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ABSTRACT

Integrating photodiodes with logic and exploiting on-die
interconnect capacitance for energy storage can enable new,
low-cost energy harvesting wireless systems. To further
explore the tradeoffs between optical efficiency and
capacitive energy storage for integrated photodiodes, an array
of photovoltaics with various diffractive storage capacitors
was designed in TSMC’s 90 nm CMOS technology.
Transient effects from interfacing the photodiodes with
switching regulators were examined. A quantitative
comparison between 90 nm and 0.35 um CMOS logic
processes for energy harvesting capabilities was carried out.
Measurements show an increase in power generation for the
newer CMOS technology, however at the cost of reduced
output voltage.

Categories & Subject Descriptors
[Integrated Circuits]: General.

General Terms
Design, Experimentation, Measurement.
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Figure 1: Layout view of 2D integrated photodiode.
Metal diffraction gratings are aligned with the pdif
figures.
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Figure 2: Side view of candidate one dimensional
photodiode (design D2 from [1]) together with storage
capacitance. Metal pattern helps to reduce reflections and
guides light to depletion region.

1. INTRODUCTION

CMOS technology scaling has continued to reduce the size
and active power consumption of electronic devices. This
trend has opened the door for energy harvesters to power
wireless systems through extracting mechanical, thermal or
solar energy from the environment. Increased system
integration has allowed solar energy harvesters in the form of
passive photodiodes to be implemented on the same silicon die
as active circuitry, which can be powered by the harvested
energy. These integrated photodiodes [1] are modeled after a
passive pixel architecture [2], which can form the basis for
CMOS imagers. Integrating the solar energy harvesting on the
same die as other parts of the system enables reduced system
cost and size. However, side effects such as lateral
photocurrent may become problematic [3-5]. Previous works
have outlined the use of environmental energy harvesting for
powering wireless systems [6-16]. For many wireless systems,
photovoltaics are a viable source for energy harvesting [7-9].
When solar energy alone is not enough, multiple energy
harvesting transducers can be combined to increase the total
generated energy [12]. Efficiently combining the multiple
sources can prove to be difficult, especially with power
budgets in the micro watts.



2. INTEGRATED PHOTODIODES

Figure 1 shows the layout for an integrated photodiode. A 2D
photodiode structure was used for the fingers of p-diffusion
implanted in the n-well. Vertical parallel plate storage
capacitance can be constructed on top of the fingers, forming
an optical diffraction grating. Since the spacing between
these vertical metal strips doubles as the aperture for the
incident light, the storage capacitance will have an optical
filtering effect. In order to increase the optical efficiency so
the photodiode can harvest additional energy from off-axis
illumination (large incident angle, ¢' from Fig. 2) a periodic
grating sequence can be implemented by varying the height
of the metal fingers.

Figure 2 shows the side view of one possible energy
harvesting photodiode with integrated storage capacitance,
based on design D2 from [1]. The gray metal pillars
constructed from vias and metal layers reflect and diffract
incident light. Diffraction can be defined as the bending or
spreading of light waves when they interact with an obstacle
[17, 18]. Diffraction gratings were originally designed for
acoustic waves, but have applications in optics as well. Much
of the initial investigation into these types of gratings was
done by Schroeder [19, 20]. His goal was to design a surface
for enhancing the acoustics in concert halls. Schroeder
applied number theory based on a quadratic residue sequence
to determine the geometric periodicity used in the diffusion
grating. His original concept was to design a ceiling that
would limit the amount of direct reflections heard by the
audience. He accomplished this by designing a surface that
would limit the amount of reflections into the audience over a
wide bandwidth. For audio, the diffusion provided by the
periodic grating reduces the sense of localization for the
reflected waves. By reducing the amount of reflected light,
the diffraction grating can increase the transmitted energy
into the photodiode. Feldman was the first to suggest using a
primitive root sequence instead of the quadratic residue
sequence for the diffraction gratings [21].

In total six different geometries (D1-D6) for the storage
capacitance were designed and tested. Each diode occupied
the same area and had the same diffusion layout, from Fig. 1,
but incorporated a different metal diffraction grating using
metal interconnect layers M1-M6. A goal of this work is to
determine the impact which the metal storage capacitance has
on the photodiodes’ optical efficiency. The first diode D1 is
the control, where only M1 was used to connect the p-
diffusion fingers together. Diodes D2 and D3 used M1
through M6, and were based on quadratic residue sequence
diffusers with periods 5 and 7, respectively. Diodes D4 and
D5 also used M1 through M6, but were based on a primitive
root sequence with periods 4 and 6, respectively. Diode D6
was also a control, where its diffraction grating occupied all
six layers throughout for a maximum metal fill density.

