
2432 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 64, NO. 5, MAY 2017

Subcutaneous Photovoltaic Infrared Energy
Harvesting for Bio-implantable Devices

Eunseong Moon, Student Member, IEEE, David Blaauw, Fellow, IEEE, and
Jamie D. Phillips, Senior Member, IEEE

Abstract— Wireless biomedical implantable devices on
the millimeter-scale enable a wide range of applications
for human health, safety, and identification, though energy
harvesting and power generation are still looming chal-
lenges that impede their widespread application. Energy
scavenging approaches to power biomedical implants have
included thermal, kinetic, radio frequency, and radiative
sources. However, the achievement of efficient energy scav-
enging for biomedical implants at the millimeter-scale has
been elusive. Here, we show that photovoltaic cells at
the millimeter-scale can achieve a power conversion effi-
ciency of more than 17% for silicon and 31% for GaAs
under 1.06 µW/mm2 infrared irradiation at 850 nm. Finally,
these photovoltaic cells demonstrate highly efficient energy
harvesting through biological tissue from ambient sun-
light, or irradiation from infrared sources such as used
in present-day surveillance systems, by utilizing the near
infrared transparency window between the 650- and 950-nm
wavelength range.

Index Terms— Energy harvesting, gallium arsenide,
photovoltaics, silicon.

I. INTRODUCTION

W IRELESS biomedical implantable devices are prospec-
tive technologies that can be applied to a variety of

applications for monitoring physiological variables [18]–[21].
For these implantable applications, low-power systems on
the millimeter-scale [22]–[26] with efficient energy harvesters
from ambient and stable sources are essential to make these
technologies practical. Several different energy sources utiliz-
ing thermal energy [1]–[3] and mechanical vibrations [4]–[6],
and radio frequency (RF) electromagnetic radiation [7]–[11]
have been evaluated and tested, though miniaturization and
reliability/stability of the ambient sources are still primary
limiting factors. Wireless power transfer via RF inductive
coupling [7]–[11] is currently used in implantable systems
today due to highly efficient power transfer around 58% at
13.56 MHz through the tissue with 250-mm2 implanted coil
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area [10]. However, the power transfer efficiency is highly
dependent on the distance between the primary and secondary
coils [10], [11], decreasing power transfer efficiency expo-
nentially from 58% with 1-cm distance to 0.16% with 5-cm
distance [10] between coils. Efficiency also decreases dramat-
ically as implantable device size decreases to millimeter-scale
and below due to lateral and angular misalignments [27] and
weak coupling [11] with millimeter-scale antenna receivers.

Biological tissue also provides a means of wireless power
transfer in the near-infrared (NIR) spectral region, where there
are two optical transparency windows in the 650–1350 nm
range (First: 650–950 nm, Second: 1000–1350 nm) [15]–[17].
Photovoltaic cells can efficiently convert in this NIR spectral
region [28], [29] with external quantum efficiency (EQE)
approaching 100%, and are commonly utilized for high-
efficiency solar cells. Photovoltaic cells for NIR subcutaneous
energy harvesting face challenges in achieving high efficiency
under low irradiance conditions in cells of small area, where
shunt conductance [30]–[32] and perimeter recombination
losses can dramatically degrade performance [30], [31]. Such
cells are far more sensitive to shunt and recombination losses
in comparison to solar cells that are typically centimeter-
scale or larger and operating under irradiance that is orders of
magnitude higher. Previous work on NIR photovoltaic infrared
energy harvesting for biomedical implants [12]–[14], [33] uti-
lized Photovoltaic (PV) cells on the centimeter-scale utilizing
relatively high laser light irradiation (mw range), comparable
to the intensity used for laser therapy treatments [34]. Here
we demonstrate that photovoltaic cells at millimeter-scale can
provide power densities needed for the perpetual operation of
implantable devices via low-level irradiation at a wavelength
of 850 nm in a through-tissue configuration.

II. EXPERIMENT

The NIR subcutaneous energy harvesting concept is illus-
trated in Fig. 1(a). Ambient outdoor sunlight or an exter-
nal low-power infrared light source supplies power to the
implanted device. Photovoltaic cells are based on materials,
such as silicon or GaAs, which can efficiently convert the
wavelength region in the NIR.

The PV cells may be stacked on the implantable system,
and include an integrated photodiode to provide a means of
low-power wireless optical communication to interface with
the millimeter-scale system. We have studied both silicon and
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Fig. 1. (a) Conceptual illustration of subcutaneous photovoltaic energy
harvesting through tissue. (b) Optical microscope image of a fabricated
GaAs photovoltaic cells integrated with photodiode for wireless commu-
nication.

