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Abstract—This paper presents a CMOS power supply unit for
electrically isolated microscale applications, where the provision
of electrical power is not appropriate through wiring. A miniature
fiberoptic platform consisting of an inclined silicon mirror fabri-
cated using bulk micromachining is coupled to the monolithically
integrated photodiode/dc–dc converter system, to yield a stand-
alone optical power supply. In this approach, the dc/dc converter
steps up the voltage of a single CMOS-integrated photodiode to a
higher level. A test chip is fabricated using UMC 0.18-μm triple-
well CMOS technology to demonstrate the power supply unit. Two
different types of photodiodes, namely, a triple-well photodiode and
an n-well photodiode are compared. It is found that on-chip triple-
well photodiode results in a projected responsivity of 26 mA/W.
The dc/dc converter had a maximum efficiency of 56% and is able
to boost an input voltage level of 0.5-to-1.2 V. Silicon mirrors coated
with 25-nm-thick aluminum are measured to have a reflectivity of
80% for a laser beam at a wavelength of 650 nm. Capability of the
overall packaged optoelectronic system, consisting of the optical
fiber, silicon mirror, CMOS photodiode, and the dc/dc converter,
is demonstrated by generation of an electrical power of 60 μW.

Index Terms—Bulk micromachining, CMOS, dc/dc converter
circuit, photodiode.

I. INTRODUCTION

THERE exist a number of application areas including wire-
less communication and medical imaging, which sub-

ject electrical systems to high RF fields, magnetic fields [1],
electromagnetic interference (EMI) [2], or high-temperature
medium [3], where it is more appropriate to provide the power
of these systems via optical, rather than electrical means. Main
objective of using the optical powering is to reduce the number
of conductor lines feeding the system of interest, which at the
same time helps to eliminate the ohmic losses and the heat-
ing effects, for instance, in the presence of strong RF fields.
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S. O. Ünlü was with the Department of Electrical and Electronics Engineer-
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Optical powering systems usually consist of an optical power
source, a transmission medium, where light is guided, and an
optical-to-electrical converter. Although photovoltaic solar cells
have been frequently used as the optical-to-electrical convert-
ers for macroscale applications [4]–[6], they are not convenient
for emerging microscale electronic systems, such as biomedi-
cal implants [1], [7] and sensors [8], which demand compact,
miniaturized optical-to-electrical converters. CMOS compati-
bility of the optoelectronic device becomes an important issue
when there is a need of high-level integration of various func-
tionalities in a small area using a single substrate [9]–[11]. Such
a capability greatly reduces the packaging costs as well as re-
sulting in a better noise immunity.

In order to realize a compact optical powering system, pho-
todiode can be used as the converter due to its much smaller
size at the expense of reduced efficiency. Photodiodes can be
used in photovoltaic (solar cell) mode in contrast to their general
usage in reverse-biased region as sensors in optical communi-
cations [12] and photo-sensing applications [13].

The compact optical powering system must be able to supply
voltage sources of 1.2, 1.8, 3, or 5 V, which are now common
supply voltage levels for electronic circuits. None of these levels
are within the reach of a single silicon photodiode, which can
supply an open-circuit voltage of 0.6 V. Hybrid integration of a
discrete photodiode with small footprint to power a simple LC
resonance circuit has been realized [3]. However, this increases
the complexity of packaging, especially with the wirebonds go-
ing from the photodiode die to the electronic unit. Coupling
of the fiberoptic cable to the photodiode becomes harder with
the wirebonds at its center. Furthermore, this unit cannot support
more complex electronic circuits, which demand power supplies
of 1.2 V or higher. An energy-efficient solution to this problem
is to connect as many photodiodes as required in series to reach
the desired voltage-supply level. A hybrid integration example
following this approach has been implemented by using a small
photovoltaic power cell, which contains three photodiodes in
series [1]. A special technology is used to fabricate three photo-
diodes in series. Similarly, using an silicon-on-insulator (SOI)
process as many photovoltaic cells as desired can be connected
in series. In this way, 50 V supply is generated by series con-
nection of 90 cells [6]. Even though with this special photo-
voltaic cell die, the wirebonds are carried to the edge allowing
room for the fiberoptic cable placement, the cost of the sys-
tem is increased and some additional constraints are put on the
optical system. Focusing and aligning a laser beam uniformly
over an area occupied by three or more photodiodes becomes
critical, since the current generated by the photovoltaic cell is
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limited by the smallest current on any one of the photodiodes in
series.