Figure 3 shows diagrams depicting the side view for the
various diffraction grating sequences [22]. Each diode from

D2-D5 has its own periodicity ranging from 4 to 7 fingers.
Gray rectangles indicate metal interconnect. Light passes
between the vertical metal plates and then into the substrate,
shown as a white rectangle. Table I shows the metal height of
the diffraction grating as a function of position for each
photodiode. The metal fill density is also reported, where 100
% corresponds to D6 which has every position filled to M6.

Period =4
D4
| [ [ I_lI
Period =5
D2
0 | | | | l_\I
Period =6
D5
B E - -
Period=7
T i
.

Figure 3: Side view of photodiodes with gray metal
diffraction gratings showing periodicity for various
sequences.
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Figure 4: Generated electrical power for various
photodiodes with an optical illuminance of 5 KLUX.

Table 1
Diffraction Grating Sequence and Metal Fill Density
Diode | 1|2 [3]4|5]6]7 DeFIill o
DI L1 111171 16%
D2 6 |5]|1]1 60%
D3 6 |51 [3]3]1]5 57%
D4 411]5]6 67%
D5 4151 ]13]2]6 53%
D6 66|16 [6]6]|6]6 100%




Figure 4 shows the generated power for each photodiode.
Measurements were conducted with white light illumination
from a normal tungsten filament of 5 kLUX and an active
diode area of 10000 pm’ at room temperature. Since each
photodiode has the same area and diffusion geometry, the
differences between the various photodiodes originate only
from optical losses. Each photodiode has an increasing
amount of fill density, ranging from the low density of D1 to
the maximum density of D6. It can be seen here that there is a
direct correlation between metal fill density and optical loss.
Therefore, a tradeoff exists between optical efficiency and
capacitive energy storage. The duty cycle for the periodicity
between the metal width and metal spacing is near 32 %. The
period for a single aperture-metal pair is near 1 pm and the
space between the vertical parallel plates is 0.675 pm.

Figure 5 shows the generated electrical power for photodiode
D2, which uses the quadratic residue diffuser (QRD) with
period 5, plotted versus load resistance. Each trace is for a
different illumination, ranging from 400 LUX to 20 kLUX. It
can be seen that the optimal resistance for the photodiode
becomes more selective at higher light intensities. Often a
method known as maximum power point tracking (MPPT) is
employed to ensure that the photodiode operates near the
optimal load condition [23-26]. The optimum matching of
photodiodes to resistive load has been previously outlined
[23]. Various techniques using switching regulators have also
been proposed for tuning the photodiode for maximum power
generation [24-26]. Each of these techniques requires
additional energy overhead to carry out the MPPT algorithm.
The curves from Fig. 5 suggest that MPPT could have
substantial benefits for the integrated photodiodes, especially
at higher power generation. At lower light intensities (< 1
kLUX), the energy overhead required for an MPPT algorithm
might offset any additional energy harvesting benefits. A well
designed power management system for solar energy
harvesting would turn on an MPPT algorithm for larger
power generation, but then turn it off as illumination
decreases. Figures 6 and 7 show the generated electrical
power for photodiodes D1 and D6, respectively. These
measurements were taken with a white light source directly
on-axis (i.e., normal to the surface of the chip). The
characteristic shapes of the power curves are similar since
they have identical diffusion patterns. Photodiode D1
generates the most power with on-axis illumination due to a
high optical efficiency from a low metal fill density.

Thin metal gratings, similar to the ones discussed here, have
previously been used in photovoltaic applications as a back
reflector, which traps light reflecting off the air to glass
interface [27-29]. When optimized, the diffraction gratings
have been shown to increase efficiency of the photodiode by
more than 6.2 % [29]. Some rules of thumb have been
developed for designing gratings for superior optical
performance: grating period should equal 0.7*wavelength of
light, optimal grating depth = 0.18*wavelength of light, and,
for thicker gratings, a duty-cycle near 50 % is optimal [28].
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Figure 5: Generated electrical power for photodiode D2
(QRD, p=5) for various light intensity levels ranging from
400 to 20 KLUX.
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Figure 6: Device characterization for photodiode D1
(control), Active area = 10,000 umz.
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Figure 7: Power curves for photodiode D6 (maximum
metal fill density). Each trace is for a difference load
resistance ranging from 47 to 680 kQ.



Figure 8 shows the open circuit voltage of two different
photodiodes swept over incident light angle. These
measurements were conducted with a green laser with A =
532 nm. When the light is positioned directly above the chip,
the photodiode with the minimal amount of metal capacitance
(D1) has the highest generated voltage. There exists an angle,
near 45° off-axis, where the photodiode with a diffraction
grating (D4) generates the larger voltage. In many wireless
sensor network scenarios, direct on-axis illumination cannot
be guaranteed; therefore having a photodiode with a good off-
axis response can maximize the harvested energy.