TABLE I
OPTIMIZED DEVICE PARAMETERS AT A WAVELENGTH

BETWEEN 800 AND 850 NM

GaAs PV cells in this paper, where silicon offers advantages
of compatibility with microelectronics technology, while GaAs
offers superior light absorption properties, low dark current,
and high shunt resistance. The silicon and GaAs PV cell
designs were optimized for NIR illumination conditions using
device simulations [30]. The optimized device parameters
for silicon and GaAs PVs under low-flux NIR illumination
between 800 and 850 nm are summarized in Table I. Fabri-
cated cells utilized highly optimized surface passivation and
anti-reflection layers to minimize perimeter recombination
effects and the surface reflection at a wavelength of 800 nm;
50-nm low-pressure chemical vapor deposition Si3N4 + 50-nm
plasma enhanced chemical vapor deposition (PECVD) Si3N4
for Silicon [30] and 100-nm PECVD Si3N4with (NH4)2S
surface treatment for GaAs.

Current–voltage characteristics of PV cells were measured
utilizing Keithley 4200 and 2400 semiconductor characteri-
zation systems. A microscope-compatible 850-nm LED and
calibrated infrared photodetector from Thorlab were used for
illumination studies. The EQE measurements used a halogen
white light source, a calibrated photodetector, a monochroma-
tor, an optical chopper, and a lock-in amplifier.

III. RESULTS AND DISCUSSION

A. Cell Performance

The baseline performance of the PV cells is shown in
Fig. 2 under 1.06-μW/mm2 LED irradiance at a wavelength
of 850 nm. These are extremely dim irradiance conditions in
comparison to AM 1.5 sunlight conditions of 1000 μW/mm2,
and represents an approximate irradiance scenario for

Fig. 2. Performance characteristics of silicon and GaAs photovoltaic
cells. (a) Current density versus voltage under 1.06 µW/mm2 at 850-nm
wavelength and 25 °C. (b) EQE spectra.

charging. The current–voltage characteristics are shown in
Fig. 2(a), demonstrating power conversion efficiency values
of 17.82% for silicon PV and 31.63% for GaAs PV. The short
circuit current density (JSC) is similar for both silicon and
GaAs, indicating similar conversion of the infrared flux to
photocurrent. The EQE spectra shown in Fig. 2(b) confirm
JSC results, with above 80% EQE for both silicon and GaAs
over the desired NIR range between 700 and 850 nm. The
metal fingers used in the cell design are a primary factor
limiting JSC and EQE where approximately 7% of the light is
reflected by metal coverage on the top surface. The primary
difference in power conversion efficiency between silicon and
GaAs cells is the variation in open circuit voltage (VOC), which
tracks the material bandgap energy. The performance of the
silicon and GaAs photovoltaic cells are limited by nonradiative
perimeter, surface, and Shockley–Read–Hall recombination
losses [30], [31], reducing the VOC below the theoretical
Shockley–Queisser [35] (SQ) limit. While these PV cells
demonstrate high power conversion efficiency, the SQ limit
is calculated to be 32% for silicon [30] and 53% for GaAs
under 660 nW/mm2at 850-nm wavelength.

B. Temperature Dependence

The operating temperature of biomedical implantable
devices should also be considered, where body temperature
ranges between 36 °C and 37 °C, in contrast to the typical
room temperature of 25 °C. The increase in operating tem-
perature can degrade the device performance by increasing
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Fig. 3. Temperature dependence of power density versus voltage
ranging from room temperature (25 °C) to conventional body temperature
(37 °C) for (a) silicon and (b) GaAs.

the thermal carrier generation and corresponding increase in
reverse saturation current and decrease in open circuit voltage.
The temperature dependence of the power density versus
voltage is shown in Fig. 3(a) and (b) for silicon and GaAs cells,
respectively, exhibiting a reduction in VOC of 2.09 mV/°C for
silicon and 2.23 mV/°C for GaAs. The corresponding reduc-
tion in the power conversion efficiency in this temperature
range is 0.097%/°C for silicon and 0.069%/°C for GaAs. These
values are consistent with theoretical temperature dependence
of PV cells [36] where such minor variations in conversion
efficiency can generally be neglected, i.e., room-temperature
characteristics provide an adequate representation of energy
harvesting performance.

C. Subcutaneous Energy Harvesting

We tested the feasibility of subcutaneous photovoltaic
energy harvesting with variable thickness of tissue models
via porcine skin and chicken breast to approximate prop-
erties of human skin [37]–[41] and muscle [16]. Initially,
an infrared LED at 850 nm was aligned to photovoltaic
cells at a fixed distance and the incident illumination density
adjusted by the applied voltage to the infrared LED was
scanned using a calibrated photodetector. The tissue samples
with variable thickness were placed between the LED and PV
cell to measure current–voltage characteristics in a through-
tissue configuration. The dependence of PV cell output power
density on tissue thickness is shown in Fig. 4 for irradiation

Fig. 4. Power conversion efficiency versus thickness of porcine skin and
chicken breast for (a) silicon and (b) GaAs photovoltaic cells under 1.08
µW/mm2 at 850-nm wavelength.

under 1.08 μW/mm2at a wavelength of 850 nm. The chicken
breast model exhibits a near exponential dependence of power
density versus thickness described by the Beer–Lambert rela-
tion [16]

