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A B S T R A C T   

We show that the effect of rapid thermal annealing (RTA) on carrier lifetime in GaInP grown by molecular beam epitaxy depends strongly on both doping type and 
density, and that these disparities must be accounted for to realize high-performance GaInP solar cells. Although the photoluminescence intensity and lifetime of 
lightly doped p- and n-GaInP improved greatly with RTA, heavily doped n+-GaInP showed sharp degradation upon RTA, preventing the realization of GaInP front- 
junction solar cells with low emitter sheet resistance. Since a low series resistance is important to achieve high fill factor (FF), we designed a front-junction cell 
utilizing a thin, lightly doped n-type emitter with delta doping to enhance conductivity, attaining an open-circuit voltage (VOC) of 1.40 V and FF of 86%. We then 
designed rear-heterojunction solar cells to further leverage the relatively long lifetime of lightly n-doped GaInP (~19 ns). With the help of delta doping in the n-AlInP 
window to improve surface passivation, we attained a VOC of 1.42 V, similar to cells grown by metal-organic vapor phase epitaxy.   

1. Introduction 

Ga0.51In0.49P (hereafter GaInP) is the preferred top cell absorber 
material for high-efficiency multi-junction solar cells (MJSCs) with 2–4 
junctions due to its wide bandgap energy (Eg) of ~1.8–1.9 eV [1–5]. In 
2-terminal MJSCs where current is matched across all subcells, the 
GaInP junction yields the highest operating voltage and hence highest 
output power [2,6]. GaInP solar cells have been demonstrated by 
metal-organic vapor phase epitaxy (MOVPE) in both front- and 
rear-junction designs, and with the benefit of strong photon recycling, 
such cells have achieved VOC > 1.4 V and bandgap-voltage offset (WOC 
= Eg/q - VOC) < 400 mV [7–10]. In contrast, the performance of GaInP 
solar cells grown by molecular beam epitaxy (MBE) has been inferior to 
those by MOVPE, with a best reported WOC of 505 mV for a 
front-junction (FJ) cell design without strong photon recycling (i.e. on a 
GaAs substrate) [11,12]. Furthermore, no rear-heterojunction (RHJ) 
GaInP cells have been reported by MBE. WOC values of 400–440 mV 
have been reported for MOVPE-grown FJ cells on absorbing substrates 
[7,13], while most MBE-grown GaInP cells exhibit WOC = 500–600 mV 
[14,15], attributed to MBE’s lower growth temperature (~450–500 ◦C 
for MBE vs. ~600–700 ◦C for MOVPE) and higher defect density 
[16–18]. 

Conventional FJ GaInP solar cells employ a thin (i.e. ≤ 100 nm), 
heavily doped n-type emitter, with an equilibrium electron concentra
tion no ≥ 1 × 1018 cm− 3 to minimize emitter sheet resistance (Rsheet) 
while maximizing current collection [19]; a low overall series resistance 
is necessary to attain high fill factor (FF) [20]. Increasing the emitter 
doping further can help to reduce Rsheet [21], but the minority hole 
diffusion length (Lp) is unavoidably degraded [19,22]. The emitter 
thickness must be less than Lp to ensure that photo-generated minority 
holes can diffuse to the space charge region and be collected. A relatively 
thick emitter (100–200 nm) can help to meet the need for low Rsheet (e. 
g. < 1000 Ω/sq) for space and CPV applications [7,9,19], at the potential 
cost of reduced collection efficiency at short wavelengths. 

