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SUMMARY

Photonic or laser power converters are crucial components in power-by-light systems. However, their use in 

long-distance applications has been hindered by low efficiencies and output voltages within the optical fiber 

transmission window of 1.3–1.6 μm laser wavelengths. Here, we improve and simplify the design and char

acterization processes for photonic power converters, exceeding 50% efficiency under 1.446 μm laser light. 

We develop a calibrated model predicting efficiency gains with increasing bandgap, reaching up to 57% ef

ficiency at a 1.3-μm wavelength. As a first demonstration, we produce a high-efficiency device designed by 

the model: a four-junction InGaAsP photonic power converter with a conversion efficiency of 53.6% ± 1.3% 

and an output voltage above 2 V under 15.2 W/cm2 of 1.446 μm laser light. These advances open new, prac

tical pathways for integrating photonic power converters into telecommunication systems and unlock the po

tential to further optimize their design with machine learning algorithms trained with our predictive model.

INTRODUCTION

Power-by-light systems1,2 benefit from end-to-end electrical 

and galvanic isolation and are safer and more secure than 

conventional electrical power transmission. For instance, po

wer-by-light systems can be helpful for reducing risk of fires 

or explosions,3 preventing malfunction near high voltages,4,5

remote powering of rechargeable batteries,6 space exploration,7

and powering 5G technologies.8,9 They can be used to transmit 

photonic power and data simultaneously.3,5,10–12

Typically, power-by-light systems transmit laser light to a pho

tonic power converter (PPC),1,2 sometimes called a laser power 

converter. PPCs are photovoltaic cells that convert monochro

matic light into electrical power. They are designed to produce 

the operating voltages needed to power electrical devices such 

as 1.8 V, 3.3 V, or 5 V.13 These voltages are larger than the 

open-circuit voltage of any single-junction photovoltaic device. 

The most effective method of achieving such an output voltage 

is using the III-V semiconductor-based multi-junction architec

ture, consisting of an epitaxially grown stack of p-n junctions 

interconnected with tunnel diodes.2,13–16 However, multi-junc

tion cells have demonstrated greater wavelength sensitivity 

compared with single-junction devices due to current matching 

constraints,2,17,18 which must be accounted for in system de

signs. This paper presents a high-efficiency multi-junction PPC, 

designed by a model calibrated with single- and 10-junction 

PPCs and conceived through an exploration of the PPC design 

space, as summarized in Figure 1A.

When designing PPCs, maximizing the optical-to-electrical 

power conversion efficiency is crucial. Tuning the laser wave

length and the bandgap of the PPC’s absorber material can mini

mize thermalization, transparency, and current collection losses. 

For long-distance power transmission through optical fibers, 

laser wavelengths within 1.3–1.6 μm (see Figure 1B) minimize 

attenuation losses.19 For applications with negligible transmis

sion losses, 1 μm lasers may be of interest due to their high 

lasing efficiency.20 Therefore, we employ absorber materials 

composed of InGaAsP (bandgap 0.736–1.215 eV) lattice- 

matched to InP to cover this range.21 So far, single-junction 

PPCs using this material have achieved efficiencies up to 

52.8% at 1.31 μm,22 but suffer from low output voltages of 0.6 

V. Multi-junction PPCs with InGaAs (bandgap 0.736 eV) absorber 

layers designed for a 1.47 μm wavelength have achieved effi

ciencies up to 67.5% when cooled to 77 K23 but have yet to 

reach efficiencies above 50% when operating at room tempera

ture.13 Since the bandgap-voltage offset is effectively constant 
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with bandgap for InGaAsP photovoltaic devices,24 higher effi

ciencies can be achieved with larger bandgap absorber layers. 

We present a four-junction PPC with InGaAsP (bandgap 

0.8 eV) absorber layers that surpasses the 50% efficiency barrier 

at 1.446 μm. This achievement was realized through rigorous 

design optimization using a comprehensive model.

Various techniques have been used to model PPCs,25–27

providing different pathways to optimization. Friedman et al.28

predicted enhanced efficiencies of high-quality photovoltaic 

devices beyond the absorption-matching thicknesses by opti

mizing devices while considering luminescent coupling17,29,30— 

radiative recombination that is reabsorbed in different junctions. 

Xia and Krich26 presented a detailed-balance model including 

luminescent coupling and parametrized all nonradiative pro

cesses through an internal radiative efficiency but omitted optical 

interference effects arising from changes in refractive indices be

tween layers, as well as realistic electrical transport effects. We 

employ a calibrated drift-diffusion model that includes lumines

cent coupling, optical interference effects, and realistic charge 

transport, which promises more accurate predictions at the 

cost of being more computationally expensive31,32 than both 

Friedman28 and Xia26 models.

To maximize the integration of power-by-light systems into 

telecom infrastructure, it is desirable to use the same fiber for 

simultaneous power and data transmission. However, this 

dual-use fiber configuration requires using different wavelengths 

to avoid negatively impacting data quality9,33; it is, therefore, 

essential to understand PPC performance vs. wavelength. We 

use our model within the corresponding 1.0–1.6 μm laser wave

length range (see Figure 1B) and predict attainable efficiencies 

up to 67%, with efficiency increasing with absorber bandgap. 

Within the optical fiber transmission window (1.3–1.6 μm), we 

anticipate efficiencies of up to 57%. We perform a sensitivity 

analysis, varying laser wavelength and absorber material 

bandgap to investigate the tolerance of optimized PPC efficiency 

to operational conditions and epitaxial variations.

We present the optoelectronic properties of processed single-, 

four-, and 10-junction PPCs. The single- and 10-junction PPCs, 

featuring In0.53Ga0.47As (bandgap 0.736 eV) absorber layers, 

are introduced in the section ‘‘10-junction InGaAs/InP PPC’’. A 

technique to non-destructively determine multi-junction PPC 

absorber thicknesses with a single measurement is developed 

and validated in ‘‘modeling the 10-junction PPC.’’ The optoelec

tronic operations of multi-junction PPCs are studied with a 

Figure 1. Photonic power converter device structure and measurement setup 

(A) Block diagram providing an overview of the paper. 

(B) Attenuation of light’s electromagnetic spectrum within an optical fiber, highlighting in red mesh the range of wavelengths targeted in this study. Our target 

corresponds to the frequency range (1.9–3) × 1014 Hz, which is equivalent to a photon energy range of 0.736–1.215 eV. 

(C) Top-view photograph of our 2.2 × 2.9-mm2 photonic power converter (PPC) chips, the designated area (mesa minus busbar area) is 0.054 cm2. The scale bar 

is 2.2-mm wide. 

(D) Schematic cross-section of the multi-junction PPC, which is composed of junctions containing InGaAsP absorber layers cladded with larger bandgap front 

and back surface field (FSF and BSF) layers. The n junctions are connected in series with tunnel diodes (TDs). 

(E) Schematic diagram of the PPC measurement setup.
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calibrated model in both ‘‘10-junction PPC characterization 

and performance’’ and ‘‘enhancing performance through layer- 

thickness-optimized PPC design.’’ The model is subsequently 

used to explore the absorber bandgap and wavelength design 

space in ‘‘PPCs designed for 1.0-1.6 μm wavelengths,’’ where 

we find that increasing the absorber bandgap can enhance 

PPC efficiency. The exploration guides us to design a four- 

junction PPC with InGaAsP (bandgap 0.8 eV) absorber layers. 

We fabricate devices achieving 53.6% efficiency for this material 

system in the optical fiber transmission window. These results 

are presented in ‘‘high-efficiency four-junction PPC.’’

RESULTS

10-junction InGaAs PPC

Ten-junction PPCs were grown by metal-organic vapor phase 

epitaxy (MOVPE) and fabricated at Fraunhofer ISE. A top-down 

view photo of these devices is shown in Figure 1C and the sche

matic structure in Figure 1D. The absorber layers of our fabri

cated 10-junction devices are In0.53Ga0.47As and the bottom 

junction is denoted as J1, as labeled in Figure 1D. Single-junction 

isotypes were also fabricated for model calibration purposes.34

Model calibration with the 10-junction devices is presented in 

the main manuscript, while model calibration with the single- 

junction devices is detailed in Note S1. Further details on the 

fabrication process can be found in ‘‘PPC fabrication.’’

Our 10-junction PPCs were designed to absorb an equal num

ber of photons in each junction at 1.55 μm when assuming Beer- 

Lambert absorption with an absorption coefficient of 0.97 μm− 1 

and a cumulative thickness to absorb 97% of the semicon

ductor-impinging light. The 10-junction device was processed 

before acquiring the 1.55-μm laser, which lased at a measured 

1.52 μm. The 30-nm discrepancy between the nominal and actual 

laser wavelength highlights the importance of considering laser 

wavelength variation during PPC optimization. Furthermore, the 

absorption coefficient used for designing the 10-junction device 

was 37% larger than the value later measured from the single- 

junction isotypes for the targeted 1.55-μm wavelength. This dif

ference was not due to the 30-nm wavelength shift and was the 

dominating factor in lowering the 10-junction PPC efficiency. 

The measured absorption coefficients are obtained by fitting 

the Beer-Lambert model to measured internal quantum effi

ciencies of semi-transparent single-junction isotypes with known 

absorber layer thicknesses. Further details on our method of ob

taining absorption coefficients are provided in ‘‘optical properties 

of materials.’’

A schematic of the experimental setup is shown in Figure 1E. 

The laser beam is optionally attenuated with neutral density (ND) 

filters and then focused such that the light spot is within the 

PPC’s active area. The input power is measured by replacing 

the PPC with a calibrated thermopile, which captures all the input 

power due to its two orders of magnitude larger area. Further de

tails on the setup and the power calibration procedure are pre

sented in ‘‘optoelectronic measurements’’ and ‘‘calibrated 

input power.’’