Pout = P0e−αd (1)

where Pout is the electrical power density produced by the cell,
P0 is the incident infrared power density, α is the attenuation
coefficient, and d is the tissue thickness. An extracted atten-
uation coefficient of the chicken breast sample is 1.706 cm−1

at wavelength of 850 nm. Optical attenuation will occur via
absorption and scattering, depending on the cell structure [42],
and portions of blood, chromophores and pigments in the
tissue. The constant attenuation coefficient for the chicken
breast samples suggests a homogeneous medium, providing
a good model for optical penetration into uniform soft tissue
samples. The attenuation coefficient is similar to prior reports
for human skin [15] of 0.37 ± 0.12 cm−1 and subcutaneous
adipose tissue of 1.1 ± 0.03 cm−1 over the wavelength
range between 620 and 1000 nm, and tumor samples [39]
with attenuation coefficients of 3.29 ± 1.02 cm−1 and 4.77
± 0.77 cm−1 at 789-nm wavelength. The power density
dependence for harvesting through porcine skin exhibits a
sharp attenuation near surface, suggesting an inhomogeneous
medium. Optical transmission through human skin occurs via
three primary layers [15], [16], [40]: the epidermis (100 μm
thick), dermis (1–4 mm thick) and subcutaneous fat (1–6 mm
thick). Attenuation in the epidermis and dermis is dominated
by Mie scattering [43] via collagen fibers, where attenuation is
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Fig. 5. Output power versus input power plots for (a) silicon and
(b) GaAs photovoltaic cells through 5-mm porcine skin and 10-mm
chicken breast along with minimum 50-nW/mm2 operating power of
low-power microelectronics and minimum 10-µW/mm2 LLLT.

reduced for latter propagation in fatty tissue. The porcine skin
model therefore represents a good approximation to transmis-
sion through skin with high density of collagen fibers [37] in
the dermis compared to human skin, and represents a worst
case scenario for IR attenuation.

The dependence of output power density versus input irra-
diance is shown in Fig. 5 for silicon and GaAs samples
of 5-mm porcine skin and 10-mm chicken breast. Above
irradiance of approximately 100 nW/mm2, the harvesting effi-
ciency is approximately constant, corresponding to the linear
relationship on the log-log scale of Fig. 5. The energy harvest-
ing efficiency decreases below irradiance of 100 nW/mm2,
attributed to the regime where dark current density in
the PV cells approaches the photo-generated current. The
approximate requirement to power millimeter-scale systems is
50 nW/mm2[22], which is demonstrated for all tissue samples
in Fig. 5 for irradiance above 2.3 μW/mm2 for silicon and
1.3 μW/mm2 for GaAs. This irradiance condition is within
an acceptable range of operation, and is below the typical
minimum power density of 10 μW/mm2 that is safely used
in low-level laser therapy (LLLT) for medical treatments [34]
and produces a slight rise (below 0.5 °C) in the temperature
of tissue/PV with negligible temperature degradations for
PVs [12].

We studied a more complex energy harvesting scenario
using NIR transmission through a previously dissected mouse
to include complex combinations of hair, skin, bone, muscle,

Fig. 6. Photograph of dissected mouse and mounted PV cells used to
measure NIR energy harvesting.

TABLE II
PARAMETERS MEASURED AT VARIOUS LOCATIONS ON THE SAMPLE

and organs. The dissected mouse sample was placed between
the LED and PV cell for seven specific sections of the mouse
sample, as shown in Fig. 6. Energy harvesting was measured
using LED irradiance from above, with PV cells placed
beneath the mouse. PV performance for the seven locations
is summarized in Table II. LED irradiation at 134 μW/mm2

(within the typical range of LLLT between 10 μW/mm2 and
10 mW/mm2) demonstrated stable harvesting capabilities at all
seven locations. The ability to demonstrate energy harvesting
at these locations, particularly point 7, which is a 15-mm-thick
thorax region with high tissue density, shows great promise for
infrared power transfer.

Our silicon and GaAs cells demonstrate the ability to
power biologically implanted millimeter-scale systems under
low NIR irradiance conditions (approximately 1 μW/mm2).
Beyond the power generated by the PV cells, the implantable
system will require an interface to directly power the sys-
tem or to charge a battery. We have previously demonstrated
that energy harvesting circuitry can exceed 78% at similar
scale and low-flux conditions [44] using a series/parallel PV
network to match the charging voltage required for a battery
without the need for voltage upconversion. Further improve-
ments in the cell structure will require the encapsulation of
photovoltaic cells with biocompatible and transparent polymer
packaging materials, such as poly(methyl methacrylate) [45]
and polydimethylsiloxane [33], [46] or glass [47] for long-term
stability to reduce the toxicity concern of arsenic compounds.

IV. CONCLUSION

Our results demonstrate that external infrared energy har-
vesting from ambient sources or intentional irradiation is suf-
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ficient to power millimeter-scale sensor systems utilizing sili-
con or GaAs PV cells that are specifically designed and opti-
mized for energy harvesting in the NIR transparency window
for biological tissue. Sufficient power generation is achieved
for perpetual operation of millimeter-scale systems for implant
depth of at least 15 mm, including hair/skin/muscle/bone under
NIR illumination at 850 nm.
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