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Abstract—Energy supply of medical implants is a challenging 

task that poses requirements regarding electrical performance, 

safety, mechanical dimensions, biological compatibility and ideally 

compatibility with diagnostic methods such as magnetic resonance 

imaging. In this paper we report about photovoltaic cells that are 

optimized to power medical implants optically. We demonstrate 4-

junction thin film photonic power converters (PPCs) with 

integrated back reflector designed to operate under 

monochromatic near-infrared light with a wavelength of 855 nm. 

The influence of the incident laser wavelength and spectral 

sensitivity are investigated under 809 nm and 855 nm laser light. 

Measurements under 855 nm light at a temperature of 25 °C 

suggest almost perfect current match. However, already at an 

operating temperature of 40 °C, as expected for operation of the 

implant inside the body, current mismatch becomes apparent. The 

impact of spectral sensitivity and current mismatch on the shape 

of the I-V curve is discussed based on measurements at a detuned 

wavelength of 809 nm. Furthermore, the effect of a gold back 

surface reflector on cell performance is examined and a lower 

sensitivity on current mismatch conditions due to the mirror is 

found. Despite the dependence of the device performance on 

temperature and wavelength, the maximum power point voltage 

remains well above 3.3 V under all relevant operating conditions, 

which makes these PPCs well suited to drive smart implant 

electronics without the need for voltage upconversion. 

Keywords—photonic power converter, thin film, III-V, multi-

junction, optical power transmission, back reflector.  

I.  INTRODUCTION 

Photonic power converters (PPCs) are photovoltaic cells that 

are optimized for artificial light and are used as receivers for 

optical power transmission systems based on a laser or a light-

emitting diode. Due to the narrow light spectrum, 

thermalization and transmission losses in PPCs can be 

significantly reduced and very high light-to-electricity 

conversion efficiencies up to 68.9 % have been shown [1]. An 

optical power supply can be an elegant solution to power 

medical implants from outside the body. In contrast to other 

wireless power transmission approaches such as 

electromagnetic induction, optical power transmission 

inherently avoids electromagnetic interference. Furthermore, it 

is compatible with magnetic resonance imaging (MRI) tools [2] 

and, thus, allows to actively operate implants during MRI scans. 

Further advantages are that it allows to miniaturize implants [3] 

and increases their lifetime significantly with respect to battery 

powered devices [4]. A major constraint for medical implants 

is the compliance with biocompatibility. In this regard, release 

of harmful substances into the human body must be prevented. 

Further, heating of the tissue must be restricted to a temperature 

rise below 2 K, or up to 6 K under specific circumstances. For 

the latter reason, maximal conversion efficiency of the PPC is 

crucial to minimize heat dissipation from the implant. 

In this work, we present 4-junction GaAs based thin film PPCs 

with back surface reflector (BSR), which are designed to 

optically power smart implants by emitting infrared light from 

outside of the body through the skin as depicted in Fig. 1. 

II. DEVICES AND METHODS 

A. Device Design 

We fabricated vertically stacked 4-junction GaAs-based PPCs. 

GaAs is chosen as absorber material, as it is well suited for light 

absorption around 850 nm, where absorption in the tissue is low 

[5]. Furthermore, it can be realized with excellent material 

quality to enable highly efficient PPC structures.  

A multi-junction device architecture [6–8] with four stacked 

subcells was chosen to realize an output voltage above 3.3 V as 

 
Fig. 1: A schematic view of the main components used for optical power 

transmission through skin/tissue to power a medical implant. The PPC can 

be encapsulated with e.g. silicone to assure biocompatibility. 
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many electrical devices and circuits are designed to operate at 

this voltage.  

In this work, thin film cells with gold back reflector and cells 

on bulk substrate were fabricated and measured. The results of 

the following three different samples are presented here: 

Sample A is a reference sample processed on substrate with a 

wet-chemically etched mesa; the front side processing of 

Sample B is equal, but the substrate is removed and a gold back 

reflector is applied; Sample C is also processed as a thin film 

device with gold back reflector, but the cells were separated 

using a dry etching technique.  