Modeling the 10-junction PPC

We compare measured and simulated current-voltage curves of 

the 10-junction PPCs under high-powered 1.52-μm laser illumi

nation with results shown in Figure 2A. We use a 1D model 

coupling drift-diffusion theory and rigorous coupled wave anal

ysis (RCWA),35,36 while accounting for luminescent coupling to 

simulate the optoelectronic properties of the PPC.30 Our model 

employs a uniform normally incident radiation and assumes a 

3% gridline shading, considering the gridline design of the fabri

cated devices. This gridline configuration was optimized to mini

mize the competing lateral resistance and shading losses, based 

on the anticipated current densities under high illumination. The 

model also includes a 0.01 Ω resistor in series with the device to 

account for metallic and lateral resistive losses, as observed in 

current-voltage curves of single-junction devices. Our model 

employs physically based parameters from literature, with the 

Figure 2. 10-junction InGaAs PPC characterization and model calibration 

(A) Comparing current-density-voltage (J-V) characteristics of a 1.52-μm laser-illuminated PPC with varying input powers. We include measurements (white 

symbols) and simulation results that assume cross-sectional scanning electron microscope images (XSEM) thicknesses (dot/dash-purple), model-adjusted 

thicknesses (solid-blue), and nominal thicknesses (dashed-red). (Right) Zoom in on the J-V curves with maximum power point highlighted with large color-coded 

symbols. The simulated J-V curves from XSEM and model-adjusted thicknesses are on top of each other. 

(B) Comparing junctions’ absorber layer thicknesses relative to nominal targets with values obtained from XSEM and the reverse-bias method (model-adjusted). 

Note that the XSEM measurement uncertainty generally increases with junction number as the absorber gets thinner. The error bars represent the standard 

deviation of XSEM measurements over four regions. Also, we do not include confidence intervals for the model-adjusted thicknesses.

Please cite this article in press as: Forcade et al., Multi-junction laser power converters exceeding 50% efficiency in the short wavelength infrared, Cell 

Reports Physical Science (2025), https://doi.org/10.1016/j.xcrp.2025.102610

Cell Reports Physical Science 6, 102610, June 18, 2025 3 

Article

ll
OPEN ACCESS



only free parameter being the Shockley-Read-Hall lifetime (τSRH), 

a parameter that reflects the bulk crystal and sidewall quality in 

1D models. We assume that all absorber layers have the 

same τSRH.

The model failed to simultaneously match the measured 

maximum power point and open-circuit voltage for any value 

of τSRH when using growth-targeted layer thicknesses (nominal 

thicknesses). Simulations either overestimate the open-circuit 

voltage or underestimate the maximum power point. To accu

rately model the 10-junction PPC, absorber layer thicknesses 

must be known precisely, with less than 5% error.

We obtain the thicknesses of the device in two ways: 

comparing optical simulations with an illuminated reverse-bias 

measurement (model-adjusted thicknesses) and analyzing 

cross-sectional scanning electron microscopy images of cleaved 

samples (XSEM thicknesses). The model-adjusted thicknesses 

are acquired by illuminating the multi-junction PPC with an ab

sorption mismatching wavelength and measuring the current- 

voltage curve to far reverse bias, revealing distinct steps. Each 

step corresponds to the photocurrent of a junction. By aligning 

the current values from the steps to the modeled photocurrents, 

individual layer thickness can be deduced. The method can 

be easily and non-destructively applied to other devices. 

Conversely, the XSEM method requires destroying the PPCs by 

cleaving them to obtain cross-sectional images, which are then 

analyzed to measure the layer thicknesses. Both procedures 

are detailed in ‘‘methods.’’

We compare absorber layer thicknesses acquired with each 

method to their nominal thicknesses in Figure 2B. Both methods 

indicate that absorber layers were thicker than the target, with a 

mean absolute deviation of the layer thicknesses from the target 

of 5% for the model-adjusted thicknesses and 6% for the XSEM 

thicknesses. This 5%–6% deviation from the target was caused 

by a growth-rate drift in the epitaxy reactor relative to its calibra

tion. The mean absolute difference between the thicknesses ob

tained from either method is 2.9% and could originate from 

performing the methods at different locations on the wafer. How

ever, Figure 2A shows that simulated current-voltage curves us

ing the same τSRH and either the reverse-bias or XSEM thick

nesses are indistinguishable from each other but different from 

those that would have been produced by a device with nominal 

thicknesses. For example, the simulated short-circuit currents 

are within 0.1% of each other, but are 8% smaller for the device 

with nominal thicknesses. These results validate our reverse- 

bias method.

We find that a τSRH of 0.11 μs gives the best agreement be

tween the measured and simulated current-voltage curves 

across the 0.06–3 W/cm2 irradiance range with 1.52 μm wave

length, the results are shown in Figure 2A. Our τSRH is shorter 

than those in Gfroerer et al. and Walker and Denhoff,37,38 which 

ranged from 1.7–2.6 μs as well as the single-junction isotype 

cells that showed 3 μs from fitting the dark current-voltage mea

surements (single-junction results are presented in Note S1); this 

reduced lifetime could be caused by the additional thermal load 

on the epi-material arising from the overall 6.2 times longer 

growth time for the 10-junction device. Our model predicts the 

measured maximum power point within <1% across the illumi

nation range explored.

The simulated current-voltage curves fail to align with mea

surements near short-circuit (Jsc) due to the omission of reverse 

breakdown, Franz-Keldysh, and quantum-confined Stark ef

fects.39,40 These omissions do not impact the results presented 

in this paper, as we focus solely on voltages near maximum po

wer, where no junctions are operating in a breakdown regime. 

Near short-circuit conditions, the current-limiting junction can 

operate in reverse breakdown when the other nine junctions op

erate in forward bias. It is worth noting that the model overesti

mates the open-circuit voltage (Voc) by 0.4% for a 0.188-W input 

power (2.94 W/cm2), which we attribute to cell heating during 

measurement.

10-junction PPC characterization and performance

We measure our 10-junction PPC under 1.52 μm laser illumina

tion and observe a maximum efficiency of 46.4% ± 1.1% at an 

irradiance of 35 W/cm2, a voltage output at maximum power of 

5.01 V, and an open-circuit voltage of 5.78 V. The measured 

open-circuit voltage and efficiency as a function of irradiance 

are shown in Figure 3A (top) and (bottom), respectively. We 

also include calculated values from our validated model and 

the radiative limit for the device structure. We obtain a good 

agreement between the validated model, which uses the 

model-adjusted thicknesses and τSRH of 0.11 μs, and the mea

surements for average irradiances up to 10 W/cm2. The deviation 

above 10 W/cm2 is due to cell heating and lateral series resis

tance,22 which our model does not account for. The measured 

Voc was up to 0.4 V lower than the simulated voltage at an irradi

ance of 50 W/cm2, corresponding to an average 0.04 V drop per 

junction. This voltage reduction is similar to the 0.035-V heating- 

induced drop of the single-junction GaAs PPC from Geisz et al.41

when illuminated with the same intensity. The radiative limit is 

calculated with the detailed balance model presented in Xia 

and Krich,26 assuming no reflection losses and 98% absorption. 

The measured efficiency approaches the radiative limit as 

irradiance increases, with a minimum difference of 27%rel at 

10 W/cm2.

To improve the performance of our 10-junction PPC, we use 

our model to determine how it loses efficiency. We simulate 

the current collection and loss mechanisms normalized to the 

maximum achievable current from the photon flux at 10 W/cm2 

irradiance, with results shown in Figure 3B (top). The device col

lects at most 78% of the potential current density (J), with the 

remainder going to optical and recombination losses. The optical 

losses include a 5% transmission loss into the substrate, a 3% 

reflection loss from the antireflection coating (which was opti

mized for a 1.55 μm wavelength) along with 3% gridline shading.

We can see the effects of the current mismatch between the 

junctions by segregating the device’s current generation and 

loss mechanisms in each junction at the maximum power point 

when illuminated with 10 W/cm2, shown in Figure 3C (top). At 

1.52 μm, the fabricated design absorbs 37% more light (Jph) in 

the bottom junction than in the top junction. This current 

mismatch occurred due to designing the PPC with an over-esti

mated absorption coefficient and is not attributable to the 30-nm 

shift in the operational vs. targeted wavelength. Figure 3C shows 

that the bottom junctions (J1–J3) radiate significantly (Jrad) due to 

the overproduction of current and reabsorbs much of that 
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radiation (Jreabs) due to their thicker nature, with less luminescent 

coupling to the top junctions, which produce the least photocur

rent. Although Jsc increased by 2.2% due to luminescent 

coupling in this device, excess absorption in the bottom junction 

causes approximately half of the radiative recombination to 

escape to the substrate. Redesigning the cell to have matched 

Jph minimizes these losses, as outlined in the optimized device 

shown in Figure 3C (bottom).

Enhancing performance through layer-thickness- 

optimized PPC design

Despite achieving high efficiencies, we sought to understand 

how our 10-junction PPC could better perform with more ideal 

absorber layer thicknesses. We optimize its performance 

assuming the same material quality (τSRH of 0.11 μs). The opti

mized PPC design employs luminescent coupling-optimized 

absorber layer thicknesses calculated using the detailed balance 

model.26 We use the detailed balance model instead of our drift- 

diffusion model for optimization due to its four orders of magni

tude lower computational cost, despite its limitations, such as 

neglecting optical interference between layers and assuming 

infinite carrier mobilities. Refer to ‘‘layer-thickness-optimized 

design’’ for more details on the optimization method. Our simu

lations indicate that this layer-thickness-optimized design 

achieves up to a 0.25%rel increase in efficiency and up to a 

0.2% increase in the maximum power point voltage compared 

with an identical InGaAs 10-junction design with simple 

absorption-matched layer thicknesses calculated using rigorous 

coupled wave analysis. The Note S4 has more details on this per

formance comparison.

The performance of the layer-thickness-optimized 10-junction 

PPC is shown in Figure 3A labeled ‘‘Optimized’’ for a 1.52-μm 

laser illumination. The optimized device efficiency is 19%rel 

less than the radiative limit but 15%rel more than the fabricated 

PPC design with minimal impact on Voc.