A solution to this challenge is to use CMOS photodiodes
as solar cells, and hence, realize a monolithic integration of
solar cells and electronic circuits. Unfortunately, CMOS pho-
todiodes and electronic circuits cannot be connected in series
on the same die [4] except for a special series connection of n-
well/p-substrate and triple-well photodiode in triple-well CMOS
processes [2].

A novel solution to this problem is to use a single CMOS
photodiode connected to a dc/dc voltage booster circuit. A volt-
age booster circuit can be designed to increase the dc voltage
of a single photodiode to the desired voltage supply levels by
inserting as many voltage doublers as required. There is no
photodiodes connected in series in this solution. A single pho-
todiode formed from diffusion and n-well layers in CMOS has
been shown to generate desired voltage levels by using mono-
lithic dc/dc converter circuit [14]. However, photodiodes formed
from the diffusion layers have less efficiency than the other pos-
sible photodiode configurations in CMOS. Ideally, a photodiode
should be able to absorb all the incoming photons in its deple-
tion region. Depths of these regions must be comparable to the
penetration depth of photons in the semiconductor material that
the photodiode is made of. Penetration depth is an important pa-
rameter in photodiodes indicating the depth below the surface
of the semiconductor material, where photon flux is dropped
to 37% (1/e) of the surface incident flux. This depth changes
with the wavelength of the photons. Penetration depth is around
3 μm for a light source with 650-nm wavelength in silicon [15].
Therefore, a practical junction depth of around 3 μm is desirable
in silicon photodiodes to capture photons of 650-nm wavelength
efficiently. As a result, in CMOS technology, deeper junctions
such as n-well and triple-well are more efficient in collecting
photons of visible range wavelength than the shallow n-diffusion
or p-diffusion junctions used for drain/source implants. Since
single n-well/p-substrate photodiode cannot be connected to an
electronic circuit on the same die because of the electrical short
of the bulk connection, a triple-well photodiode in a triple-well
CMOS process connected to a dc/dc converter circuit stands out
as a better solution.

This paper presents a CMOS power supply unit comprising
integrated silicon photodiodes and a low-voltage dc/dc con-
verter. Novelty of this work can be summarized as integration
of a monolithic photodiode together with a dc/dc converter to
generate a micro-optical powering system by using a standard
CMOS foundry process. In addition, for routing the optical
power to the optoelectronic converter, a micromachined silicon
platform containing an inclined mirror is implemented, which
drastically eliminates the problem of coupling the fiber cable to
the photodiode.

This paper is organized in four sections. Section II describes
the operation principle of the system where the relevance of
the integration of electronics with a micromachined platform is
discussed. Section III presents the theory and the operation of
sub-blocks. Experimental verification and performance charac-
terization is supplied in Section IV, and concluding remarks are
given in Section V.

Fig. 1. (a) Sketch of the physical realization of the integrated system.
(b) Architecture of the proposed CMOS power supply unit.

II. OPERATION OF OPTICAL POWER UNIT

Physical realization of the optical power supply presented in
this paper is shown in Fig. 1(a). There are two main blocks for
this system, namely, CMOS application-specific IC (ASIC) chip
where optical power is translated into electrical counterpart and
a micromachined silicon-based platform, which serves both as a
path for the fiber line and a mirror that reflects the light coming
out of the fiber to the photodiodes on the CMOS chip. Front side
of the CMOS chip is facing to the mirror of the fiber platform
for optimum coupling of the light to the CMOS photodiode.
The platform consists of a V-shaped groove for placement of
the fiber cable and a mirror with an angle of 54.7◦ specified by
the micromachining process. In order to increase the reflectivity
of the mirror, the platform is coated with 25-nm-thick aluminum
layer. Integration of the CMOS chip and the fiber platform is
accomplished by injecting epoxy in between the mirror opening
and the electronics chip.