RHJ cells grown by MOVPE with a thick, lightly doped n-GaInP 
absorber and thin p-type AlGaInP back surface field (BSF) were recently 
demonstrated to have better WOC and external radiative efficiency than 
conventional FJ cells [7,9]. The wider bandgap energy of the p-type BSF 
appears to reduce Shockley-Read-Hall (SRH) recombination in the space 
charge region (SCR), leading to lower dark current J02 and improved 
open-circuit voltage (VOC) [7,19]. The RHJ design mitigates the Rsheet 
dilemma through the use of a thick emitter while relying on long mi
nority hole lifetimes in order for the hole diffusion length (Lp) to be 
comparable to or longer than the absorber thickness, typically 0.5–1 μm 
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[7]. The low hole mobilities in GaInP [23–25] (~18–140 cm2/Vs) 
combined with the placement of the SCR at the rear of the device make 
carrier collection challenging for GaInP RHJ cells [19], demanding low 
trap density to minimize SRH recombination. In contrast, FJ solar cells 
can attain high Jsc values despite low lifetime through the use of a thin 
(e.g. ≤ 100 nm) emitter and wide SCR [7,19] (e.g. ≥ 300 nm) while 
taking advantage of the relatively high electron mobilities in GaInP 
(~500–2000 cm2/Vs) [24]. Another challenge that can arise in RHJ cells 
is insufficient front-side passivation due to Fermi-level pinning in the 
window layer [26]; undesired band-bending in the absorber region is 
more prominent in RHJs compared to FJs due to the use of lighter 
doping in the n-type absorber of RHJ cells. 

The high WOC values of MBE-grown GaInP solar cells [11,12] are 
thought to result from a wide variety of traps, including P-vacancies 
[27–30], O-related defects [27,29,31–33], and DX centers [29,30, 
34–37]. We previously showed that RTA significantly improves 
MBE-grown FJ 2.0 eV AlGaInP solar cells, enabling efficiencies similar to 
the best such devices grown by MOVPE [38,39]. The dependence of 
point defect formation energies on Fermi level position in (Al)GaInP [33, 
40] suggests that n- and p-GaInP may respond differently to RTA. 
Therefore, double heterostructures (DHs) are a simpler system to un
derstand RTA improvement in n- and p-type GaInP individually, 
allowing the measurement of minority carrier lifetime and the separa
tion of bulk lifetime and surface recombination velocity using 
time-resolved photoluminescence (TRPL) [41]. 

In this work, we present a systematic study on the effects of doping 
and RTA conditions on n- and p-GaInP DHs, finding a long bulk lifetime 
of ~19 ns in lightly doped n-GaInP with no = 1 × 1017 cm− 3 after RTA. 
In contrast, the TRPL lifetime of heavily doped n+-GaInP (no = 2 × 1018 

cm− 3) degrades sharply with RTA. For the case of lightly doped p-GaInP 
DHs (equilibrium hole concentration, po = 1 × 1017 cm− 3), bulk lifetime 
improves with RTA but only rises to 4.3 ns. We go on to describe GaInP 
FJ solar cells where lightly doped n-GaInP provides a high-quality 
emitter, while Si delta doping (δ-doping) helps to maintain low 
emitter Rsheet. Such cells reached VOC = 1.40 V (WOC = 493 mV), which 
is the best reported value for MBE-grown GaInP; all cells in this work 
remain on their absorbing GaAs substrates, precluding significant VOC 
benefits from photon recycling [7,42]. Finally, we present MBE-grown 

GaInP RHJ cells that attain VOC = 1.42 V (WOC = 442 mV) by taking 
advantage of the reduced non-radiative recombination in lightly doped 
n-GaInP and improved surface passivation from a δ-doped window. 
Through consideration of the effects of doping type, concentration, and 
RTA, we demonstrate that the performance of MBE-grown GaInP cells 
can approach the best results shown by MOVPE. 

2. Experiments 

All samples were grown in a Veeco Mod Gen II solid-source MBE 
system. For DHs, n-type Al0.52In0.48P (Eg = 2.3 eV, hereafter AlInP) and 
p-type Al0.24Ga0.28In0.48P (Eg = 2.2 eV, hereafter AlGaInP) were used as 
cladding layers to mimic the passivation of the window and BSF layers in 
GaInP solar cells, respectively [layer structures shown in Fig. 1 (a) and 
(b)]; all layers were grown at a substrate temperature of 460 ◦C at 0.5 
μm/h and doped by Si or Be for n- or p-type doping. We calibrated each 
layer’s composition with high-resolution x-ray diffraction and/or pho
toluminescence (PL) and carrier concentration with Hall effect mea
surements. 500 nm was used as the baseline GaInP absorber/emitter 
thickness in the DHs, and additional DHs with GaInP thickness of 250 
and 1000 nm were grown for the extraction of bulk lifetime and surface 
recombination velocity. 