The optimized device is designed to trap photons from radia

tive recombination. It exploits a configuration with current- 

limiting top (J10) and bottom junctions (J1), as shown in 

Figure 3C (bottom), and has its highest photogenerated current 

at junction 9 (J9). This design is optimal since fewer than 10% 

of emitted photons can escape through the top due to total inter

nal reflection and photons emitted toward the substrate are 

mostly reabsorbed by the accumulated thickness of the underly

ing layers. The simulated current-voltage curve shown in 

Figure 3B (bottom) reveals that these changes reduce the 

escape probability of radiative photons (Jrad loss,avg) by 81%rel 

and improve the Jsc gain from luminescent coupling by 50%rel, 

both relative to the fabricated design.

Figure 3. 10-junction InGaAs PPC performance 

(A) Efficiency (top) and open-circuit voltage (bottom) vs. 1.52 μm laser irradiance, comparing calibrated measurements with simulation (short-dash). The plots also 

include the performances of the layer-thickness-optimized design (long-dash) and the radiative limit (solid). The error bars are calculated by propagation of error 

from the uncertainty in the measurements. 

(B) The stack plots depict the extracted current (J) and loss mechanisms averaged over all the junctions, normalized to the incident photon flux, of the fabricated 

(top) and optimized (bottom) PPC designs illuminated with a 1.52-μm laser at 10 W/cm2. The white diamond highlights the maximum power point. 

(C) Bar charts separating current generation and recombination in each junction at the maximum power point of the fabricated (top) and optimized (bottom) PPC 

designs illuminated with a 1.52-μm laser at 10 W/cm2. The yellow arrow indicates that the light is incident on J10. (B and C) The currents include reabsorbed 

photons (Jreabs), first-pass photon absorption (Jph), first-pass photon loss from reflection at the top surface and transmission into the substrate (R + T), SRH 

recombination (JSRH), Auger recombination (Jaug), radiative recombination (Jrad), and photons from radiative recombination that escape into the substrate or 

outside the top of the cell (Jrad loss). Note that the thinnest top junction is J10 and currents with an ‘‘avg’’ subscript are the averaged currents over all junctions.
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The optimized design exhibits a higher extracted current (J) 

owing to increased light absorption and reduced recombination 

losses. The sum of the absorber layer thicknesses of the opti

mized design is 32% thicker than that of the fabricated design, 

resulting in 3% less transmission loss into the substrate. How

ever, achieving these thicker layers necessitates longer growth 

times, which could impact device performance by reducing car

rier lifetimes but was not modeled. Antireflection coating optimi

zation for 1.52-μm light eliminates a further 3% reflection loss. 

The optimized design has a lower recombination loss for the 

same τSRH due to a more uniform distribution of current genera

tion among the junctions. The SRH recombination (JSRH,avg) loss 

near Jsc, shown in Figure 3B (top) is more than double for the 

fabricated device at 8% vs. 3% for the optimized device.

In case material can be grown with higher quality, we also 

explore the impact of improving τSRH from 0.11 μs to 3 μs on 

the optimized multi-junction PPC performance. We generate a 

layer-thickness-optimized design and simulate an efficiency of 

57% for a 1.52 μm wavelength irradiance of 10 W/cm2. This effi

ciency is 0.75%rel above an absorption-matched design, 10%rel 

above the layer-thickness-optimized design with τSRH of 0.11 μs, 

and only 9%rel below the radiative limit.

PPCs designed for 1.0- to 1.6-μm wavelengths

We explore the flexibility and potential of a layer-thickness-opti

mized PPC design for the 1.0- to 1.6-μm wavelength range with 

10 W/cm2 irradiance. We consider multi-junction devices with 

the same metallic grid and layer structure as our fabricated de

vices with InGaAsP absorbers lattice-matched to InP, assuming 

identical quaternary composition for all junctions. Bandgap, 

electron affinity, permittivity, carrier mobilities, and carrier effec

tive masses for InGaAsP were interpolated from InGaAs to InP 

based on recommendations from the literature.21,42–44 The com

plex refractive index was interpolated between endpoints with 

the morphing algorithm from Schygulla et al.45 Details on the 

interpolation schemes can be found in ‘‘optoelectronic model’’ 

and ‘‘optical properties of materials.’’ We report the bandgap 

of the material based on the simulated quantum efficiency of a 

single-junction isotype with 4-μm-thick absorber layers, using 

the method from Helmers et al.46 We use layer-thickness-opti

mized designs, with a τSRH of 0.11 μs. We determine the number 

of junctions required to achieve an operating voltage larger than 

5 V by simulating the current-density-voltage characteristics as a 

function of the absorber bandgap; this is illustrated in Figure 4A. 

This simulation employs input photon energy 30 meV larger than 

the bandgap, for four to 11 junctions, with each variation using a 

new optimized PPC design. We show the intersections with 5 V in 

Figure 4A. The function used to relate the voltage to the bandgap 

is provided in the Note S5.

Using the minimum number of junctions obtained from 

Figure 4A to ensure the operating voltage of each device is at 

least 5 V, we evaluate the efficiency of optimized devices as a 

function of laser wavelength and absorber bandgap (see 

Figure 4B). We observe no discontinuity arising from changes 

Figure 4. Multi-junction PPCs designed for 1- to 1.6-μm laser wavelengths 

(A) Maximum power point voltage of four- to 11-junction InGaAsP PPCs as a function of absorber bandgap. We employ laser photon energies that are 0.03 eV 

larger than the absorber bandgap. The horizontal dashed line indicates the 5-V threshold. 

(B) Efficiency as a function of layer-thickness-optimized devices’ laser wavelength and absorber bandgap. The dashed line follows the maximum efficiency (ηmax) 

designs attained for each laser wavelength. 

(C) Sensitivity analysis of the efficiency for PPCs optimized for each absorber bandgap and 1.52-μm laser wavelength. Presenting the impact of varying, (top) the 

absorber bandgap (ΔEg) and (bottom) the laser wavelength (ΔλLaser), on the baseline system. We highlight the more tolerant device to sub-optimal scenarios (ηtol), 

designed with a photon energy offset of 35 meV from the bandgap. In all panels, the laser irradiance is 10 W/cm2 and τSRH = 0.11 μs.
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in the number of junctions, which agrees with the results from Al

gora et al.2 that predicted a flat efficiency profile for PPCs with 

five or more junctions and output powers around 10 W/cm2. 

The black dashed curve in Figure 4B shows the maximum effi

ciency (ηmax) for all laser wavelengths and occurs at photon en

ergies 25 meV larger than the absorber bandgap over the inves

tigated range. This offset varies from the value of 87 meV found 

by Höhn et al.25 for single-junction GaAs PPCs. Their absorber 

was only 3 μm thick compared with our 7 μm, so closer-to- 

bandgap photon energies suffered from large transmission los

ses for the thin absorber. Following the dashed curve in 

Figure 4B also reveals that efficiency increases from 53% to 

67% as the absorber bandgap increases and that there is a 

steep drop-off as wavelength approaches the absorber 

bandgap. The efficiency increases with larger absorber bandg

aps due to the improving bandgap-voltage offset.

We varied the absorber bandgap and the laser wavelength in 

simulations to gauge the sensitivity of optimized devices in 

sub-optimal scenarios. The results are depicted in Figure 4C, 

where the baseline shows the optimized systems, and the other 

curves are perturbations to the systems without re-optimization 

of the structure. The results shown are for optimized PPC 

structures at a laser wavelength of 1.52 μm. Similar behavior 

was simulated for optimized PPC structures at 1.06-μm and 

1.31-μm laser wavelengths. We vary the bandgap by ±15 meV 

as it corresponds to a reasonable target range, assuming no sig

nificant temperature drift during long epi-growths. We vary the 

wavelength by ±1% (±15 nm), corresponding to the room tem

perature wavelength range observed over the output powers 

for the 1.52-μm laser used in the experiments.

Our sensitivity analysis suggests a better compromise be

tween maximum achievable efficiency and system tolerance 

when designing PPCs using a larger offset between the photon 

energy and bandgap. For example, designing with an offset of 

35 meV (ηtol, vertical dot-dashed line in Figure 4C) lowers the 

baseline efficiency by 0.2%rel compared with the design with a 

25 meV offset (ηmax, vertical dashed line in Figure 4C) but can op

erate at efficiencies up to 3%rel higher for sub-optimal scenarios 

of ±1% laser shift or ±15 meV bandgap shift. In either case, 

positive wavelength and bandgap shifts (light red curves in 

Figure 4C) are preferable to negative shifts (dark red curves in 

Figure 4C) for the ηtol design, resulting in up to 3.2%rel higher ef

ficiencies. These higher efficiencies appear to be due to a 

smaller absorption mismatch from positive shifts compared 

with negative shifts.

High-efficiency four-junction PPC

Results from the previous section demonstrate that a higher 

absorber bandgap promises higher PPC efficiencies while also 

requiring fewer junctions. However, long-haul power-by-light 

systems require laser wavelengths longer than 1.45 μm to mini

mize optical attenuation within fibers (Figure 1B). Therefore, us

ing our model, we designed a four-junction PPC targeting lattice- 

matched InGaAsP absorber material with a bandgap of 0.8 eV for 

1.48-μm laser illumination. The design offers a large fabrication 

and system tolerance with a 38-meV offset between photon en

ergy and bandgap to minimize thermalization losses. Although 

nine junctions are required to reach the 5 V threshold, we opted 

for four junctions as a compromise between minimizing fabrica

tion risk, showcasing the predictability of our model, and sup

porting our argument that larger bandgap absorbers improve 

PPC efficiency. The PPC design was optimized using our 

calibrated optical coefficients and includes an optimized 

antireflection coating, absorber layer thicknesses that are ab

sorption-matched based on Beer-Lambert absorption, and a cu

mulative absorber thickness that absorbs 98% of the light. We 

chose Beer-Lambert thicknesses over layer-thickness-opti

mized thicknesses to maintain consistency with the fabricated 

10-junction devices.