B. Epitaxial Structure 

The epitaxial structure was grown by metal-organic vapor 

phase epitaxy (MOVPE) on 4” p-type GaAs substrates by 

AZUR SPACE Solar Power GmbH and is similar to the multi-

junction PPC structure described in [9, 10]. A schematic of the 

epitaxial stack is shown in Fig. 2. The subcell thicknesses are 

adjusted for current matching at the target wavelength 

λ0 = 855 nm at a temperature T = 25 °C. The four stacked 

subcells are electrically interconnected in series by tunneling 

diodes (TD). A 1 µm thick transparent lateral conduction layer 

on the front side facilitates carrier transport to the metal front 

grid [11]. Between the stacked subcells and the substrate, an 

etch stop layer is introduced to enable selective removal of the 

substrate by wet chemical etching during the thin film 

processing scheme. 

C. Semiconductor Processing 

After epitaxy of the semiconductor structure, the device 

processing was performed in the Fraunhofer ISE cleanroom 

laboratory, following a processing scheme similar to the one 

described in [12]. First, a full area rear side contact 

metallization based on Pd/Zn/Pd/Au was applied to the 

reference sample on substrate. The Pd/Au/Ge/Ti/Pd-based front 

side contacts were realized by metal evaporation and liftoff 

processes. The front contact layer between the metal fingers 

was removed by a selective etching step using a citric acid:H2O2 

solution. Mesa etching was performed using a non-selective 

HBr:H2O2:H2O solution for a defined time, followed by 

selective etching of the last layers with a citric acid:H2O2 

solution.  Alternatively, a dry etch step based on reactive ion 

etching was applied. Finally, an anti-reflection coating (ARC) 

was deposited by physical vapor deposition. For laboratory 

testing in air atmosphere a two-layer ARC made of Ta2O5 and 

MgF2 optimized for the wavelength range from 800 nm to 

870 nm was evaporated. PPCs of two different sizes were 

fabricated with nominal designated areas of 0.054 cm² and 

0.61 cm². 

For thin-film processing, the wafers with finished front-side but 

without rear side contact, were temporarily bonded to a 

sapphire wafer, similar to the process described in [12]. Then, 

the GaAs substrate was selectively removed using a 

NH4:H2O2:H2O solution. The wet chemical etching stops at the 

etch stop layer which is consecutively removed with HCl. After 

substrate etching, the rear side contact layer of the PPC was 

covered with thermally evaporated gold which serves as a BSR 

and electric contact at the same time. Subsequently, the rear 

side is reinforced by 15 to 30 µm of electroplated copper. 

Finally, the temporary bond is released, and flexible thin film 

wafers are obtained (see Fig. 3).  

D. Characterization 

Current-voltage (I-V) measurements were performed on 

0.61 cm² cells on a temperature-controlled chuck at T = 25 °C 

under 809 nm laser light and at T = 25 °C and T = 40 °C under 

a 855 nm light source. For both measurements the best cell on 

each wafer was chosen based on flash measurements with 

broadband light. In both cases the voltage sweep to obtain the 

I-V characteristic was performed within 1 ms. I-V 

characteristics were measured in forward and backward 

direction, i.e. the voltage was swept from negative bias to 

beyond open-circuit and the other way around. The data was 

logged using a transient recorder. The optical input power was 

determined by using a single-junction GaAs reference cell with 

the same cell area and the same metal grid shading as the device 

under test (DUT). The short circuit current ISC of the reference 

cell was measured separately under the same irradiance 

conditions as the DUT before the series of measurements. The 

input power Pin was calculated using the calibrated spectral 

response of the reference cell.   

 
Fig. 3: The picture shows a fully processed flexible thin film wafer with 

gold back reflector. 