The structure of GaInP FJ solar cells is shown in Fig. 1(c) and in
cludes: a 150 nm p-GaAs buffer (po = 5 × 1018 cm− 3), 100 nm p-AlGaInP 
BSF (po = 2 × 1018 cm− 3), 50 nm p-GaInP BSF (po graded from 2 × 1018 

to 1 × 1017 cm− 3), 690 nm p-GaInP base (po = 1 × 1017 cm− 3), 70 nm n- 
GaInP emitter (no varies), 20 nm n-AlInP window (no ~ 3 × 1017 cm− 3), 
and 200 nm n-GaAs contact (no = 1.2 × 1019 cm− 3). For GaInP RHJ solar 
cells (Fig. 1(d)), the p-GaInP layer was eliminated while the thickness of 
the n-GaInP absorber was set to 810 nm to maintain the same amount of 
light absorption as the FJ cells; po of the p-AlGaInP BSF was also reduced 
to 1 × 1017 cm− 3. The design variations of FJ and RHJ solar cells 
explored in this work are listed in Table 1 δ-doping was performed by 
depositing Si atoms during growth pauses under group V overpressure 
and is given in terms of fraction of a monolayer (ML), where the surface 
atomic density is 6.26 × 1014 cm− 2. The δ-doping dose time was typi
cally 30–60 s and was calculated based on bulk doping calibrations. 
After growth, DH and solar cell samples were RTA’d at 700–1000 ◦C for 
1–10 s in N2 ambient while covered by GaAs wafers to prevent As 
desorption at high temperatures; the RTA conditions for the different 
solar cell samples are listed in Table 1. A slight increase in Eg (~30 meV) 
was noted after RTA for the cells studied in this work, which could result 
from slight changes in the degree of CuPt ordering or removal of defect 
states [18,43]. Solar cells with area of 1–10 mm2 were fabricated using 
standard photolithography and wet-etching methods, and e-beam 
deposition was used for front and back metal contacts; no anti-reflection 
coatings were applied to solar cells discussed in this work. 

A 532 nm continuous wave laser and Ocean Optics spectrometer 
were used for steady-state photoluminescence (SSPL), while the 532 nm 
line of a pulsed super-continuum laser (5.6 MHz repetition rate) and a 
single photon detection module (ID Quantique, model No. id 100-20) 

Fig. 1. Layer schematics of (a) n-GaInP DH, (b) p-GaInP DH, (c) GaInP FJ solar 
cells, and (d) GaInP RHJ solar cells. 

Table 1 
GaInP solar cell design variations and RTA conditions.  

Sample Emitter Base δ-doping RTA 

FJ 1 50 nm 2 ×
1018 cm− 3 

1500 nm 1 ×
1017 cm− 3 

None 1000 ◦C 
1s 

FJ 2 70 nm 1 ×
1018 cm− 3 

690 nm 1 ×
1017 cm− 3 

None 1000 ◦C 
1s 

FJ 3 70 nm × 1017 

cm− 3 
690 nm 1 ×
1017 cm− 3 

4 × 0.005 ML in top 
25 nm of emitter 

1000 ◦C 
1s 

FJ 4 70 nm 1 ×
1017 cm− 3 

690 nm 1 ×
1017 cm− 3 

4 × 0.010 ML in top 
25 nm of emitter 

1000 ◦C 
1s 

RHJ1 810 nm 1 ×
1017 cm− 3 

100 nm 1 ×
1017 cm− 3 

None 900 ◦C 10 
s 

RHJ2 810 nm 1 ×
1017 cm− 3 

100 nm 1 ×
1017 cm− 3 

4 × 0.010 ML in 
window 

900 ◦C 10 
s  
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were used for TRPL. Solar cells were fabricated as described in our 
previous work [14,16]. External quantum efficiency (EQE) and reflec
tance (R) were measured in a PV Measurements QEX7 system to 
calculate internal quantum efficiency [IQE = EQE/(1-R)]. Lighted 
current-voltage characteristics (LIV) of solar cells were measured under 
approximate AM1.5G conditions using an ABET 10500 solar simulator 
to determine VOC, short-circuit current density (JSC), FF, and efficiency 
(η). A Mightex blue LED was used as a light source for Suns-VOC mea
surement, and dark current parameters J01 and J02, corresponding to 
ideality factors n = 1 and 2, were extracted from Suns-VOC results using a 
MATLAB program. 