We measure current-voltage characteristics of the four-junc

tion PPC under 1.446-μm laser illumination and observe an 

average efficiency of 53.3% at an irradiance of 15.1 W/cm2 

with a standard deviation of 0.3%abs over 10 randomly selected 

devices spread across a quarter of one substrate, from center to 

edge (the Note S6 plots this and other performance metrics for 

the 10 devices). The best device had a maximum efficiency of 

53.6% ± 1.3% at an irradiance of 15.2 W/cm2 and a voltage 

output at maximum power of 2.18 V; this result is shown in 

Figure 5A. The PPC was fabricated before the laser was ac

quired, which is why the 1.48-μm wavelength design target dif

fers from the measurement wavelength of 1.446 μm.

The measurement is compared with simulation in Figure 5A, 

using our model with nominal layer thicknesses and a τSRH of 

0.4 μs which best fit the measurement. The growth rate was 

carefully calibrated for this device, leading to increased confi

dence in the nominal thicknesses. The τSRH of 0.4 μs is over three 

times longer than in the 10-junction InGaAs-based PPC but still 

an order of magnitude shorter than in the single-junction InGaAs 

isotypes, possibly due to the growths’ thermal budget difference 

from different growth durations. The growth time for the four- 

junction devices was 4.4 times longer than that of single-junction 

devices, yet 30% shorter than that of 10-junction PPCs. The 

measured and simulated data in Figure 5A overlap within inci

dent power uncertainty, except at open-circuit voltage. At 

open-circuit voltage, the discrepancy with simulations of about 

0.01 V per junction is attributed to device heating, which is not 

accounted for in the model. This voltage reduction agrees with 

the 0.01 V heating-induced drop of the single-junction GaAs 

PPC from Geisz et al.41 when illuminated with the same intensity.

The efficiency as a function of irradiance is shown in Figure 5B, 

where we compare measurements to simulations with τSRH of 

0.4 μs. The validated model aligns well with the irradiance mea

surements between 1 and 20 W/cm2. We attribute the deviation 

above 20 W/cm2 to cell heating and series resistance, following 

our previous work of single-junction PPCs using similar metalli

zations.22 The deviation below 1 W/cm2 could be attributed to 

devices with a very resistive path to a high recombination cen

ter47 or a carrier concentration-dependent bulk SRH recombina

tion.32,48,49 The behavior is evident by the appearance of a hump 

in the dark current-voltage curve as shown in Figure 5C, empha

sized by the shaded gray area named transition zone. We corre

late the transition zone to the maximum power point voltages 

and then relate it to the laser irradiances in Figure 5D. This 

zone corresponds to the region in Figure 5B, where the 

measured efficiencies lie between simulated curves that assume 

a τSRH of 0.07 μs and 0.4 μs. The measured hysteresis in the 
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low-voltage region of the dark current-voltage curve shown in 

Figure 5C suggests the presence of a trap saturation mecha

nism, supporting our claim of carrier concentration-dependent 

bulk SRH recombination.

Our model predicts the four-junction PPC will achieve an effi

ciency of 56% at an irradiance of 15.2 W/cm2 when illuminated 

by its intended laser wavelength of 1.48 μm. The 4.7%rel drop 

in efficiency from using a 2.4% shorter laser wavelength demon

strates the PPC’s robustness to laser wavelength variation.

DISCUSSION

Our work paves the way for integrating PPCs into telecommuni

cation and free space power-by-light systems due to the trans

mission windows in the 1.0- to 1.6-μm wavelength range within 

fibers and the earth’s atmosphere.1,2 We presented four signifi

cant outcomes.

(1) We propose and validate a method that accurately esti

mates the thicknesses of absorber layers for multi-junc

tion devices using a single non-destructive measurement 

combined with accurate modeling. This method presents 

a promising avenue for estimating absorber layer bandg

aps and thicknesses simultaneously, in multi-junction de

vices. By employing several illumination wavelengths 

equal to one plus the number of junctions and leveraging 

known absorption coefficient data as a function of 

bandgap, absorber bandgaps and layer thicknesses can 

be iteratively adjusted in the optical model until simulated 

photogenerated currents align with experimental mea

surements.

(2) We develop a model that accurately predicts PPC perfor

mance. This predictive model can be further enhanced by 

integrating machine learning methods50 for PPC design 

optimization. On top of efficiency enhancements, a 

trained algorithm could refine PPC optimization across 

various figures of merit, such as minimizing epitaxial 

growth times through thinner designs or developing 

more fabrication-tolerant structures.

(3) We introduce a PPC design optimization process 

leveraging a computationally efficient method to include 

luminescent coupling effects, predicting higher effi

ciencies and output voltages than a simple absorption- 

matched design.

Figure 5. Four-junction InGaAsP PPC performance 

(A) Current-density-voltage (J-V) characteristics of a 1.446-μm laser-illuminated PPC operating at its highest efficiency at an irradiance of 15.2 W/cm2. Comparing 

to simulations with τSRH of 0.4 μs, the red-shaded region spans the measured input power uncertainty. 

(B) Efficiency vs. 1.446-μm laser irradiance, comparing calibrated measurements to simulations with τSRH of 0.4 μs and 0.07 μs. The error bars are calculated by 

propagation of error from the uncertainty in the measurements. 

(C) Measured dark current-density-voltage curve of the high-efficiency PPC, including a forward (top data points) and reverse voltage sweep. The shaded area 

named ‘‘transition zone’’ highlights the voltages near the hump in the curve. 

(D) Measured voltages at the maximum power point as a function of 1.446-μm laser irradiance. The voltages within the ‘‘transition zone’’ from (C) are highlighted 

here and the shaded area is extrapolated along the laser irradiance values that intersect the ‘‘transition zone.’’ All simulations use nominal thicknesses.
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(4) We demonstrate that >50% PPC efficiencies are achiev

able when operating at room temperature in the trans

parent window of optical fibers through careful design 

optimization using a calibrated model combined with pre

cise epitaxial growth, as evidenced by our four-junction 

InGaAsP PPC optical-to-electrical efficiency of 53.6% ± 

1.3% for a 1.446-μm laser wavelength and 15.2 W/cm2 

irradiance.

We also report on realizable PPC efficiencies over the critical 

laser wavelength range of 1.0–1.6 μm. Within this range, our vali

dated optoelectronic model predicts efficiencies of up to 67% 

for InGaAsP PPCs. The model suggests that the efficiency of 

PPCs increases with absorber layer bandgap. These findings 

will serve as a valuable guide for future telecommunication sys

tem optimizations to maximize efficiency over various fiber 

transmission lengths. For example, if the electrical-to-optical 

laser efficiencies are the same for 0.82-μm and 1.6-μm wave

lengths and PPC efficiencies are 65%14 and 52%, respectively, 

the longer-wavelength system exhibits a higher efficiency for 

travel distances exceeding 0.43 km within optical fibers 

(assuming attenuation from Figure 1B). Given the input power 

limits of optical fibers,8 we can reduce the quantity and diameter 

of fibers required for long-haul (>1 km) power-by-light applica

tions with more efficient PPCs in the 1.0- to 1.6-μm range.

The multi-junction PPC designs investigated in this work have 

further opportunities for technical improvements. One pathway 

forward is to use transparent front contacts,51 which could 

improve our device’s efficiency by 3%rel. Another strategy is to 

enhance heat dissipation with device packaging (required for 

commercialization, ex: thermal paste) and/or substrate removal 

(difficult to manufacture and design). Geisz et al.41 demonstrated 

that unpackaged illuminated GaAs PPCs on substrates at 

∼30 W/cm2 (irradiance near our maximum measured efficiency) 

had an efficiency loss due to temperature of 5%rel, which ap

proaches the difference between our simulation and measure

ment of 5.6%rel for the fabricated 10-junction device shown in 

Figure 3A; comparatively, thin films released from the growth 

substrates had a negligible loss. Replacing the substrate with 

light trapping structures can also enable a 10%rel efficiency 

gain52,53 by reducing SRH recombination through 10 times 

reduced cumulative absorber thickness and reducing radiative 

loss out of the device. A thinner device reduces epitaxy-related 

costs and could improve crystal quality if the thermal load is 

responsible for the shorter τSRH observed in the multi-junction 

PPCs compared with single-junction PPCs. However, a back- 

reflector design can increase post-growth fabrication costs, 

lower device yield,54 and requires careful layer-thickness 

optimization.

METHODS

PPC fabrication

Ten-junction InGaAs PPCs and four-junction InGaAsP PPCs 

grown lattice-matched on a p-type InP substrate were fabricated 

at Fraunhofer Institute for Solar Energy Systems. Employing 

metal-organic vapor phase epitaxy (MOVPE) on an Aixtron G4 

2800TM reactor, the epitaxial layer structures were grown on 

4-inch InP wafers. More details regarding the epitaxy process 

can be found elsewhere.55 All junctions were grown with tunnel 

diodes between each junction within one growth run. The junc

tions have either In0.53Ga0.47As or InGaAsP absorber layers lat

tice-matched to InP and cladded between larger bandgap 

front and back surface field (FSF and BSF) layers. The junctions 

are identical, except for the individual absorber layer thicknesses, 

the bottommost BSF layer material, and the topmost FSF layer- 

thickness and doping concentration. The topmost FSF layer 

was designed as a lateral conduction layer56 comprising 

1,000 nm of n = 5 × 1018 cm− 3 InP. The absorber layer thickness 

decreases from the bottom junction (J1) to the topmost junction 

(J10/J4). After completing the epitaxy, ohmic contacts and a 

Ta2O5/MgF2 antireflection coating were deposited. Individual 

PPCs on the wafer were isolated using unselective wet-chemical 

mesa etching. The resulting chip dimensions were 2.2 ×2.9 mm2, 

with a nominal mesa area of 0.064 cm2 and a designated area dis

counting busbars of 0.054 cm2. For all densities provided in this 

work, we divide by the nominal mesa area.