 

 
Fig. 2: Schematic cross section of the epitaxial structure of the 4-junction 
PPCs. Subcells 1 to 4 (J1-J4) are decreasing in thickness from top to 

bottom and are interconnected by tunneling diodes (TD). 
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In case of measurements with the 809 nm laser, the light emitted 

from a DILAS MINI Diode Laser System was guided through 

an optical fiber and directed onto the DUT. An aperture mask 

was used to assure that the cells are slightly under-illuminated. 

The cells were aligned with the help of a visible 650 nm pilot 

laser coupled into the same fiber. The optical input power was 

varied over three orders of magnitude from 0.18 W to 13.8 W. 

To obtain the I-V characteristics, a 4 ms-laser pulse is triggered 

manually, and the voltage sweep starts after a delay time of 

1.9 ms.  

Electrical characterization at 855 nm, which is the wavelength 

of intended current matching, was performed using a vertical-

cavity surface-emitting laser (VCSEL). Its peak wavelength is 

855 nm and it has a full width at half maximum of 2 nm. To 

align the DUT with respect to the VCSEL light spot the 

following procedure was executed: The photo current of the 

DUT was estimated by measuring the voltage drop over a 1 kΩ 

resistor. By moving the cell in the x- and the y-direction in 

0.5 mm steps, the point of maximum photo current was 

determined. The I-V measurement was then executed at this 

position for different input powers ranging from 83 mW to 

511 mW. For these measurements the delay time between 

starting the laser and the start of the measurement was increased 

to 2 s.  

Note, that for both laser light sources the intensity is not 

distributed homogeneously across the active cell area, but 

rather features radial symmetry with peak intensity at the center 

of the cell. For that reason, the total optical input power [W] is 

reported for the measurements, instead of the irradiance 

[W/cm²].  

III. RESULTS AND DISCUSSION 

For both measurement setups a hysteresis between forward and 

backward voltage sweep especially strong at low irradiances 

was observed. The effect was found to be less pronounced for 

slower voltage sweeps and is hence attributed to capacitive 

effects in the 4-junction device. However, the I-V curves shown 

in the following show the average current of the forward and 

backward measurement for each voltage sampling point. An 

analysis of different methods to average the forward and the 

backward I-V is currently under investigation. Comparison of 

data acquired with different sweep times and, thus, different 

severeness of the hysteresis effect showed that this averaging 

yields reliable values for open circuit voltage VOC and the short 

circuit current ISC, but usually underestimates the fill factor FF 

due to a rounding artifact in the averaged I-V curve around the 

maximum power point.  

A. Measurements under 809 nm light  

Fig. 4 shows I-V curves of 0.61 cm²-sized PPCs measured at 

different input powers ranging from 0.18 W to 13.8 W for all 

three samples (Sample A on substrate with wet-chemical mesa 

etching, Sample B with gold back reflector, and Sample C with 

gold Back reflector and dry mesa etching). At voltages around 

0 V for all I-V curves a bending is observed, so that the short-

circuit current is significantly larger than the “saturated” current 

between about 1 V and 4 V. This behavior can be understood 

as follows: As the subcells’ thicknesses are optimized for 

current matching at λ0 = 855 nm, the multi-junction structure is 

current mismatched when measured under 809 nm light. More 

precisely, the subcells’ generated photocurrent densities 

decrease from top to bottom due to the increased absorptance at 

lower wavelengths [13, 14]. As the junctions are connected in 

series, the bottom (J4) subcell’s photo current is limiting the 

overall current of the device. At voltages above ~1 V J1-J3 are 

operating close to their respective single subcell open circuit 

voltages, which are in first order approximation equal to one 

quarter of the device’s VOC. Hence, the limiting junction is at 

zero voltage bias when the externally applied voltage is 

approximately V = 3/4 VOC. More generally speaking, the 

 
Fig. 4: Measured current-voltage characteristics of PPCs on substrate and 
with gold back reflector measured under 809 nm laser light with different 

intensities. The current and the open circuit voltage are higher for the cells 

with back surface reflector. Sample B was not measured at the 3rd highest 

irradiance. 
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Fig. 5: Top: Open circuit voltage VOC as a function of input power extracted 
from the I-V measurements. Bottom: Gain in VOC attributed to the back 