3. Results and discussion 

3.1. PL study on RTA’d GaInP DHs 

Fig. 2 shows that RTA improved the SSPL intensity of all DHs 
investigated here, except for the n+-GaInP sample (Fig. 2, yellow). p- 
GaInP DHs (Fig. 2, magenta) showed nearly monotonic improvements in 
intensity as a function of increasing RTA temperature. In contrast, the 
dramatic decrease in SSPL intensity with RTA for the n+-GaInP DH with 
no = 2 × 1018 cm− 3 indicates that high temperature steps should be 
avoided for such heavily n-doped material. n-GaInP with no = 1 × 1018 

cm− 3 was far more stable with respect to RTA, though a slight degra
dation in SSPL occurred after RTA at 1000 ◦C (Fig. 2, green). Further 
decreasing no to 1 × 1017 cm− 3 allowed n-GaInP to improve with RTA in 
a manner similar to p-GaInP, though with higher intensity. The strongest 
SSPL intensity among all RTA’d GaInP DHs was achieved in n-GaInP 
with no = 1 × 1017 cm− 3 after a 900 ◦C 10 s RTA. 

TRPL shows that the increase in SSPL intensity for p-GaInP was also 
accompanied by an increase in carrier lifetime (Fig. 3). Starting from 
1.29 ns, the TRPL lifetime (τTRPL) of p-GaInP DH was improved by 1.8 ×
to 2.33 ns after RTA at 1000 ◦C for 1 s (Fig. 3). A bulk lifetime τbulk of 
4.30 ns was extracted from DHs with different thickness (250, 500, and 
1000 nm) RTA’d under the same condition (1000 ◦C for 1 s), 
approaching previous reports on annealed p-GaInP grown by MBE [44]. 
Considering that the radiative lifetime τrad of p-GaInP with po = 1 ×
1017 cm− 3 is ~50 ns [45] and that MOVPE-grown p-GaInP DHs with 
τTRPL = 29 ns have been reported [45], it is evident that the MBE-grown 

Fig. 2. SSPL intensity of 0.5 μm GaInP DHs after RTA at 800, 900, and 1000 ◦C 
for 1 s, showing large enhancements in all cases except n+-GaInP (yellow), 
which degrades strongly. The brightest n-GaInP sample investigated in this 
work was RTA’d at 900 ◦C for 10 s and is included on this plot for reference. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. TRPL decay curves for lightly doped n- and p-GaInP DHs with no = po =

1 × 1017 cm− 3. Lifetime increases strongly with RTA for both, especially for n- 
type (blue solid). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 4. (a) IQE comparison of as-grown (AG) and RTA’d GaInP FJ cells showing 
degraded IQE of GaInP FJ with 2 × 1018 cm− 3 emitter doping, and (b) IQE 
comparison of bulk- and δ-doped GaInP FJ cells with varying δ doses. 
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material is limited by SRH recombination. The mechanism of RTA 
improvement remains unclear due to the lack of deep level transient 
spectroscopy (DLTS) studies on Be-doped GaInP, but it was shown that 
the signal from O-related defects was suppressed by RTA in the case of 
p-AlGaInP [40]. 

Lightly doped n-GaInP DHs attain considerably longer τTRPL than p- 
GaInP, demonstrating the promise of MBE-grown GaInP RHJ cells 
(Fig. 3). As grown, the τTRPL of 3.85 ns for n-GaInP already surpasses that 
of RTA’d p-GaInP (Fig. 3, blue dashed), and the τTRPL of 12.2 ns after 
RTA at 900 ◦C 10 s surpasses any previous report for MBE-grown 
phosphide material [44,46]. A τbulk of 19.0 ns was extracted from 
thickness studies of samples RTA’d at 900 ◦C for 10 s, and an SRH 
recombination lifetime of 30.6 ns was estimated with the assumption of 
τrad = 50 ns [46,47]. For n-GaInP with no = 1 × 1018 cm− 3, a τTRPL of 6.1 
ns lifetime was measured after RTA at 900 ◦C 10 s (not shown), which is 
slightly longer than the estimated τrad of ~5 ns and indicative of possible 
photon recycling effects [48]. Previous studies provide clues though no 
definitive answer as to why the RTA improvement in n-GaInP is stronger 
than in p-GaInP. For example, O-related defects were discovered in 
n-GaInP [29,31–33], and re-arrangement of O-related defects was pro
posed as a mechanism for changes in the DLTS spectra after RTA [27]. 
Furthermore, the DLTS signals from P vacancies, their defect complexes 
with O, and DX-type centers were all shown to be suppressed in n-GaInP 
by RTA [29,34,35,30]. Finally we speculate that the precipitous SSPL 
degradation with RTA observed in the n+-GaInP DH could be related to a 
doping-induced decrease in formation energy for an as-yet unidentified 
native trap state; heavy n-type doping pushes the Fermi level into the 
conduction band [49,50], and the thermal energy provided during RTA 
could accelerate the formation of native defects, causing rapid 
degradation. 