Quantum efficiency and reflectivity measurements

The PPC devices’ external quantum efficiency and spectral re

flectivity were measured with an Oriel IQE200. The reflectivity 

measurement only includes perpendicularly reflected light as 

an integrating sphere was not used for the measurements.

Optoelectronic measurements

The measurement station is illustrated in Figure 1E. The laser 

light passed through a ∼1-m-long multimode fiberoptic cable 

with a diameter of 400 μm and a 0.22 numerical aperture and 

then collimated by a lens. The intensity was optionally attenuated 

with two neutral density (ND) filters, which could be used inter

changeably or together to reach a wide range of input powers. 

The collimated beam was redirected by a mirror and concen

trated with a lens onto the PPC device. The working distance be

tween the lens and the PPC was set to achieve under-illumina

tion, i.e., a smaller light spot than the area between the 

busbars, and to maximize illumination uniformity while providing 

alignment reproducibility. This follows the procedure outlined in 

Beattie et al.22 To measure the incident power on the PPCs, a 

Newport 919P-030-18 thermopile calibrated on December 8, 

2021, with certificate number 3038470-001, was positioned at 

the PPC location. Each thermopile measurement required at 

least 30 s to allow for stabilization. The thermophile absorbs all 

light that would be collimated on the PPCs and more, as it has 

a 2.27-cm2 sensor area, two orders of magnitude larger than 

the PPC device area. The efficiency of the devices was 

measured by dividing the output power at the maximum power 

point on the current-voltage curve by the calibrated input power.

The PPCs were vacuum held on a thermoelectric cooled, gold- 

plated copper chuck with the temperature fixed at 25◦C. The cur

rent-voltage characteristics (I-V) of each photovoltaic device 

were measured using a Keithley 2420 in a four-wire configuration 

under laser illumination. Current collecting probes were placed 

on both busbars. Each light I-V measurement was collected 

within 2 s or more and included a forward and backward sweep. 

The maximum power output is calculated by averaging the cur

rents from the forward and backward-swept I-V curves. We set 
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the Keithley’s number of power line cycles (NPLC) parameter to 

1. No device preconditioning was performed. The cells were 

measured and stored in a laboratory room with a temperature 

of 21◦C–22�C and relative humidity of 30%–40% at one atmo

spheric pressure. The maximum power point of the illuminated 

I-V measurements was determined with a cubic spline 

interpolation.

Calibrated input power: 1.52-μm laser

A QPC LASERS 6015-0007 15-W 1.55-μm laser with a nominal 

lasing wavelength of 1.520 ± 0.002 μm was used. The current 

to the laser driver was varied over a range of 10–18 A to modify 

the laser power. The measured 1.52-μm central wavelength var

ied with the laser’s current and operating temperature. To keep 

lasing at 1.520 ± 0.002 μm, the laser temperature was adjusted. 

Between measurements with the laser, the beam was blocked in 

front of the ND filters until the laser temperature stabilized to 

within 0.05◦C of our target.

The unfiltered 1.52-μm laser power was calibrated with the 

thermopile placed at the PPC’s location (Pin > 8 W/cm2). Accord

ing to the calibration spec sheet, the thermopile was 1.001 times 

more sensitive relative to the calibration wavelength of 1.064 μm 

for the 1.52 μm wavelength, thus the measured input power was 

adjusted accordingly. The filtered laser power was calibrated 

with a three-step process (Pin < 8 W/cm2). First, using the ther

mopile placed at the PPC’s location in Figure 1E, the incident po

wer (Pin,th) as a function of the drive current in the absence of ND 

attenuators was measured. Next, the short-circuit current (Isc) of 

single-junction isotypes with 60-nm and 180-nm absorber layer 

thicknesses at the same laser driver currents was directly 

measured. Data showing device heating effects were filtered 

out to ensure a linear relationship between Isc and Pin,th was ob

tained. Using these datasets that do not include ND filters, the 

spectral response (SR) was extracted by fitting to Isc = 

SR × Pin,th. The fits followed the data closely with minimal scat

ter. The SR values for the 60-nm and 180-nm isotypes averaged 

over four devices for each thickness were 0.04857 ± 0.00009 

A/W and 0.1259 ± 0.0002 A/W, respectively. The standard devi

ation for these devices is provided as an uncertainty. The iso

types’ Isc for all filter combinations was measured and their input 

powers (Pin,iso) were calculated using

Pin;iso =
Isc

SR
(Equation 1) 

Finally, the average of Pin,iso from the eight devices was taken 

to calculate the calibrated ND-filtered input power (Pin).

The incident power dominated the uncertainty of our cali

brated measurements. The sources of error for our efficiency 

measurement included the following:

(1) ±1.9% calibration uncertainty for the thermopile.

(2) Uncertainty on Pin,th: ±max (0.5 mW, 1.5%) where the first 

is the power meter precision and the second is from fluc

tuations in measurement conditions.

(3) Uncertainty on Vmpp from the source meter: ±(0.012% + 

1.3 mV).

(4) Uncertainty on Isc and Impp from the source meter:

o I < 10 mA: ±(0.035% + 5.6 μA)

o 10 mA ≤ I < 100 mA: ±(0.055% + 56 μA)

o 100 mA ≤ I < 1 A: ±(0.066% + 1.57 mA)

Calibrated input power: 1.446-μm laser

A BWT KE70HAEFN-7.0W 1.47-μm laser was used with a nom

inal lasing wavelength of 1.446 μm. The central wavelength var

ied with the laser’s current by ±0.001 μm. We found little change 

in laser wavelength as a function of laser drive current, compared 

with the 1.52-μm laser, probably due to better heat dissipation 

within the laser.

The unfiltered input power (Pin > 3 W/cm2) was measured by 

placing the thermopile at the PPC location. According to the cali

bration spec sheet, the thermopile was 1.002 times more sensi

tive relative to the calibration wavelength of 1.064 μm for the 

1.446-μm wavelength, thus, the measured input power was 

adjusted accordingly. Conversely to the 1.52-μm laser, the ND- 

filtered input powers (Pin < 3 W/cm2) were calibrated by applying 

a multiplicity factor to the filtered input powers such that the 

overlapping efficiency values matched. The uncertainties to the 

filtered input powers were propagated accordingly.

Optoelectronic model

The Synopsys TCAD Sentaurus software version S-2021.06 US 

was used to simulate the PPC devices, employing a one-dimen

sional drift-diffusion model that treated the devices as laterally 

infinite layered structures. Through the S4 open-source soft

ware35,36 based on rigorous coupled wave analysis (RCWA), 

the optical behavior was simulated to enable calculations of 

the depth-resolved generation rate of electron-hole pairs. Details 

on material optical properties are provided in the next section. 

Monochromatic illumination was assumed from the lasers. It 

was assumed that all transmitted light into the highly p-doped 

InP substrate was lost due to free-carrier absorption.57

To model electrical transport, Poisson’s equation coupled with 

carrier drift and diffusion equations were solved, assuming Fermi 

statistics, to determine the J-V curves as well as depth-resolved 

recombination rate profiles accounting for radiative, Auger, and 

Shockley-Read-Hall recombination.31 Data from the plots gener

ated by Bardyszewski and Yevich44 were used to relate the 

Auger coefficient to the InGaAsP composition. The model and 

parameters provided by Sotoodeh et al.42 were used to simulate 

the charge carrier mobilities, assuming equivalent minority and 

majority carrier mobilities. The mobility parameters from Lumb 

et al.43 were used for InAlAs. For the rest of the InGaAsP electri

cal parameters, the interpolation schemes and values from Vur

gaftmann et al.21 were used. Due to the PPCs’ high-quality ma

terial, a detailed model of luminescent coupling from Wilkins 

et al.30 was used to account for radiative reabsorption in all parts 

of the device. To correctly model the heterointerfaces, therm

ionic emission and charge carrier tunneling was used.31 The tun

nel diode was modeled using the structure given in Soresi et al.58

Optical properties of materials

Complex refractive indices (n and k) from literature59–61 and mea

surements were used to interpolate45 the n and k data from three 

experimental supporting points In0.53Ga0.47As (0.736 eV) to 

In0.69Ga0.31As0.67P0.33 (0.9 eV) to InP (1.34 eV). Spectroscopic el

lipsometry based on J.A. Woolam WVASE32 software was used 
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to measure n-data for low n-doped InGaAs samples with thick

nesses ranging 1–3 μm (Figure 6A). The In0.69Ga0.31As0.67P0.33 

n-data were calculated by interpolating with an initial morph 

from InGaAs to InP. The k of InGaAs and In0.69Ga0.31As0.67P0.33 

were calculated from external quantum efficiency (EQE) and 

reflectance (R) measurements of single-junction isotypes with 

the respective absorber materials, assuming Beer-Lambert 

absorption,

k =
− λ ln(EQE=(1 − R))

4πx
(Equation 2) 

where λ is the wavelength of light and x is the absorber layer 

thickness. For the extinction coefficient (k) of InGaAs from 

‘‘Our work,’’ as depicted in Figure 6B, we used a single-junction 

isotype with a 540-nm-thick low n-doped InGaAs absorbing 

layer. This method of extracting the extinction coefficient near 

the band-edge provided a better repeatability between InGaAs 

thicknesses than using ellipsometry data. For the highly doped 

n-type absorber layer in the homojunction, carrier-density- 

dependent k was calculated following the model from Ander

son62 due to the strong dependence in InGaAs.63 We compare 

our complex refractive indexes with those found in Adachi,59

Dinges et al.,60 Herzinger et al.,61 Gozu et al.,64 Amiotti and 

Landgren,65 Munoz et al.,66 Hahn et al.,63 Humphreys,67 Zielinski 

et al.,68 Bacher et al.,69 Anderson,62 Aspnes and Studna,70 and 

Seifert and Runge71 in Figure 6.