Fig. 1(b) shows the architecture of the proposed CMOS power
supply unit utilized in an electrically isolated microscale appli-
cation. The working principle of the proposed unit can be de-
scribed as follows: the very low voltage on the photodiode (VPh )
generated by the light from an external laser source serves as
the input voltage for the dc/dc voltage converter, where two
cascaded stages of voltage doublers driven by two clock signals
step up the input voltage to a higher level (VC ) and accumu-
late the charge on a storage capacitor (CC ). This capacitor is
connected to the optical supply unit by using wire bonding, but
since fiber cables are safely away from the bond pad of the
dc/dc converter output, no interference is induced on operation.
The accumulated charge can be transferred directly to any elec-
tronic system in order to function as a power supply. Besides,
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Fig. 2. Cross section of the triple-well CMOS process.

transferring the charge through a transmission gate activated by
an appropriate control signal (Enable) enables supplying more
current (IDD ) at a voltage level (VDD ) for applications powered
intermittently [14].

III. SYSTEM DESIGN

A. CMOS Photodiodes

Any standard CMOS technology can be exploited for obtain-
ing integrated optoelectronic converter for low-power applica-
tions [16]. As an example, let us consider a triple-well CMOS
process, where both twin-well and triple-well FETs are imple-
mented on the same p-type substrate, as shown in Fig. 2. There
are essentially two types of FETs offered in such a technology:
1) low-threshold-voltage transistors marked as twin-well nMOS
and twin-well pMOS in Fig. 2 and 2) standard MOS transistors
exemplified as triple-well nMOS transistor in Fig. 2. It is obvious
that low-voltage applications require low-threshold transistors
to be able to operate, even with low supply voltages to allow
sufficient headroom for the electrical signals. Therefore, the
dc/dc converter is implemented by using low-threshold-voltage
(twin-well) MOS transistors. Drain/source diffusions of MOS
transistors are known to be photo sensors with low efficiency
and they can be used as CMOS imagers. Because of their rel-
atively low efficiency, they do not represent a suitable way of
obtaining power for electronic circuits [17].

Inspection of Fig. 2 reveals three types of p–n junctions that
can be used as effective photo-generated current sources. The
first p–n junction marked as D1 forms a photo-generation layer
between the n-well diffusion and the p-type substrate. This type
of diode is referred as n-well photodiode in this paper. The sec-
ond type of photodiode, marked as D2 in Fig. 2, is between the
deep n-well and the p-type substrate having a common anode
port with D1. D2 is referred as a parasitic photodiode for the
reasons that will be explained shortly. Finally, the third photo-
diode, shown as D3, is the junction between the p-well and the
deep n-well, which is isolated from the p-type substrate. This
type of diode is referred as triple-well photodiode in this pa-
per. As n-well photodiodes have a common anode connection
through p-type substrate, it is not possible to tie them in series
to increase the overall voltage.

As can be seen in Fig. 2, low-threshold-voltage transistors
share the same substrate, which serves as the anode of the n-
well photodiode (D1). When this diode is used in photovoltaic
mode to induce a positive voltage drop between the anode and

the cathode terminal, the input of the dc/dc converter circuitry
is effectively grounded. Therefore, it is not possible to boost
the voltage of the photovoltage with the combination of an n-
well photodiode and a dc/dc converter, if implemented by using
twin-well transistors.

Triple-well photodiode (D3) and deep n-well photodiode (D2)
have common cathode connection. During the normal operation
of D3, the junction between the deep n-well and p-well diffusion
of the triple-well transistor is illuminated, which means that the
junction between the deep n-well and the substrate receives light
as well. As a result, whenever D3 is optically turned ON, D2
turns ON too, acting as a parasitic photodiode, which steals
the useful photo-induced current of D3. As a solution, p-type
substrate and the n+ contact diffusion of the deep n-well are
shorted at the ground potential, which avoids current to be stolen
from D3. Because of the necessity to tie cathode of D3 to ground
level, it is not possible to have a series connection of triple-well
photodiodes. Although it is allowed to tie n-well (D1) and triple-
well (D3) photodiodes in series, this connection puts a severe
restriction to the usage of triple-well nMOS transistors [2].