surface reflector (Gain = VOC(Sample B/C) – VOC(Sample A)). At low 

irradiances the VOC is similar for all samples. With increasing irradiance, a 
gain in VOC for the samples with mirror is observed. Sample C with a dry 

etched mesa shows a higher VOC gain than the wet etched sample. When 

the irradiance is increased further, the gain starts decreasing due to the 

heating of the thin film cells. 
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limiting junction in a mismatched multi-junction device is 

estimated to operate at zero voltage bias when V = (N-1)VOC/N, 

with VOC  being the multi-junction open circuit voltage and N 

the number of subcells. Consequently, when the external bias 

voltage approaches V = 0 V, the limiting bottom junction J4 

operates already in significant negative bias. The bending at an 

external voltage of about 1 V, thus, is interpreted as a reverse 

breakdown of the limiting junction, so that the I-V curve bends 

up to the photocurrent of the next limiting junction.  

At all irradiances, the current is higher for the cells with back 

surface reflector which is attributed to improved luminescent 

coupling due to the mirror. 

Fig. 5 shows the measured open circuit voltages as a function 

of optical input power and the gain in VOC attributed to the back 

surface reflector. The VOC increases logarithmically with 

optical input power. A gain in VOC due to the Au reflector of up 

to 22 mV for the wet chemically separated cell and of up to 

43 mV for the cell with dry etched mesa is observed. In both 

cases, the gain is attributed to more effective photon recycling 

in the bottom subcell as well as improved luminescence 

coupling and a thereby increased current. The higher open 

circuit voltages and the higher currents for sample C indicate 

that the dry mesa etching process is advantageous for these 

multi-junction PPCs. For the highest measured input powers the 

gain in VOC drops which is attributed to worse thermal coupling 

of the flexible wafers to the measurement chuck and, thus, more 

pronounced heating of the DUT during measurement at such 

high irradiance; similar as observed in other measurements [1]. 

B. Measurements under 855 nm light  

Fig. 6 shows a comparison of I-V curves of cells with and 

without back reflector (samples A and B, same cells as shown 

in Fig. 4) measured under 855 nm light. The measurements 

were performed under different optical input powers between 

83 mW to 511 mW. At low powers nearly identical 

characteristics are found for the cells with and without mirror. 

At higher powers a small deviation can be observed between 

the two samples. The bending in the I-V curve of the thin film 

cell indicates a slight current mismatch. We attribute this, as for 

the 809 nm measurements, to a worse thermal coupling of the 

thin-film wafer to the measurement chuck. Namely, the cells 

heat up during the 2 s of laser illumination before the 

measurement starts.  

Fig. 7 illustrates the effect of increasing temperature on the I-V 

curve. It shows measurements of sample A (on substrate) at 

T = 25 °C (black lines) and T = 40 °C (red lines). The increase 

in temperature leads to a drop in VOC of 116 to 131 mV (-1.93 

to -2.18 mV/K per junction). The bending of the current around 

V = 0 V for the 40 °C measurement indicates a temperature 

induced current mismatch due to the enhanced absorptance in 

the top subcells. 

A direct comparison of I-V curves of the same cell measured 

under 809 nm and 855 nm is shown in Fig. 8. Both I-V curves 

were measured the same optical input power, namely 181 mW. 

Note that the measured voltage range covers negative bias 

voltages reaching as low as -13 V. The I-V curve measured at 

855 nm (black line) is rather flat throughout the whole voltage 

range, apart from a small bending around V = -7.5 V and 

another around V = -13 V. For the measurement under 809 nm 

(red line), however, the I-V curve exhibits distinct steps of 

stable current with transition ranges in between. The bending is 

observed at around V = +1 V, -4.5 V, -9 V and -15 V (outside  

of the measurement range in Fig. 8). These distinct steps in the 

I-V curve can be understood by the series connection of the 

subcells which each generate a different photo current: The 

combined I-V curve of a string of series connected cells is 

determined by the sum of the voltages for each current value. 