For smaller bandgap materials such as InGaAs, they have an 

n-type doping-dependent extinction coefficient due to conduc

tion band filling effects. Hahn et al.63 measured the n-doping- 

dependent extinction coefficient for doping concentrations: 

3 × 1015 cm− 3, 5 × 1017 cm− 3, 2 × 1018 cm− 3. To generalize 

to any doping concentration, we use Anderson’s model,62 and 

compare its results with the measurement of Hahn et al. in 

Figure 6B, assuming the same doping concentrations.

To improve the interpolation between InGaAs and InP using 

the morphing algorithm,45 we modified the InP absorption coef

ficient at the band-edge from Herzinger et al.61 and called it 

‘‘Corrected’’ in Figure 6C. This modification removes their 

measured Urbach tail, caused by the Fe-doping of their InP sam

ple. This amendment was achieved by fitting an exponential 

decay within 1.337–1.342 eV and extrapolating to lower-photon 

energies. For modeling the optical properties of InP, we employ 

‘‘Corrected’’ for the absorption coefficient datasets and the 

measured real refractive index from Herzinger et al.61

Absorber layer thicknesses: Reverse-bias method

To non-destructively extract absorber layer thicknesses, the 

reverse of the method described by Wang et al.72 was per

formed. This method uses fast and simple optical simulations; 

however, it requires junctions with high shunt resistance, accu

rate knowledge of the optical properties of the absorber layer, 

minimal luminescent coupling, and a current-voltage measure

ment under large reverse-bias under a known illumination 

Figure 6. Optical properties of InGaAs and InP 

(A) Real part of the refractive index of InGaAs. 

(B) Extinction coefficient of InGaAs. We compare our measured values ‘‘Our work’’ with the literature: Adachi,59 Dinges et al.,60 Gozu et al.,64 Amiotti and 

Landgren,65 Munoz et al.,66 Hahn et al.,63 Humphreys,67 Zielinski et al.,68 Bacher et al.,69 and Anderson.62 The ‘‘Anderson’’ curves were calculated with matching 

doping concentrations to the measured data of Hahn et al.: 3 × 1015 cm− 3, 5 × 1017 cm− 3, 2 × 1018 cm− 3. 

(C) Absorption coefficient of InP. We compare our corrected data (Corrected) to the literature: Aspnes and Studna,70 Adachi,59 Seifert and Runge,71 and Herzinger 

et al.61
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spectrum causing current mismatching. Having extracted the 

absorption coefficient of the InGaAs absorber material from 

quantum efficiency measurements of optically thin single-junc

tion isotypes (see previous subsection), we aim to determine 

the relative absorption of each junction in the 10-junction PPC. 

The PPC is illuminated with a 1.31-μm laser and the current as 

a function of voltage is measured from open circuit to a negative 

bias of − 45 V, as shown in Figure 7A. The 1.31-μm laser induces 

a large current mismatch among all 10 junctions, and the photo

generated current is assumed to monotonically decrease from 

the top (J10) to the bottom (J1) junction as they were designed 

to be current matched at a longer wavelength. As the bias 

voltage is varied, a phenomenon is observed where the bottom 

junction (J1) limits the current until the reverse bias is large 

enough to put it into reverse breakdown, at which point the 

current increases up to the new limiting current of the second- 

from-the-bottom junction (J2), first step at about –1V seen in 

Figure 7A.39,72,73 This process repeats for each junction until 

the entire device enters breakdown, producing the 10 steps 

seen in Figure 7A. The sample is illuminated with an irradiance 

near 0.1 W/cm2 to minimize the effect of luminescent coupling 

on the current of each junction.72 The absence of luminescent 

coupling is verified in our measurement by observing stable 

spectral responses for each junction with laser input powers 

near 0.1 W/cm2. The Note S2 includes those results. Without 

luminescent coupling, large junction dark current, and absorp

tion losses, the J-V curve’s steps correspond to each junction’s 

photogenerated current densities.

Based on nominal thicknesses, the measured and simulated 

junction photocurrents deviate by up to 10%, as shown to the 

right of Figure 7A. Therefore, a fit is performed, allowing all junc

tion thicknesses to vary, keeping the thickness ratios between 

layers within a constant. The photogenerated currents of each 

junction are fit to the measured steps and the simulated spectral 

reflectivity is fit to measurement with the results given in Figure 7. 

To fit the data, the root-mean-square-relative difference be

tween measured and simulated results are calculated for both 

the photocurrent and the spectral reflectivity. Python’s SciPy 

minimization package with the Nelder-Mead method is used to 

minimize the sum of those two root-mean-square values. The 

bottom junction absorbs more than 99% of light reaching it, 

since a much shorter wavelength is used than what the device 

was designed for, thus changing its thickness had no impact 

on the fit. The model-adjusted thicknesses exceeded the tar

gets, with a deviation of up to 10%. We attribute this thickness 

deviation to a temperature drift during epi-growth. Figure 7B 

shows that simulated reflectivity assuming the model-adjusted 

layer thicknesses agrees more closely with the reflectivity 

measurement than the nominal thicknesses, reducing the root- 

mean-square-relative-difference from 2.9 to 0.6. We also 

included simulated reflectivity assuming the XSEM thicknesses 

(discussion on these thicknesses is provided in the next subsec

tion), which follow the model-adjusted and measurements 

closely.

Absorber layer thicknesses: XSEM method

To validate the values determined with the reverse-bias method, 

the thicknesses of individual absorber layers were determined 

via cross-sectional scanning electron microscope (XSEM) mea

surements using a Hitachi model SU-70 scanning electron mi

croscope equipped with a back-scattered electron (BSE) detec

tor. Devices were cleaved from the processed wafer and 

arranged in vise holders, allowing imaging perpendicular to the 

cleaving plane, and ensuring proper mechanical stability and 

charge dissipation. The acceleration voltage was kept constant 

at 10 keV and the working distance as well as the sample stage 

configurations were optimized to boost the BSE signal contrast 

and reduce misalignment errors. An exemplary cross-sectional 

picture of the 10-junction device is shown in Figure 8. To accu

rately determine absorber layer thicknesses, cross-sectional im

ages of individual junctions were acquired with a magnification 

up to 110,000×, achieving a resolution of 1.1 nm/pixel. The 

Figure 7. Reverse-bias method for the 10-junction device 

Comparing measurement (circles) with simulations that assume growth-targeted thicknesses (dashed-red) and best-fit thicknesses (solid-blue). 

(A) Measured current-voltage of the fabricated 10-junction PPC, in far reverse bias, when illuminated with a 1,310-nm laser. The horizontal lines to the right of the 

plot are the simulated photogenerated currents of each junction, starting with the top (J10) to the bottom (J1). 

(B) Spectral reflectivity of the PPC, also comparing with simulations assuming cross-sectional scanning electron microscope (XSEM) measured thicknesses.

Please cite this article in press as: Forcade et al., Multi-junction laser power converters exceeding 50% efficiency in the short wavelength infrared, Cell 

Reports Physical Science (2025), https://doi.org/10.1016/j.xcrp.2025.102610

12 Cell Reports Physical Science 6, 102610, June 18, 2025 

Article

ll
OPEN ACCESS



absorber layer boundaries were determined as the peak of the 

spatial derivative of the signal intensity. The layer thickness 

was then computed as the distance between layer boundary 

peaks. The thickness values obtained from measurements 

were averaged over four different regions of one sample to 

enhance the statistical robustness of the method. The standard 

deviation for the absorber thickness values ranged between 2 

and 6 nm for the junctions J1 to J6, and 2–3 nm for the junctions 

J7 to J10.

Layer-thickness-optimized design

To establish feasible targets for crystal growers, the total thick

ness of all absorber layers and the absorber layer thickness of 

the thickest junction were constrained to below 7 μm and 

4 μm, respectively. A two-step procedure was performed by first 

optimizing layer thicknesses and then determining device perfor

mance. First, a layer-thickness optimization was performed us

ing the detailed balance model from Xia and Krich,26 which in

cludes luminescent coupling but does not include changes in 

the index of refraction between layers, which can impact lumi

nescent coupling through internal reflections between junctions. 

Assumptions for the detailed balance model input parameters 

included an internal radiative efficiency of 0.73 or 0.92 for a 

τSRH of 0.11 μs and 3 μs, respectively, no reflection loss, 98% ab

sorption, and 10 W/cm2 irradiance. We chose the internal radia

tive efficiency that resulted in a PPC design with the highest drift- 

diffusion modeled efficiency. These results can be found in Note 

S3. Then, these optimized absorber thicknesses, calculated 

from the detailed balance model, were used in our validated 

drift-diffusion model. For the second step, the antireflection layer 

thicknesses were optimized and current-voltage properties were 

simulated with the drift-diffusion model. Note that the effi

ciencies of the optimized design (τSRH of 0.11 μs) calculated by 

our validated drift-diffusion model are up to 8%rel less than the 

values calculated with the detailed balance model. Unlike our 

drift-diffusion model, the detailed balance model assumes infin

ite carrier mobilities and no changes in the index of refraction be

tween layers.
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Figure 8. High-contrast cross-sectional SEM image of the 

10-junction PPC 

The bright areas are the In0.53Ga0.47As absorber layers, whereas the dark areas 

are the barrier/interlayers of each junction. The junction number is indicated in 

the picture. The red curve in the inset superimposed to the image is the de

rivative of the pixel intensity as a function of the vertical position, in this case 

limited to J1 and J2.
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Note S1. Single-junction measurements and model validation  

We fabricated three single-junction photovoltaic isotypes with varying In0.53Ga0.47As absorber layer thicknesses 
lattice-matched to InP at Fraunhofer Institute for Solar Energy Systems. We use a four-wire configuration to measure 
the current density–voltage (J-V) characteristics of each photovoltaic device in the dark and under 1.52 µm laser 
illumination, sweeping the voltage in both directions and taking the average, with results shown in Figure S1A. Of all 
the three samples, we measure hysteresis only on the 180 nm thick absorber device.  We measure each device’s 
reflectivity and external quantum efficiency (EQE) using an Oriel IQE200, with results shown in Figure S1B and S1C. 
We select the devices with the lowest dark current at -0.02 V from each sample and use them to calibrate our drift-
diffusion model. 