B. DC/DC Converter Circuit

Aforementioned challenges in Section III-A leave only one
option to implement an integrated optoelectronic power unit,
usage of triple-well photodiode together with a dc/dc converter,
realized by low-threshold-voltage transistors. Integrated dc/dc
voltage converters are used to provide a voltage that is higher
than the available power supply voltage. Since, the input voltage
of the dc/dc converter is provided from a triple-well photodiode,
designing a dc/dc converter capable of operating at low voltage
levels between 0.5–0.65 V is essential for the proposed power
supply unit.

Basically, there are two main topologies for dc/dc converters,
namely, the Dickson charge pump [18] and the voltage doubler
circuits [19]–[21]. Due to the body effect, the gain of the Dick-
son charge pump circuit reduces greatly for low input voltages.
Hence, it is not appropriate to use this topology in the proposed
design.

The voltage doubler structure [19] has an important advantage
over Dickson charge pump for boosting low voltages. The fact
that the voltage drop across any device never gets larger than
the supply voltage enables using low-voltage MOS transistors,
which is very essential for low-voltage applications.

Fig. 3 shows the architecture of the dc/dc converter used in
the proposed module. The converter has two main parts: the first
part consists of two cascaded stages of voltage doublers, while
the second part is the clock generator circuit, which is a simple
ring oscillator followed by two buffer circuits to drive the high
capacitive load of MOS transistors in the voltage doubler cir-
cuitry. The input voltage to the dc/dc converter (i.e., the voltage
of the photodiode VPh ) serves as the power supply voltage for
both the voltage doubler and the clock generator circuits.

One of the most important figures of merit for dc/dc converters
is the power efficiency [22]. The overall power loss in the dc/dc
converter topologies is composed of two main parts, namely, the
resistive and the dynamic power losses. The resistive power loss
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Fig. 3. Architecture of the CMOS dc/dc converter.

is basically due to the finite value of the resistance of the con-
verter, whereas the dynamic power loss is due to the switching
frequency and the overall parasitic capacitance of the converter.
In order to maximize the converter’s efficiency for a desired
current capability, the switching frequency that is controlled by
the clock frequency must be selected carefully. Actually, an op-
timal value exists for the clock frequency so that the power loss
is minimized. A higher switching frequency than an optimal
value decreases the efficiency of the converter due to the in-
creased dynamic power losses. The dc/dc converter is designed
to supply an output voltage of 1.2 V with a current capability of
0.3 mA. The value of stage capacitors and the number of stages
necessary to generate the required voltage play an important
role in determining the overall area of the dc/dc converter. As
a result, the overall area of the converter that is mainly dictated
by the value of stage capacitors can be decreased by increasing
the clock frequency. However, increasing the clock frequency
above the optimal value decreases the power efficiency [23].
The output voltage of the voltage doubler circuit is given in the
following [24]:

VC = VPh + N

[(
C

C + CS

)
VPh − Iout

f(C + CS )

]
(1)

where VPh is the input voltage, N is the number of stages, C
(C1 and C2) is the total stage capacitor, CS is the parasitic stray
capacitance, Iout is the output current loading, and f is the clock
frequency.

In order to obtain both a small die area and high power effi-
ciency, a relatively high clock frequency of 50 MHz and a total
stage number of two has been selected for the proposed design.
The simulation results show that the power efficiency increases
until the clock frequency reaches about 50 MHz. When the clock
frequency is increased further, the power efficiency decreases.
Further, the photodiode voltage is taken as 0.5 V. The required
stage capacitor C is calculated from (1) as 40 pF.

C. Transmission Gate and Storage Capacitor

Although, the combination of a photodiode, a dc/dc converter,
and a storage capacitor can be used as the basic optical power
supply unit, a higher level of current capability is achievable by
incorporating a transmission gate between the storage capac-
itor and the load for intermittently powered applications. The
transmission gate functions as a switch, enabling the flow of ac-
cumulated charge on the storage capacitor to the load at definite
time instances. The transistors comprising the transmission gate
in the design can be sized such that the voltage drop across them
is confined to a minimum value.

The value of the storage capacitor CC can be determined
by the discharge time relationship for the storage capacitor as
follows:

CC = IDD
ΔtDD

ΔVDD
(2)

where IDD is the supply current for the circuit being powered
by the unit, ΔVDD is the permissible voltage drop on the supply
voltage, and ΔtDD is the ON-time interval of the intermittently
powered application.