Figure 9 shows a simplified schematic for testing the transient
response of a photodiode. Typically, a switching regulator is
used to modulate the current flow from the photodiode to a
load. Here the load is modeled as a resistor R; in parallel with
a capacitor C,. When ¢ rises, the switch in Fig. 9 closes and
charge is shared between the photodiode and the load. This
additional loading will force the photodiode’s voltage to
decrease, causing a fluctuation in the generated power. This
fluctuation on the power supply is highly undesirable and, for
sensitive circuits such as analog-to-digital converters, may be
a limiting factor restricting resolution or accuracy. A storage
capacitance C; in parallel with the photodiode can be used to
mitigate this fluctuation. The additional storage capacitance
acts as a filter reducing the voltage ripple caused by the
switching.

Figure 10 compares the transient response for photodiodes
D1 and D2. For these measurements, an input light intensity

of 5 kLUX was used along with R; = 100 kQ and C, = 6 pF.
When ¢ rises, the switch in Fig. 9 closes and connects Vs,

to Vioad- The additional capacitance associated with D2’s
metal diffraction grating reduced the transient spike when the
switch closes. Photodiode D2 with the additional metal
storage capacitance exhibits roughly one half of the peak
ripple caused by the switching when compared to photodiode
D1, which has no additional capacitance. There exists a direct
tradeoff between optical efficiency and electrical filtering. A
minimal diffraction grating provides a good balance between
solar energy harvesting and electrical energy storage.

3. EXPERIMENTAL COMPARISON

In order to better understand the effects of technology scaling
on integrated photodiodes, experiments were conducted to
compare photodiodes implemented in 90 nm and 0.35 pm
CMOS logic processes. The increased dopant concentrations
used in the newer technology resulted in a smaller open
circuit voltage when compared to the older technology, for
equivalent input illuminance. However, the overall power
generation and fill factor was higher for the more advanced
90nm process. Figure 11 plots the open circuit voltages for
the two technologies versus input illuminance.
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Figure 8: Polar plot of open circuit voltage versus angle of
incident light, measuring the photodiodes’ off-axis
response. Solid line is control D1 (only M1). Dashed line is
D4 with periodic diffraction grating (M1-M6). A = 532 nm.
Peak generated voltage near 0.5 V.

Figure 9: Simplified schematic of solar energy harvesting
power supply. A switched RC is used to model a digital
load. A larger C; will function as a filter to smooth current
pulses through the switch.
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Figure 10: Measured waveforms showing clock signal

¢ and V,,, voltages for photodiodes D1 and D2. The
additional metal capacitance associated with photodiode
D2 allows for a reduced voltage ripple.



Data for single- and double-stacked energy harvesting
photodiodes are shown. It can be seen here that the 90 nm
technology has a more consistent open circuit voltage over a
wider range of input illuminance conditions. The fill factor
(defined as the ratio of diode output power at a particular load
condition to the product of the diode’s open circuit voltage
and short circuit current), is a common figure of merit used in
characterizing photodiode technologies. The photodiode
prototypes in this work have an average fill factor of 0.8.
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Figure 11: Open circuit voltage for a single diode and two
diodes stacked in series for 90 nm and 0.35 pm CMOS
technologies.

4. CONCLUSION

In this paper we have outlined both optical and electrical
design considerations for integrated energy harvesting
photodiodes. By using a diffraction grating based on number
theory, metal storage capacitors can be integrated with the
photodiodes while causing minimal optical losses. A tradeoff
between optical efficiency and transient response can be
realized with a moderately dense metal capacitance
constructed on top of the photodiode. By using a numerical
pattern for the metal capacitance such as a quadratic residue
sequence, an increase in off-axis photodiode response can be
obtained, at the expense of a slightly diminished on-axis
response. Table 2 summarizes the measured results for a few
select photodiodes. These measurements were conducted with
an input light intensity of 10 kLUX. At 20 kLUX, the output
power for diode D1 is 325 uW/mm?, a 44 % increase over [1].
Figure 12 shows the die photograph for the 2D test structures
built in 90 nm CMOS. Photodiode D2 appears to have the
best overall performance, showing a good balance between
power generation, storage and transient response.
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Table 2
Measured Performance (25 °C, Area=10,000 pm?)

Parameters Dl D2 D4 D6
Power Generated (uW) 1.32 1.30 1.26 1.20
Energy Stored (pJ) 0.86 1.43 1.55 1.98
Capacitance Ct (pF) 7.52 12.74 | 13.57 17.47
Voc (mV) 479 473 478 477
Isc (LA) 5.96 5.76 5.63 5.43

Figure 12: Die photograph showing multiple photodiodes
constructed in the 90 nm CMOS process, each diode is 70
pm on a side.
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