPE-grown AlInP film. The 
red arrow indicates the O background level in the SIMS instrument. 

First, we demonstrate the material quality of our HVPE-grown AlInP. Figure 2a shows an atomic 
force micrograph of a ~300-nm-thick AlInP film lattice-matched to GaAs with an Rq value of 
1.66 nm obtained on a 5 μm × 5 μm area. We note that the presence of non-growth-related 
surface contamination (white spots) contributes to much of the 1.66 nm Rq and that this 
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represents an upper limit of roughness. Nevertheless, this surface is sufficiently smooth and does 
not affect the morphology of photovoltaic device layers grown on AlInP windows. Figure 2b 
shows optical dispersions obtained from spectroscopic ellipsometry on our HVPE-grown films 
and literature data for AlInP grown by molecular beam epitaxy (MBE) [21] and OMVPE [7]. The 
optical dispersions closely match and indicate a direct band gap of ~500 nm, suggesting that our 
D-HVPE-grown AlInP has nominally identical optical properties to AlInP grown by other well-
established III-V deposition techniques. Figure 2c shows O and Si concentration depth profiles 
and secondary-ion signals of Al and P obtained from SIMS analysis of a ~1 μm thick AlInP sample. 
The depth profiles of Al and P exhibit tails into the GaAs buffer layer due to broadening of the 
SIMS signal and roughening of the crater during depth profiling. Surface effects account for the 
high O signal in the first ~100 nm. We observe an average O concentration of 4×1018 cm-3, which 
is slightly higher than the ~2×1018 cm-3 O level measured in AlGaInP by Shoji, et al. [4]. This 
difference may be caused by the increased potential for O incorporation with the higher Al 
content in AlInP [11], although differences in growth conditions could also explain this finding. 
Similar to Shoji, et al. [4], we observe a delay in O incorporation at the start of the AlInP growth 
relative to Si, suggesting that O incorporation is controlled by a surface segregation mechanism 
as suggested previously [4] [22], whereby O segregation flux opposes O incorporation flux until 
the O concentration at the surface becomes saturated. Si impurities likely stem from a non-
negligible concentration of AlCl reacting with reactor quartz. Generation of trace amounts of AlCl 
is expected in the Al source at 400°C from thermodynamic calculations, and the decomposition 
of AlCl3 to AlCl and HCl is possible as the AlCl3 molecule passes through the 800°C source zone or 
when the AlCl3 interacts with the substrate surface. We cannot discern between AlCl generated 
in the source or AlCl generated from AlCl3 decomposition with the present data. The Si in our 
case decays slightly into the AlInP layer to an average concentration of ~6×1017 cm-3, which could 
suggest a higher concentration of Si occurs at the start of the AlInP growth. This average 
concentration is lower than the ~5×1018 cm-3 that was reported in AlGaInP, which could indicate 
less AlClx etching of the reactor quartz, although differences in reactor design and growth 
conditions, especially Al source temperature, could also explain this finding.  

 
Figure 3: SIMS depth profiles of O and Si measured in a GaAs (1J) solar cell structure near the window to absorber 
interface. O is at or below background levels in all layers except the AlInP window.  

We used similar growth conditions as the AlInP shown in Figure 2 in the inverted rear 
heterojunction 1J GaAs device structures described above. Figure 3 shows SIMS spectra that 
highlight the AlInP window and GaAs base region of a typical solar cell stack. The Al depth profile 
indicates the position of the AlInP/GaAs interface. Here, the Al tail into the GaAs base is near the 
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detection limit. The AlInP window contains O and Si impurities at lower and higher levels, 
respectively, to those in the standalone AlInP shown in Figure 2c. The Si depth profile peaks at 
~1×1019 cm-3 and tails somewhat into the n-GaAs absorber. Here, the Si concentration is higher 
than that in the thick epilayer presented in Figure 2c, which is possibly due to slight differences 
in growth conditions, such as V/III ratio. We observe slight Si incorporation into the GaAs base, 
although we cannot distinguish between the possible mechanisms of Si diffusion, crosstalk of gas 
streams between chambers, or Si atoms acting as a surfactant given the present data. We 
observe some Al in the GaInP emitter, which was grown in the same chamber (GC1) as the AlInP. 
These levels were too small to quantify by other techniques. The overall Si concentration in the 
etch stop layers is at the typical background level of ~3×1016 cm-3. The GaInP emitter appears to 
have more Si than this background level. This may indicate that the AlInP window grown prior 
causes Al and Si contamination, albeit to a lesser degree than that observed by Shoji, et al. [6]. 
The O concentration peaks at ~2×1018 cm-3 and then decays rapidly to the instrument background 
in the subsequently grown GaAs absorber. This result is consistent with those of a prior study 
that observed low O incorporation within epitaxial GaAs in the presence of surface segregated O 
and ambient O [22]. O remains below the detection limits in the other layers, including the GaInP 
emitter. Note that the relative sensitivity factor of O in GaAs is different from O in GaInP, thus 
the detection limit is higher in GaInP. Surface segregation may also account for the lower 
O concentration in the AlInP because this thin layer is grown before the O concentration has 
saturated to the level that we observed in the much thicker AlInP shown in Figure 2c.  
 