We apply the same model for the single-junction devices as for the ten-junction devices. However, for the single-
junction devices, we also include trap-assisted and band-to-band tunneling to better fit the dark J-V curves in reverse 
bias.1 

To validate and acquire parameters for our model, we calculate the root-mean-square-relative difference 
between measured and simulated results for both the dark J-V and spectral reflectivity. We use Python’s SciPy SLSQP 
optimizer to minimize the sum of those two root-mean-square values with the fits shown in Figure S1A and S1B. We 
vary layer thicknesses, absorber layer SRH lifetime, absorber layer Huang-Rhys factor for the trap-assisted tunneling, 
series resistance, and the peak position and standard deviation of the Gaussian p-doping profile. In addition, we 
include an EQE and reflectivity multiplicity factor to account for shading from the gridlines. The optimizer reached 
layer thicknesses within 10% of the targeted growth values. The SRH recombination lifetime was fit to 3 ± 2 μs, which 
aligns with the measured values of 1.7-2.6 μs from references.2,3 The Huang-Rhys factor of 8 ± 3 is comparable to a 
previously published value of 6.8.1 A 0.01 Ω resistor in series with the device was used for the fits, bending the dark 
J-V at the highest forward bias voltages. The fitted EQE and reflectivity multiplicity factor is 0.97±0.01.  

Our model describes the single-junction devices well, as seen in Figure S1A and S1B, which compares simulated 
fits to measurements for three samples with different absorber thicknesses; other samples show similar results. At 
far reverse bias, band-to-band tunneling dominates and is adjusted in the model by the doping profile. The tunneling 
is also affected by the absorber thickness. At small reverse and forward biases, trap-assisted tunneling and/or SRH 

a 

c 

Figure S1. Single-junction photonic power converter isotypes characterized.   
Measured (empty markers) and simulated (lines) a dark J-V, b reflectivity, c external quantum efficiency, and d light J-V 
curves. Simulated optoelectronic model curves are fit to our measured data. The legend provides the device’s absorber layer 
thickness. The light J-V curves are measured under 2.66 W/cm2 incident 1.52 µm laser powers. 
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generation prevails, tuned by the SRH lifetime and the Huang-Rhys factor. The 180 nm device exhibited a significant 
trap-assisted tunneling current in reverse bias, evident from the few orders of magnitude larger current at 
around -2 V. We attribute the small discrepancy near 0 V for the 180 nm device in Figure 1A to hysteresis effects, 
which could arise from traps around the perimeter of the device. At large forward bias, radiative recombination 
dominates, highlighting the quality of the epi-growth. Finally, series resistance throttles current above 0.5 A/cm2. 
The FSF and absorber layer thicknesses dominate the reflectivity curve fitting shown in Figure S1B. We attribute the 
discrepancy for wavelengths larger than 1.7 µm to measurement noise due to the lower sensitivity of the Ge detector 
in our instrument. 

We further validate our model by comparing simulated to measured EQE and light J-V in Fig. S1C and S1D. The 
root-mean-square difference between measured and simulated EQE is within 1%, which supports our method of 
extracting the extinction coefficient for InGaAs (see “Methods” in the main article). For the light J-V properties, we 
match the short-circuit current density to the measured value by varying the input power. The resulting simulated 
input powers are within 4% of the measured values.  

 

Note S2. No luminescence coupling during reverse bias measurement 

Luminescent coupling can increase the current of current-limiting junctions in multi-junction devices. We check for 
luminescent coupling during our reverse bias method of extracting absorber layer thicknesses as the method relies 
on a deliberately produced current mismatch between the junctions to create steps in reverse bias. Extracting layer 
thicknesses from those steps requires assuming they are the photogenerated currents of junctions without 
luminescent coupling contribution. We can employ the fact that luminescent coupling should increase with input 
power to assess its presence.4 We demonstrate the absence of luminescent coupling by measuring the I-V curve in 
reverse bias for several 1.31 µm laser illumination powers (equal to and larger than our reverse-bias-method power 
of 1.7 mW). We then calculate the spectral response (junction short-circuit current divided by input power) of each 
junction, assuming the current at the plateaus is the short-circuit current of the junctions, with the results shown in 
Figure S2. As the spectral responses of all the junctions are flat within our measurement uncertainty, we conclude 
that luminescent coupling is insignificant for these measurements.  
 

 

Note S3. Detailed balance model: choosing the internal radiative efficiency 

To predict luminescent-coupling-optimized layer thicknesses, we employ the detailed balance model from Xia and 
Krich.5 We assume an irradiance of 10 W/cm2, an absorption of 98%, and InGaAs’s complex refractive index and 

Figure S2. Luminescent coupling investigation.  
Spectral response of each junction in the ten-junction InGaAs photonic power converter as a function of 1.31 µm laser input 
power. J10 is the top junction.  



bandgap with the same values that we use in our drift-diffusion model. We also implement the absorber thickness 
constraints: the total thickness of all absorber layers below 7 µm and the absorber layer thickness of the thickest 
junction below 4 µm. The detailed balance model runs quickly, permitting optimization for layer thicknesses. We 
then implement those thicknesses into our calibrated drift-diffusion model, which includes finite carrier mobilities 
and varying refractive indexes between materials, to assess the PPC’s performance.  

The detailed balance model requires an internal radiative efficiency (IRE) value. The detailed balance model 
contains the physics of luminescent coupling but does not have the correct physics for transport and optical 
propagation. We, therefore, use it to create a one-parameter family of device thicknesses, all of which take 
advantage of luminescent coupling. We artificially vary the IRE of the absorber material in the detailed balance model 
and find the optimized layer thicknesses for each IRE. While the detailed balance efficiency increases monotonically 
with IRE, we use these optimized thicknesses in the drift-diffusion model to calculate the efficiency of the PPC device; 
the results are provided in Figure S3. The black symbols indicate internal radiative efficiency values of 0.73 and 0.91 
and produce layer thicknesses that maximize drift-diffusion efficiencies for τSRH values of 0.11 μs and 3 μs, 
respectively.  

Note that the IRE can also be calculated at the maximum power point from the drift-diffusion model by 
considering the fraction of radiative losses; that calculation gives 0.5 and 0.92 for the two structures. For τSRH of 3 μs, 
the IRE from the drift-diffusion model is within 1% of the IRE in the detailed balance calculations that produce layer 
thicknesses with maximum drift-diffusion efficiency. This agreement makes sense and is what we expect if the key 
physics of the two models agree. However, when τSRH is 0.11 µs, the drift-diffusion IRE at maximum power is 0.5, 
while the detailed balance IRE of 0.73 produces layer thicknesses with the highest power. Neither of these IRE's is 
strongly radiative, and Figure S3 shows that the change of efficiency with the detailed balance IRE is quite small. 
Since the device does not have strong luminescent coupling, we cannot expect perfect agreement in the IREs from 
these methods. 
 

 
 

Note S4. Layer-thickness-optimized designs outperform absorption-matched designs  

We simulate the optoelectronic performance of the layer-thickness-optimized design and compare it to an identical 
InGaAs ten-junction design with absorption-matched layer thicknesses calculated using rigorous coupled wave 
analysis. The efficiency and maximum power point voltage gains achieved by the layer-thickness-optimized design 
as a function of irradiance are shown in Figure S4 (dashed curve) for a 1.52 μm laser wavelength. Compared to the 
absorption-matched design, the layer-thickness-optimized design gains up to 0.25%rel in efficiency and up to 0.2% in 
the maximum power point voltage assuming a τSRH of 0.11 µs.  

Figure S3. Impact of internal radiative efficiency on design performance.  
The efficiency of luminescent coupling-optimized devices calculated by the drift-diffusion model with absorber layer 
thicknesses provided by the detailed balance model as a function of the input internal radiative efficiency (IRE) values. The 
black symbols indicate the maximum value. 



 For luminescent coupling to significantly enhance performance, we require a much longer τSRH than the radiative 
lifetime.5 We calculated a radiative lifetime within the absorber layer of 0.8 µs using the model presented in 
Roosbroeck and Shockley with our measured absorption coefficients and absorber doping concentration.6 
Therefore, we also investigate the performance gains from a new layer-thickness-optimized design using a τSRH of 
3 µs, representing our average material quality for single-junction isotype cells. This PPC shows greater performance 
gains than the PPC designed for lower-quality material, as was suggested in Ref.7. Also, the layer-thickness-optimized 
design outperforms the absorption-matched design across the entire range of irradiance we explore (solid curve in 
Figure S4). Efficiency gains can reach up to 0.75%rel, while output voltage gains can be up to 1%.  
 