D. Micromachined Silicon Platform

Registration of optical power to the CMOS-integrated pho-
todiodes is performed by using a micromachined silicon mirror
that allows efficient optical coupling of the light coming out of
a multimode fiberoptic cable, as visually described by Fig. 1(a).
Design of the fiber platform is performed by running geomet-
rical optics simulation in order to project the efficiency of light
capture, as shown in Fig. 4(a). As can be seen from this fig-
ure, the light sensitive area, where the CMOS photodiode of
the chip is going to be aligned, receives the light reflected from
the 54.7◦-inclined mirror. The angle of the mirror is defined by
the physical realization process (potassium hydroxide (KOH)
etching) [1], [25]. Important design parameters of the fiber plat-
form are width (w) and depth (h) of the V-shaped groove, width
of the mirror opening (y), separation between the fiber end and
the mirror (d), and distance between the center of the fiber core
and the bottom of the V-groove (h1), as shown in Fig. 4(b) and
(c). Numerical aperture of the fiber defines the mirror size and
the separation between the mirror and the fiber. Width of the
V-groove can be calculated as follows:

w =
2h

tan 54.7◦
(3)

which is only dependent on the height of the channel where the
fiber is placed. Opening width of the mirror is given as follows:

y = d +
2(h − h1)
tan 54.7◦

. (4)

A mask design is performed by first assuming intimate contact
with the CMOS chip and the fiber platform and by considering
square-shaped triple-well photodiode on the CMOS chip with an
area of 300 μm× 300 μm, which is defined by the limited silicon
area of the overall design, diameter of the multimode fiber as
2r = 62.5 μm, and numerical aperture as 0.275. Since KOH



AKTAN et al.: OPTOELECTRONIC CMOS POWER SUPPLY UNIT FOR ELECTRICALLY ISOLATED MICROSCALE APPLICATIONS 751

Fig. 4. (a) Optical simulation of the micromachined fiberoptic platform.
(b) Cross section of the groove where fiber is placed. (c) Geometry of the
silicon-based fiber platform showing the mask layout for KOH etch process.

Fig. 5. Micrograph of the CMOS chip.

etch is used for defining the 3-D structure in silicon, additional
structures for etch compensation are included.

IV. EXPERIMENTAL RESULTS

Designed ICs are implemented with UMC 0.18-μm triple-
well CMOS technology using a foundry service. Fig. 5 shows a
picture of one of the fabricated dies. The die area is 1.5 mm ×
1.5 mm. The dc/dc converter circuit consumes an area of 340 μm
× 340 μm. Both the n-well and triple-well photodiodes have an
area of 300 μm × 300 μm.

Using the fabricated IC die, n-well and triple-well photodi-
odes, and dc/dc converter circuits have been characterized. The
response of the dc/dc converter circuit to different input current
and voltage levels is measured using a semiconductor parameter
analyzer (Keithley SCS4200). Current–voltage characteristics

Fig. 6. Photograph of the fabricated silicon-based fiberoptical platform.

of n-well and triple-well photodiodes have been measured us-
ing the semiconductor parameter analyzer with an optical setup,
where a laser beam at a wavelength of 650 nm is focused on
photodiodes at different power levels such that the spot sizes are
smaller than their areas. The laser beam is focused on photodi-
odes using a convex lens (Edmund Optics, f = 75 mm, diameter
25 mm). Each optical power level applied to photodiodes after
focusing is measured with an optical power meter (Thor Labs
PM100A with sensor S12C). Similarly, dc/dc converter circuit
and the triple-well photodiode on the same IC die are also tested
together using the semiconductor parameter analyzer and the
optical setup where a laser beam at a wavelength of 650 nm is
focused on the on-chip triple-well photodiode at different power
levels again such that the spot sizes are smaller than its area.

Silicon mirror platforms are fabricated in-house using basic
bulk micromachining processes. Picture of these platforms be-
fore coating with a film of 25-nm-thick aluminum and dicing is
shown in Fig. 6. Coating the silicon mirrors with a reflective ma-
terial, such as aluminum, is necessary in order to increase their
reflection performances. The reflectivity of the silicon mirrors
are measured by inserting a fiberoptic cable inside the silicon
V-grooves and measuring the incident laser power inside the
fiber and the reflected laser power from the silicon mirror using
the optical power meter. A multimode fiberoptic cable with a
diameter of 125 μm and a core diameter of 62.5 μm is used in
the experiments.