3.2. 1J device characterization 

  
Figure 4: Certified illuminated J-V characteristic and extracted metrics of AlInP- and GaInP-passivated GaAs (1J) 
solar cells under a simulated AM1.5G spectrum. 

Next, we compared the photovoltaic performance of 1J devices passivated by AlInP with control 
devices passivated by GaInP, which were previously demonstrated to enable near unity carrier 
collection in 1J devices [13]. We applied AlInP to inverted rear-junction solar cells because this 
structure is generally more sensitive to the quality of surface passivation [23] than front-junction 
solar cells [24], and the sensitive, active layers are grown after the AlInP. Figure 4 shows the 
certified AM1.5G illuminated J-V characteristic and extracted solar cell metrics of both devices. 

The certified efficiency of the AlInP-passivated device was (26.03  0.19)%, which is the highest 
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reported efficiency reached by any single junction HVPE-grown solar cell. Both devices yield VOC 
of ~1.06 V and ~84-85% fill factors indicating similar material quality. The AlInP-passivated solar 
cell exhibits a 1.3 mA/cm2 increase in certified JSC over the GaInP-passivated cell. We then 
evaluated the quantum efficiency of these solar cells to better understand where the 
improvement in current density originates. Figure 5 compares the EQE of both devices. The 
AlInP-passivated device exhibits an increase in short wavelength (< 650 nm) current collection 
relative to the GaInP-passivated control. The increased short wavelength optical transparency of 
the AlInP window accounts for effectively all of the 1.3 mA/cm2 improvement in JSC as determined 
by integration of the EQEs with the AM1.5G spectrum. In the long wavelength region, the EQE is 
>95%, indicating nearly perfect collection of absorbed photons below the absorption edge of 
either window. This high degree of collection cannot be obtained if the window/base interface 
recombination velocity (IRV) is large because these are rear junction cells [25]. The roughly 4% of 
EQE loss could be attributed to non-zero IRV and/or limited minority carrier diffusion length in 
the GaAs base. Separating these factors will require deeper study, but we note that the equal 
long-wavelength current collection and invariant VOC suggest excellent passivation and very 
similar IRV values for the two different window layers used in these devices. Thus, we find that 
both windows sufficiently passivate these rear-junction GaAs solar cells, despite the high levels 
of O and Si observed in the SIMS measurements of the AlInP window. The parity VOC and fill factor 
values observed between the devices also suggest that the AlInP window does not alter either 
bulk recombination in the GaAs absorber or recombination at the heterojunction. Therefore, we 
conclude that the presence of AlInP has no impact on the electrical performance of subsequently 
grown layers.  
 

 

 
 
Figure 5: EQE measurements of D-HVPE-grown rear heterojunction GaAs (1J) solar cells passivated with either AlInP 
or GaInP window layers. 

 
3.3. 2J device characterization 
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Figure 6: EQE and reflectance of GaInP/GaAs (2J) solar cells grown by D-HVPE.  