3.2. GaInP FJ solar cells 

Taking advantage of our new understanding of the effects of RTA on 
GaInP, we reduced the emitter doping of our GaInP FJ solar cells from 2 
× 1018 cm− 3 (FJ1) to 1 × 1018 cm− 3 (FJ2). As shown in Table 1, the 
emitter thickness was increased from 50 nm in FJ1 to 70 nm in FJ2 in an 
attempt to reduce Rsheet. Although FJ1 and FJ2 showed similar IQE 
before RTA (Fig. 4(a), dashed), a 1000 ◦C 1s RTA improved the IQE of 
GaInP FJ2 across all wavelengths (Fig. 4(a), magenta), consistent with 
the improved PL described above. In stark contrast, the same RTA 
treatment on FJ1 decimated IQE at all wavelengths (Fig. 4(a), black 
solid) with a peak value of ~2%, consistent with the sharp PL degra
dation of RTA’d 2 × 1018 cm− 3 n+-GaInP DHs. A peak IQE value of 
95.2% was achieved in FJ2, though some IQE loss is observed close to 
the band-edge due to low absorber thickness and the lack of a back 
reflector [7]. While the reduced emitter doping of FJ2 enabled high IQE 
and VOC = 1.39 V after RTA, Hall effect measurements showed a high 
Rsheet of 4060 Ω/sq, which is undesirable for concentrator applications. 

We next grew FJ cells with a light emitter doping of ND = 1 × 1017 

cm− 3 while adding 4 × Si δ-doping spikes in the top 25 nm to explore the 
possibility of realizing high material quality while maintaining low 
Rsheet. Hall measurements showed that δ-doping was successful in 
reducing Rsheet to 1818 and 879 Ω/sq in FJ3 (4 × 0.005 ML δ spikes) and 

FJ4 (4 × 0.01 ML δ spikes), respectively, despite band simulations 
showing a very thin (~25 nm) conducting channel with most of the 
emitter depleted. The emitter sheet carrier density, as measured by Hall 
Effect, increased with additional Si dose from 2.4 × 1012 cm− 2 (FJ2) to 
7.3 × 1012 cm− 2 (FJ3) and 1.6 × 1013 cm− 2 (FJ4), suggesting efficient 
dopant activation within the δ spikes. IQE of GaInP FJs was not strongly 
affected by δ-doping (Fig. 4(b)), showing its usefulness in achieving low 

Table 2 
Figures of merit of GaInP FJ solar cells (bold for after RTA).   

Emitter doping (cm− 3) Eg (eV) VOC (V) WOC (mV) JSC (mA/cm2) FF (%) Efficiency (%) 

FJ 1 2 × 1018 1.864 1.287 576 10.36 79.00 10.53 
\ 0.439 \ \ 57.07 \ 

FJ 2 1 × 1018 1.862 1.304 558 9.08 82.37 9.75 
1.891 1.392 499 10.57 84.10 12.37 

FJ 3 1 × 1017 

4 × 0.005 ML 
1.867 1.311 556 8.84 82.92 9.61 
1.894 1.401 493 10.36 86.27 12.52 

FJ 4 1 × 1017 

4 × 0.01 ML 
1.855 1.301 555 8.66 82.39 9.28 
1.882 1.388 494 9.83 86.30 11.77  

Fig. 5. LIV characteristics of FJ3 (orange) and RHJ2 (blue) solar cells before 
(dashed) and after RTA (solid). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. IQE comparison of FJ3 (orange), RHJ w/δ-doping (blue), and RHJ w/o 
δ-doping (red) showing the improvement of RHJ by the addition of 4 × 0.01 ML 
δ-doping in the window layer. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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Rsheet without diffusion length degradation. 
Our approach of using light bulk doping with δ-doping spikes was 