Finally, the micromachined silicon optical platform and the IC
die are integrated together. The fiberoptic cable is placed on the
V-groove of the silicon platform. This platform is then aligned to
the IC die under a probe station. Wafer level alignment and inte-
gration is possible by using commercially available double-side
aligners with IR cameras and wafer bonders. Probes are used
to get electrical feeds from the IC die. By using micromanip-
ulators’ linear and rotational motions, the reflected laser beam
from the silicon mirror is aligned to the triple-well photodiode
while monitoring the short-circuit current and the open-circuit
voltage of the photodiode using the semiconductor parameter
analyzer. After successful alignment, positions of the fiberoptic
cable, silicon platform, and the IC die are fixed by applying
epoxy. The pictures of the packaged system are shown in Fig. 7.
The packaged system is characterized by monitoring the output
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Fig. 7. Integration of CMOS Photodiodes with fiber lines.

Fig. 8. Output voltage and the efficiency of the dc/dc converter as a function
of the current drawn from the output of the circuitry for different values of the
input voltage to be boosted.

current and voltage of the dc/dc converter circuit while a laser
beam is applied to the triple-well photodiode on the same die at
different power levels through fiberoptic cable. The details of all
these experimental results are presented in following sections.

A. DC/DC Converter

The dc/dc converter circuit is tested for four different input
voltage levels: 0.45, 0.5, 0.55, and 0.6 V. These voltage levels
are typical open-circuit voltage levels of a silicon photodiode
under various light intensities. At these input voltages, source-
measure units (SMU) of the semiconductor parameter analyzer
sweeps the applied input current in a range that a typical silicon
photodiode can supply and measures the current and the voltage
seen at the output of the dc/dc converter. Extracted efficiency
and current–voltage characteristics are shown in Fig. 8. The
circuit can convert 0.5 V at the input to 1.2 V, whereas 0.45 V
input voltage is not enough for operation. Measurements reveal
56% of maximum efficiency for an input voltage of 0.55 V and
an input current of 0.54 mA, generating an output voltage of
1.19 V and an output current of 0.14 mA.

B. n-Well Photodiode

The current–voltage characteristics of the n-well photodiode
at different optical power levels define the efficiency of the
photodiode to convert optical power to electrical power. Even

Fig. 9. Current–Voltage characteristics and FF values of (a) metal covered and
(b) uncovered n-well photodiode illuminated with a laser by varying the optical
power (P).

though n-well photodiode has an area of 300 μm × 300 μm,
because of the dummy metal patterns with gaps automatically
placed on the photodiodes for the uniformity of the metalliza-
tion process at the foundry, the effective area of the photodiode
is reduced. Initial tests are done on n-well photodiodes covered
with metal patterns. These characteristics are shown in Fig. 9(a).
A short-circuit current of around 0.93 mA is achieved from an
optical power of 80 mW. The fill factors (FFs) related to this
characterization varies between 0.769 and 0.664 as the optical
power is swept between 40 and 160 mW. The reason for the FF
variation with respect to the power of the illumination is the re-
duction of the equivalent shunt resistance and the increase in the
equivalent series resistance of the photodiode with increasing
optical power level.

However, these results do not represent the full capacity of
the n-well photodiode, since they are mostly covered with metal
patterns. These patterns are formed by the topmost four alu-
minum layers (Metal-3, 4, 5, and 6) of the UMC 0.18-μm
CMOS process. In order to measure the maximum capacity of
this photodiode, metal layers over the n-well photodiode were
removed by in-house wet chemical etching. Fig. 9(b) shows
the current versus the voltage between the terminals of the n-
well photodiode after the dummy metal patterns are removed.
In these results, the photodiode goes into light saturation at
tested optical power levels greater than 30 mW, and the current–
voltage characteristics above this power level show an irregular
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behavior. Above the light saturation level, the current is no
longer proportional to the received optical power and the series
resistance of the photodiode starts to be dominant. As a result of
the voltage drop over this series resistance component, a more
linear characteristic between the applied voltage and resulting
diode current is observed. The current of the photodiode does
not increase much as the optical power is increased beyond this
level. The FF of this device is extracted to be between 0.774 and
0.269, for the optical power levels between 0.6 and 60 mW, due
to severe changes in the shunt and series resistances. A short-
circuit current of 0.91 mA is achieved from an optical power of
13.4 mW indicating a responsivity of 0.068 A/W. Thus, remov-
ing the metal patterns over the n-well photodiode increases its
capacity by a factor of 6 meaning that metal patterns over the
photodiode reduces its area to 1/6 (122 μm × 122 μm). That is
why the metal covered n-well results in Fig. 9(a) do not show
any saturation even at measured optical power of 160 mW.