Due to the strong current mismatch, the liming junction (here: 

J4) is already in reverse bias at zero external bias voltage. 

Further decrease of the external bias, thus, drives the limiting 

junction further in reverse, and the I-V characteristic is 

determined by its breakdown behavior. At around -2.5 V the 

photocurrent of the second limiting junction is reached, which 

then determines the current as long it does not break down 

while voltage is further decreased. As a consequence, four 

 
Fig. 6: I-V characteristics of a cell on substrate (sample A, orange curves) 
and a cell with gold back reflector (sample B, blue curves) for different 

optical input powers (83, 181, 344 and 511 mW from bottom to top) at 

855 nm. For the lower intensities the cells with and without mirror show 
similar behavior. The difference at higher intensities is caused by the more 

pronounced heating of the thin-film cell due to worse thermal coupling to 

the measurement chuck. 
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Fig. 7: I-V characteristics of a cell on substrate for different chuck 

temperatures (25 °C, black lines and 40 °C, red lines) and different optical 

input powers measured under the VCSEL emitting at 855 nm. For higher 
temperatures, a reduction in VOC is observed and the current shows a 

bending at V = 0 V, indicating a small current mismatch. 
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distinct plateaus emerge which each represent the photo current 

of one of the subcells. Finally, at even further decreased bias 

voltage also the last junction and, thus, the entire device is 

expected to break down, which happens in this case at a voltage 

below the measurement range. 

The comparison of these two measurements clearly reveals how 

current mismatch (or alternatively spectral mismatch by using 

a detuned wavelength) affects vertically stacked multi-junction 

PPCs. Especially the photo current of the limiting bottom cell 

and consequently the current at maximum power point is 

severely affected by spectral mismatch. As can be seen in Fig. 

8, the back surface reflector increases the photo current in the 

limiting bottom subcell, whereas the upper subcells show 

similar photo currents in both cases. This can be understood, as 

the back reflector enhances the effect of luminescence coupling 

from the top subcells towards the bottom subcell, because it 

effectively increases its optical thickness and thus increases the 

absorptance of the otherwise only weakly absorbed near-

bandgap photons emitted from the upper subcells. In this 

measurements, the detuning of the laser wavelength by 46 nm 

leads to a drop in current at maximum power point Imp from 

25.1 mA to 16.3 mA (-35 %rel), i.e. 0.76 %rel per 1 nm spectral 

mismatch, that translates into a similar drop in efficiency. The 

introduction of a back surface reflector mitigates the loss in 

current to -32 %rel (or 0.7 %rel per 1 nm spectral mismatch) due 

to improved luminescence coupling even at the low input power 

of 181 mW (0.3 W/cm²). At higher optical input powers, a more 

pronounced effect is expected. Still, it should be noted that 

these average numbers were derived from measurements at two 

wavelengths only while the actual behavior with spectral 

detuning generally would be expected to be non-linear. Last, it 

is emphasized that these observations and given explanations 

are in line with previous studies and conclusions regarding the 

operation of multi-junction PPCs [7, 15]. 

IV. CONCLUSION 

We fabricated and characterized 4-junction GaAs-based PPCs 

with and without back reflector. The devices were developed to 

power smart implant applications by infrared light beaming 

through tissue. With these devices the voltage at the maximum 

power point exceeds 3.3 V even at low intensities so that 

implants can be powered without the need of voltage 

upconversion.  

It was shown that changes in the operating temperature induce 

significant current mismatch among the subcells causing a loss 

in current by -0.76 %rel/nm. By implementing a gold back 

reflector this current drop reduces to -0.7 %rel/nm. This finding 

underlines the importance of careful design and epitaxial 

growth with respect to the light source and operating 

temperature. In addition to performance benefits from the thin 

film approach with back mirror, the resulting flexibility of the 

devices is advantageous for the integration into curved surfaces 

or foil substrates. Due to these advantages, such thin-film 

devices can unlock the ability to power medical applications by 

infrared light. 
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