further validated by the VOC of 1.401 V from FJ3 after 1000 ◦C 1 s RTA 
(Table 2 and Fig. 5), which is better than any previously reported MBE- 
grown FJ GaInP cell [11,12,15]. The increased minority carrier diffusion 
length after RTA suppressed field-assisted carrier collection [38] and 
boosted FF to >86% (Table 2). Suns-VOC measurements show that J01 
and J02 values of FJ3 decreased by 26 × and 4 × , respectively after RTA, 
indicating strong minority carrier lifetime improvement in both the 
quasi-neutral and space-charge regions. Taken together, these results 
show that RTA can be used to improve the quality of both p- and n-GaInP 
with light-to-moderate doping and that δ-doping can reduce Rsheet 
without thermally induced degradation. Future work is needed to better 
understand why n+-GaInP with ND = 2 × 1018 cm− 3 degrades strongly 
with RTA, while δ-doped n-GaInP with equivalent or greater sheet car
rier concentration does not. 

3.3. GaInP RHJ solar cells 

We next sought to take advantage of the strong RTA improvements in 
lightly doped n-GaInP in RHJ cells. However, the first iteration (RHJ1) 
suffered from poor IQE (Fig. 6, red) and very low VOC (1.191 V, Table 3). 
Si activation in MBE-grown n-AlInP is typically <50% [51], which can 
lead to undesirable band-bending extending deep into the lightly doped 
absorber. Increasing the window layer thickness can mitigate the 
band-bending at the cost of parasitic optical absorption in the n-AlInP 
[24]. As an alternative approach, we added 4 × 0.01 ML δ-doping spikes 
in the window (RHJ2) to flatten the bands while maintaining a low 
window layer thickness of 20 nm. The sheet carrier concentration and 
Rsheet of n-type layers in RHJ2 improved to 8.65 × 1012 cm− 2 and 808 
Ω/sq, respectively, compared to 5.40 × 1012 cm− 2 and 1295 Ω/sq in 
RHJ1. The improvement in Rsheet gained by δ-doping is similar to what 
would be achieved in a >100 nm n-AlInP window with only bulk doping, 
but without added parasitic optical absorption. 

The addition of δ-doping to the window transformed the perfor
mance of our RHJ cells (red vs blue curves in Fig. 6). RHJ2 showed 
comparable IQE to FJ3 after RTA (blue and orange curves in Fig. 6) 
despite the much lower diffusivity of holes compared to electrons in 
GaInP, while demonstrating the effectiveness of window δ-doping in 
preventing surface-induced depletion from penetrating into the 
absorber. Moreover, RHJ2 showed an as-grown WOC of 491 mV 
(Table 3), which is already better than the lowest FJ WOC after RTA 
(Table 2). The WOC of 442 mV for RHJ2 after RTA closely approaches the 
WOC for MOVPE-grown, on-substrate GaInP RHJ cells [7]. Based on 
Suns-VOC measurement and reciprocity relations in solar cells [52,53], 
an external radiative efficiency of ~0.1% was estimated; in comparison, 
ERE values of 0.002% and 0.022% were estimated for FJ3 before and 
after RTA, respectively. FF of our current-best RHJ cells is still limited by 
J02, motivating future work to reduce recombination in the SCR [7,19]. 

4. Conclusions 

Understanding the combined effects of dopant species, concentra
tion, and RTA on τTRPL in MBE-grown GaInP simultaneously drove us to 
redesign our FJ cells and enabled us to demonstrate high-performance 
RHJ cells. Since the longest lifetimes in this work were observed in 
lightly doped n-GaInP, we implemented δ-doping in distinct ways for 

both FJ and RHJ cells to ensure favorable electrostatics for each cell 
type. In FJ cells, δ-doping in the emitter enables a unique combination of 
low Rsheet and high IQE at short wavelengths, while in RHJ cells, 
δ-doping in the window appears to prevent surface Fermi level pinning, 
enabling both high VOC and IQE. 
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