Measuring this factor experimentally is important because the
triple-well photodiode is also covered with metal patterns. The
reduction in triple-well photodiode current due to metal layers
puts an important constraint on dc/dc converter operation and the
electronic units supplied by it. Future implementations would
require more electrical power. In that case, triple-well photodi-
odes without any metal coverings must be used and electronic
circuits powered by these photodiodes must be optimized based
on the current–voltage characteristics of these photodiodes at
specific optical powers.

C. Triple-Well Photodiode

The triple-well photodiode on the chip is one of the most
determinant elements of the system, since it allows integration
of other circuitry (dc/dc converter in this case) on the same die.
Even though the triple-well photodiode used to power the dc/dc
converter circuit consumes an area of 300 μm × 300 μm, it can
be deduced from the experimental results of n-well photodiodes
presented in Section IV-B that the effective area is reduced to
122 μm × 122 μm due to the dummy metal patterns put on top
of them at the foundry.

While determining the current through the triple-well pho-
todiode, the cathode of the photodiode, deep n-well, and the
p-substrate are shorted to eliminate the effects of the parasitic
current due to deep n-well/substrate junction (D2) in Fig. 2.

During the measurements, optical power of the laser is var-
ied from 40 to 200 mW with a step value of 40 mW. Results
of the measurements are shown in Fig. 10, where both para-
sitic current (IPAR ) due to D2 and the useful photodiode current
(IPD ) of D3 are plotted. Generated photodiode current increases
linearly with the optical power level of the illumination. These
current levels permit the dc/dc converter to function properly
with an efficiency around 50%. At 200 mW of incident light
power, 0.85 mA of photodiode current is measured, indicating
a responsivity of 0.0043 A/W. From the results of the n-well
photodiode covered with metal patterns in the Section IV-B, it
is extrapolated that the same photocurrent can be generated at
an optical power of around 33 mW, indicating a responsivity of
0.026 A/W. This implies that n-well photodiodes are roughly 2.5

Fig. 10. Current–voltage characteristics of the parasitic photodiode (D2) and
the metal-covered triple-well photodiode (D3) at different optical power levels
of illumination.

times (at high optical power levels) to 3.8 times (at low optical
power levels) more efficient than the triple-well photodiodes.
The triple-well photodiode current is lower than the n-well pho-
todiode measured at the same optical power levels, mainly due
to the regions, where photogeneration occurs. This is expected,
since the junction depth of the n-well photodiode is deeper than
the one of triple-well diode. The reason for the variation of the
efficiency difference between these two photodiodes is that the
n-well photodiode enters into saturation regime more rapidly
than the triple-well diode.

D. Si Mirror Platform Measurements

Microfabricated silicon mirror platform for the fiberoptic ca-
ble is separately characterized, before it is integrated to the
CMOS circuit die. After the optical fiber is placed into the V-
groove of the Si platform, reflectivity measurements of the mir-
rors are done. As the optical power inside the fiber is changed
and measured, the reflected power from the silicon mirror sur-
face is measured by the optical power meter. The measurements
are done by using two samples to see the variance caused by the
processes.

The uncoated micromachined Si mirrors had a reflectivity of
33% for the laser input at a wavelength of 650 nm. Since low
reflectivity of the mirror surface is an important constraint for
integration of the micromachined Si platform and the IC die,
platforms are coated with 25-nm-thick aluminum film, using a
high-vacuum thermal evaporator, which has more reflectivity
than Si. Thickness of the evaporated film is monitored by a
quartz mass sensor. Since the CMOS chip is covered with an
insulating protective film, short-circuit failure of the electronics
circuit is not an issue; therefore, Al is deposited all over the
platform surface, including the angled walls. Addition of this
coating increased the reflectivity of the mirror to about 80%.