 

 

Note S5. Number of junctions versus bandgap  

For a single-junction device, the open-circuit voltage (Voc) can be related to its absorber material’s bandgap (Eg) by:8,9 
 

𝑉oc,1 =
𝐸g

𝑞
− 𝑊oc,1  (S1) 

where Woc,1 is the bandgap-voltage offset at open-circuit voltage and is a parameter indicating the quality of the 
material. However, to maximize PPC efficiency, the devices must operate at the maximum power point with a voltage 
Vmpp,1=aVoc,1. Assuming a similar relation as Eq. S1 for Vmpp,1, we can rearrange to relate the bandgap-voltage offset 
at maximum power point (Wmpp,1) to Eg, a, and Woc,1 as follows: 

 
𝑊𝑚𝑝𝑝,1 =

𝐸g

𝑞
(1 − 𝑎) + 𝑎𝑊oc,1 (S2) 

 
For a multi-junction device with N similar subcells, we can sum up the contributions from each subcell to get the 
total device output voltage at open-circuit: 

 
𝑉oc,𝑁 = ∑ 𝑉oc,𝑖

𝑁

𝑖
= (

𝐸g

𝑞
− 𝑊oc,1) 𝑁 (S3) 

 
For dissimilar junctions, which is generally the case, Eq. S3 averages the open-circuit voltage and then multiplies that 
voltage by the number of junctions. Combining Eq. S3 (but with “mpp” instead of “oc”) with Eq. S2, we get: 

 
𝑉mpp,𝑁 = (

𝐸g

𝑞
− (

𝐸g

𝑞
(1 − 𝑎) + 𝑎𝑊oc,1)) 𝑁 = (

𝐸g

𝑞
− 𝑊oc,1) 𝑎𝑁 (S4) 

 
To extract a and Woc,1, we iterate a two-step fitting procedure targeting Vmpp,N = 5 V and fitting to simulation results 
from our drift-diffusion model, assuming a Shockley-Read-Hall lifetime of 0.11 μs, a 10 W/cm2 irradiance from a laser 
with photon energy 30 meV larger than the absorber bandgap. First, we fit Eq. S3 to our calculated drift-diffusion 

Figure S4. Layer-thickness-optimized designs outperform absorption-matched designs 
Efficiency (left) and voltage (right) at maximum power point of ten-junction InGaAs PPCs with layer-thickness-optimized 
designs relative to absorption-matched designs as a function of 1.52 μm laser irradiance. We explore two material qualities, 
τSRH of 0.11 µs and 3 µs. 



model data assuming an initial value of a = 0.9 (Voc,N = 5.6 V) and extract a value for Woc,1. Second, we fit Eq. S4 to 
drift-diffusion data for Vmpp,N = 5 V using the fitted value of Woc,1 and the initial value of a. We iterated over these 
two steps to minimize the root-mean-square difference between the drift-diffusion data assuming Vmpp,N = 5 V and 
Eq. S4 data. The fitting results for the Voc and Vmpp data are shown in Figure S5A and S5B, respectively. The final fitted 
values are a = 0.88 and Woc,1 = 0.185 V. The slight offset at high absorber bandgaps in Figure S5A could come from a 
Woc,1 with bandgap dependence. The bandgap dependence could arise from differences in current production (since 
we assumed a constant irradiance but photon energy that is 30 meV larger than the bandgap), non-radiative 
recombination, and/or absorber layer thicknesses. 
 

 
 

Note S6. Additional Four-Junction InGaAsP PPC characteristics 

The four-junction InGaAsP photonic power converters exhibit excellent stability. We measured the current at a 
voltage of 2.176 V for approximately 120 seconds under illumination from a 1.446 µm laser with an input power of 
15.1 W/cm2, as shown in Figure S6A. These voltage and irradiance values correspond to the maximum efficiency 
values of the best device. To achieve faster temporal resolution, the number of power line cycles (NPLC) of the 
Keithley instrument was reduced to 0.01 for this measurement. After about one second, the beam blocker was 
removed, resulting in an initial current of approximately 3.75 A/cm2, which decreased to 3.73 A/cm2 after around 
0.4 seconds due to device heating. This initial current boost should not affect our measured efficiency values, as the 
current-voltage measurements take at least 2 seconds and start at 0 V (with the maximum power point close to 
open-circuit voltage). We also measured spectral reflectivity, with results shown in Figure S6B.  

The four-junction InGaAsP photonic power converters demonstrate excellent performance across multiple 
devices. We measured the current-voltage characteristics of 10 devices randomly selected across a quartile of single 
substrate (including a device ¼” from the 4” wafer’s edge) at an input power of 15.1 W/cm2 using the 1.446 µm laser, 
with results shown in Figure S6C. The essential parameters from the current-voltage curves are presented in 
Figure S6D as box and whisker plots, including efficiency, short-circuit current density, open-circuit voltage, and fill 
factor. Note that the irradiance for measurements shown in Figure S6 was 0.1 W/cm2 less than the highest efficiency 
irradiance in Figure 6 of the main manuscript as the system was realigned for Figure S6 results.  
 
 

Figure S5. Number of junctions required to reach 5 V at maximum power for a given absorber bandgap.  
We compare the fitted Eq. S3 (a) and Eq. S4 (b) to the values calculated from drift-diffusion simulation results.  

a b
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Figure S6. Four-junction InGaAsP device characterization.  
(a) Measured current at an applied forward bias voltage of 2.176 V as a function of time illuminated at 15.1 W/cm2 with the 
1.446 µm laser. The plot below zooms in on the time axis to show the initial current boost. The beam blocker for this 
measurement was taken out at about 1 s. (b) Measured spectral reflectivity. (c) Current-voltage curves of 10 devices, from 
a single substrate, when illuminated at an input power of 15.1 W/cm2 with the 1.446 µm laser. The circle symbols mark the 
maximum power points. (d) Box and whisker plots of the efficiency, short-circuit current density, open-circuit voltage, and 
fill factor extracted from the curves in (c). The box represents the 25th and 75th percentiles, and the whiskers are the 
minimum and maximum values. The black points are the data points from the 10 devices. 

C
5

7
7

8
 

a b

d

c

C
57

78
 

1
.4

4
6
 µ

m
 

1
.4

8
 µ

m
 

C
5

7
7

8
 



1. Aspnes, D. E. & Studna, A. A. Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, 

InAs, and InSb from 1.5 to 6.0 eV. Phys Rev B 27, (1983). 
2. Adachi, S. Optical dispersion relations for GaP, GaAs, GaSb, InP, InAs, InSb, AlxGa1−xAs, and 

In1−xGaxAsyP1−y. J Appl Phys 66, 6030–6040 (1989). 

3. Seifert, S. & Runge, P. Revised refractive index and absorption of InGaAsP lattice-matched to InP in 

transparent and absorption IR-region. Opt Mater Express 6, 251691 (2016). 

4. Dinges, H. W., Burkhard, H., Losch, R., Nickel, H. & Schlapp, W. Refractive indices of InAlAs and 

InGaAs/InP from 250 to 1900 nm determined by spectroscopic ellipsometry. Appl Surf Sci 54, 477–481 

(1992). 

5. Gozu, S., Mozume, T. & Ishikawa, H. Refractive index of Si-doped-InGaAs. J Appl Phys 104, (2008). 

6. Amiotti, M. & Landgren, G. Ellipsometric determination of thickness and refractive index at 1.3, 1.55, and 

1.7 μm for In(1−x)GaxAsyP(1−y) films on InP. J Appl Phys 73, 2965 (1992). 

7. Muñoz, M. M., Holden, T. M. & Pollak, F. H. Optical constants of Experiment and modeling ARTICLES 

YOU MAY BE INTERESTED IN. J Appl Phys 92, 5878 (2002). 

8. Hahn, D., Jaschinski, O., Wehmann, H.-H., Schlachetzki, A. & Von Ortenberg, M. Electron-Concentration 

Dependence of Absorption and Refraction in n-lno.53Gao.47As Near the Band-Edge. J Electron Mater 24, 

(1995). 

9. Humphreys, D. A. Measurement of absorption coefficients of Ga0.47In0.53As over the wavelength range 1.0-

1.7 um. Electron Lett 21, (1985). 

10. Zielinski, E., Schweizer, H., Streubel, K., Eisele, H. & Weimann, G. Excitonic transitions and exciton 

damping processes in InGaAs/InP. J Appl Phys 59, 2196 (1998). 

11. Bacher, F. R., Blakemore, J. S., Ebner, J. T. & Arthur, J. R. Optical-absorption coefficient of In1-xGaxAs/InP. 

Phys Rev B 37, 2551–2557 (1988). 

12. Schygulla, P., Fuß-Kailuweit, P., Höhn, O. & Dimroth, F. Determination of the complex refractive index of 

compound semiconductor alloys for optical device modelling. J Phys D Appl Phys 53, 8 (2020). 

13. Anderson, W. W. Absorption constant of Pb1-xSnxTe and Hg1-xCdxTe alloys. Infrared Phys 20, 363–372 

(1980). 

14. Schenk, A. & Sant, S. Tunneling between density-of-state tails: Theory and effect on Esaki diodes. J Appl 

Phys 128, (2020). 

15. Gfroerer, T. H., Cornell, E. A. & Wanlass, M. W. Efficient directional spontaneous emission from an 

InGaAs/InP heterostructure with an integral parabolic reflector. J Appl Phys 84, 5360–5362 (1998). 

16. Walker, A. W. & Denhoff, M. W. Heavy and light hole minority carrier transport properties in low-doped n-

InGaAs lattice matched to InP. Appl. Phys. Lett 111, 162107 (2017). 

17. Wang, A. C. et al. A method to analyze current mismatch in a multijunction laser power converter based on 

I-V measurements. Appl Phys Lett 118, 233902 (2021). 

18. Xia, D. & Krich, J. J. Efficiency increase in multijunction monochromatic photovoltaic devices due to 

luminescent coupling. J Appl Phys 128, 13101 (2020). 

19. King, R. R. et al. Band gap-voltage offset and energy production in next-generation multijunction solar cells. 

Progress in Photovoltaics: Research and applications 19, 797–812 (2011). 

20. Beattie, M. N. et al. InP- and GaAs-based photonic power converters under O-band laser illumination: 

Performance analysis and comparison. IEEE J Photovolt 13, 113–121 (2023). 

  

 

 

 

 


	XCRP102610_proof.pdf
	Multi-junction laser power converters exceeding 50% efficiency in the short wavelength infrared
	Introduction
	Results
	10-junction InGaAs PPC
	Modeling the 10-junction PPC
	10-junction PPC characterization and performance
	Enhancing performance through layer-thickness-optimized PPC design
	PPCs designed for 1.0- to 1.6-μm wavelengths
	High-efficiency four-junction PPC

	Discussion
	Methods
	PPC fabrication
	Quantum efficiency and reflectivity measurements
	Optoelectronic measurements
	Calibrated input power: 1.52-μm laser
	Calibrated input power: 1.446-μm laser
	Optoelectronic model
	Optical properties of materials
	Absorber layer thicknesses: Reverse-bias method
	Absorber layer thicknesses: XSEM method
	Layer-thickness-optimized design

	Resource availability
	Lead contact
	Material availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References