Next, we evaluated the performance of 2J solar cells with and without AlInP passivation of the 
GaInP top cell. Figure 6 shows the EQE of the 2J solar cells. The AlInP window increases short 
wavelength current collection (< 650 nm) by reducing the parasitic absorption that occurs when 
employing the n-GaInP emitter as the passivating layer for the p-GaInP base. Here, we use the 
nomenclature ‘GaInP-passivated’ for simplicity, although in this case the emitter is effectively 
unpassivated because it lacks a minority carrier barrier to reflect carriers away from the front 
surface. Therefore, adding a discrete AlInP window both improves passivation and enables 
collection of photons in the emitter that would otherwise be uncollected [18]. Both of these 
factors result in an improvement in current collection, which spans the whole wavelength range 
of the top cell because previously uncollected photons in the unpassivated emitter are now 
collected. Both bottom cells show similar EQE response, although differences in the reflectance 
cause a slight reduction for the AlInP-passivated case. We find both cells are close to current 
matched, given that the difference in current collection between each subcell, obtained by 
integrating the EQE with the AM1.5G spectrum, is within the roughly ±0.3 mA measurement error 
of the EQE.  

  
Figure 7: Illuminated J-V characteristics of GaInP/GaAs (2J) solar cells. Figures of merit are given in the inset table. 
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Figure 7 shows the illuminated J-V characteristic and extracted solar cell metrics of the 2J solar 
cells. Here, the AlInP-passivated 2J reaches a certified efficiency of 28.0%, which is a >3% absolute 
increase relative to the GaInP-passivated case. The JSC improves by 1.0 mA/cm2 due to the 
improvement in the top cell passivation and the fill factor increases by almost 2% relative to the 
control despite improved current matching relative to the GaInP-passivated device. This 
improvement is explained by reduced series resistance in the AlInP-passivated device, as 
indicated by a change in slope of the J-V near VOC. The AlInP passivation enabled the use of a 
thicker emitter, ~3× thicker in this case, which led to a ~3× lower sheet resistance, lower series 
resistance, and improved fill factor. Furthermore, the VOC of the AlInP-passivated device improves 
by 50 mV relative to the control.  

 
 
Figure 8: EL-derived J-V characteristic of GaInP/GaAs (2J) solar cells. VOC at 1 sun are given in the table. 

Finally, we analyzed EL-derived J-V data to understand the origin of this observed VOC boost. 
Figure 8 shows dark J-V curves, calculated from the EL of each subcell measured over a range of 
injected current densities. We extracted the implied VOC of each subcell at the JSC of the 
corresponding tandem device. The AlInP passivation improves the top cell VOC from 1.376 V to 
1.416 V, which accounts for most of the VOC difference in the 2J light J-V curves. We attribute this 
40 mV increase to the suppression of surface recombination currents when adding an AlInP 
window. The bottom cells each show VOC ~1.03 V.  
 
At 28.0% conversion efficiency this AlInP-passivated 2J surpasses the 26.9% efficient 
AlGaInP-passivated 2J demonstrated by Shoji et al. [4]. The AlInP-passivated 2J is near to the 
28.3% efficient AlGaInP-passivated 2J that Shoji et al. demonstrated after adding an AlGaInP BSF, 
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which yielded an additional improvement in VOC [6]. We expect to observe a similar boost in VOC 
by integrating an AlGaInP BSF into our current structure. Our AlInP-passivated 2J serves as an 
initial demonstration upon which the addition of wider bandgap BSF and tunnel junction layers 
will improve photoconversion efficiencies toward state-of-the-art. 
 
4. Conclusion 
 
We demonstrated that the inclusion of AlInP windows in both GaAs (1J) and GaInP/GaAs (2J) III-V 
solar cells grown by D-HVPE leads to improved photoconversion efficiencies without degrading 
any of the individual cell metrics. These cells reach 26.0% and 28.0% certified AM1.5G efficiencies 
for AlInP-passivated 1J and 2J devices, respectively. In the 1J cells, the invariant long wavelength 
EQE, FF, and VOC suggest that the passivation performance of D-HVPE-grown AlInP is equivalent 
to GaInP, and that the AlInP does not degrade subsequently grown layers in any way. We show 
that while AlInP does incorporate O and Si impurities, the levels of these impurities do not 
prevent the attainment of passivation nor hinder any other aspect of solar cell performance. 
Thus, we conclude that the material quality of D-HVPE-grown AlInP is indeed sufficient for 
integration in high-efficiency photovoltaics and that attaining state-of-the-art efficiencies is not 
limited by fundamental materials growth challenges. 
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