E. DC/DC Converter Characterization Using the On-Chip
Triple-Well Photodiode

The dc/dc converter should be able to double the voltage
level from the triple-well photodiode on the same die when
an optical power is shined on the photodiode surface. In this
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Fig. 11. Output voltage of the dc/dc converter connected to a triple-well
photodiode on the same die versus the current drawn for different power levels
of optical illumination.

Fig. 12. Current–voltage characteristics of the dc/dc converter with a triple-
well photodiode illuminated at different optical power levels by using micro-
machined mirror platform.

context, the dc/dc converter circuit is characterized with a laser
source at a wavelength of 650 nm without fiber coupling but
with a convex lens focusing the incident laser light on it. In these
experiments, the spot size of the laser is smaller than the area
of the photodiode. Output voltage versus current of the dc/dc
converter circuit is shown in Fig. 11 for varying optical power
levels. An incident optical power density of 44.4 W/cm2 on the
triple-well photodiode is enough to make the dc/dc converter
work and double the voltage to 1.2 V.

F. Silicon Platform Integrated With the IC Die

The measurement results from the packaged system, contain-
ing a fiberoptic cable, silicon mirror platform and IC die, is
shown in Fig. 12. As the optical power through the fiberoptic
cable is changed and measured, the output voltage and the cur-
rent of the dc/dc converter circuit is measured. About 120 mW
of optical power is enough to turn ON the dc/dc converter cir-
cuit and generate 1.2 V. However, the same voltage level was
available from a 40-mW optical power in the experiments done
without the Si platform and fiberoptic cable as given in earlier
section. This means that 67% of the optical power is lost during
the packaging of the fiberoptic cable, silicon mirror, and the IC
die. From the characterization results in Section IV-D, we know

that 20% of the optical power is lost in the Al-coated silicon
mirror. The remaining percentage of the loss, however, is due to
the scattering of the light from the mirror surface and the mis-
alignment of the mirror to the photodiode surface. Since, the Si
mirror does not focus the beam onto the photodiode like the way
convex lens does as described in Section IV-C, the illuminated
area becomes greater than the area of the triple-well photodiode
area. As a result, collected optical power is reduced. However,
still by inserting optical power levels of 120 mW and above, the
dc/dc converter can be run to generate a 1.2-V voltage source.
It is important to note that, this system would be operational
even with mirror loses and alignment errors with optical power
levels of 20 mW, if it had not been for the metal patterns over
the triple-well diodes.

V. CONCLUSION

A novel optical power supply module compatible with stan-
dard CMOS foundry processes has been developed. The module
is integrated into a miniaturized system where a micromachined
silicon fiber platform carries optical power to be converted into
the electrical one. Since overall size of the system is small, it can
be safely used to supply power to the electronic systems, which
operate in harsh environments. The overall optoelectronic sys-
tem is formed by combination of optical fiber, silicon mirror,
and an IC containing monolithic triple-well photodiode next to a
dc/dc converter circuit. In order to increase the reflectivity of the
silicon mirror at visible wavelengths, a 25-nm-thick aluminum
layer is coated resulting in a reflectivity of 80%. A test chip is
fabricated using UMC 0.18-μm triple-well CMOS technology
to demonstrate the proposed power supply unit. On-chip triple-
well photodiode offers a projected responsivity of 0.026 A/W.
CMOS dc/dc converter has a maximum efficiency of 56% and
is able to increase the photodiode voltage of 0.5 and 0.6 V to
1.2 and 1.5 V, respectively. Present integrated system is able to
deliver 50 μA of bias current with a 1.2 V of supply voltage to an
electronic system continuously, when an external optical power
of 160 mW is given as the input. Improvement of the overall
power efficiency can be achieved by using fiber cables with a
lens-shaped end, at the CMOS photodiode side for obtaining a
more collimated beam. This also helps to increase the precision
of the CMOS chip to silicon platform alignment. It is projected
that the same electrical power can be achieved with an optical
power of 27 mW, if dummy metal pattern over the photodiode
is removed.
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