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1. Background

Awareness of power and energy priorities have been elevated in recent years because of the
realization of the finite resources of oil, made clearer from our increasing rate of consumption.
The solutions include both conservation and development and use of alternative energy sources.
The military has much to gain from efficient platforms that reduce logistics burden, relieving the
duty to protect the energy supply chain and thus saving lives in operational activities. Science
and technology contributions in the form of ultra-light structural materials and alternative fuel
auxiliary power capabilities are two areas that can have great impact. Alternative fuels include
the use of fuel cells and rechargeable battery systems for electronic and Soldier power
applications. Situational awareness (SA) technologies and unattended sensors that use renewable
and rechargeable technologies are quickly helping to change the SA capabilities on the
battlefield as well as in commercial activities.

Small-sensor technology is mission critical for future operational scenarios and depends on as-
yet undeveloped micro-power sources. While many sensors are expendable for short-term
applications, a host of sensors are required for longer-term applications. These sensors include
environmental monitoring applications, embedded sensors for materials and structural integrity,
and place-and-forget sensors to monitor personnel movement in caves and tunnels. The power
levels associated with unattended sensors coincide with those of typical energy harvesting
applications. Energy conversion and storage technologies are fundamental to the harvesting of
energy from the local environment. Energy harvesting techniques can have particular impact in
micro-power applications (1 nW to 100 mW) and Soldier power (1 W to 100 kW) regimes.

The needs of the Army are not stagnant. At this time, the real-time demands to adapt to the
environment, increase operational pace, and operate within logistical limitations have never been
greater. Nuclear batteries can have a small but significant impact as a power sources for long-
lived sensors (1-3). Consider embedded sensors for bridges and foundations of large buildings.
These sensors can provide information about the structural integrity (4-6). Unattended sensors
for temperature measurement in the oceans would need no maintenance during an increased
operational lifetime. Unique opportunities are waiting for sensors and radio frequency
identification (RFID) tags that benefit from keep-alive power lasting decades.

Chemical power sources can store the total energy required, but electrical leakage and
deterioration of the batteries keeps them from delivering the power over a decade. Nuclear
batteries offer a unique power-source to fill the niche. Even though the energy-density of
nuclear isotopes is six orders of magnitude greater than that possible in chemical bonds, the
stigma associated with nuclear materials will require careful design and thoughtful application.
Sensors embedded in structures, providing information useful to monitor structural integrity (i.e.,
bridges, helicopter blades), may be just the application to overcome these difficulties.



Eliminating the need to maintain power for small sensors can save lives, especially if the sensors
are in the middle of the battlefield. It can also be operationally important for sensors to remain
covert. These hidden sensors must remain powered for long periods to maintain the element of
surprise. Costly maintenance can be avoided when the sensors are not accessible (i.e., at the
bottom of tunnels, under water, within walls). The crossover point for deciding on the use of
small isotope powered batteries versus chemical batteries depends primarily on the system power
requirements and the length of time required to operate. As an example of a representative sized
system, several small sensors in the inventory, using AA and AAA batteries, require power
levels of 90 to 9000 mW. The maintenance rate for these useful sensors unfortunately puts
Soldiers in harm’s way on a daily basis, making the sensors unusable in many scenarios.

A sensor requiring 100 mW will drain a single AAA battery in less than one day. The power
drain is compared to battery capacity in figure 1. If 1 W is required by the sensor/load, then the
1 kg BA5590 will last less than 1 week. The niche for isotope batteries is in situations where
sensors with relatively low power consumption can be combined with the large amounts of
energy stored, permitting operational power sources that minimize maintenance schedules,
saving lives and maintaining covert operations and the element of surprise. Long-lived sensors
(>10 years) benefit from isotope-based batteries.
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Figure 1. A 100 mW sensor uses one AAA battery per day. This energy demand creates large
logistics requirements that are difficult to support.



The energy stored in batteries is insufficient to last for the longer periods of time that are relevant
to military operations. A 10-mW load will use the energy stored in an AA battery in less than a
month. A 100-mW load will use the energy stored in a BB3590 in less than 6 months. 1f 1 W is
required by the sensor/load, then the 1 kg BB5590 will last less than 1 week. Figure 2 shows the
energy stored in several commercial and military style batteries in common use.
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Figure 2. Energy stored in several commercial and military style batteries in common use.

We have examined the energy conversion capability of multiple semiconductor-based direct
energy conversion devices. In this report, we analyze the structure of single diodes as it pertains
to its conversion efficiency and investigate diode architectures to enhance the overall delivered
energy by stacking individual devices in parallel. This report is structured as follows: section 2
presents the various devices used and their mode of operation, section 3 presents the
measurement setup, section 4 offers measurement results and a discussion of our observations,
and section 5 provides closing remarks.

2. Devices

Semiconductor-based radioisotope power converters use the energy generated by the decay of
radioisotopes to create a power source. A battery of this type is composed of two main parts:

(1) a radioisotope source of energy and (2) an energy converter (diode) that changes the radiation
output of the radioisotope energy source into some form of usable electrical energy.

The devices used for energy conversion were silicon carbide (SiC) p-i-n diodes. These diodes
differed by the thickness of their i-layer and the size of their active area. The names used to
describe the cells as well as their i-layer size and die size are tabulated in table 1.



Table 1. Device description.

Diode # 1 2 3 13 14 Q1 Q2 Q3 Q4 Q5 Q6 Q7
i-layer (um) 60 60 80 110 | 110 50 42 35 30 20 10 5
Die size (cm) | 0.5 0.5 05 | 05 0.5 1 1 1 1 1 1 1

Diode # S11 | S12 | S21 | S22 | E11 | E12 | E41 | E42 | E62 | E72 | E81 | EB82

i-layer (um) 60 60 60 60 60 60 60 60 60 60 60 60
Die size(cm) | 05 | 05 | 05 | 05 | 05 | 05 | 05 | 05 | 05 ]| 05 | 05 | 05

The devices from table 1 were electrically accessed via three type of connection. The devices
having only numeric numbers (i.e., 1, 2, 3 ...) were electrically accessed via leads affixed to the
metal seed layer of the front (n-layer) and back (p-layer). The diodes were mounted at the center
of a holder such that the backside of the diode was mounted via conducting epoxy to a
conducting holder and the front side of the diode had small conducting wires soldered to it and
pulled-out to form a lead, as illustrated in figure 3 (left).

The devices having alpha-numeric number with a single digit (i.e., Q1—Q7) were electrically
accessed with a test fixture. These devices were dies and were not permanently attached to the
holder. Contact was made to the front side of the die (n-layer) via a probe-like contact; while,
the backside (p-layer) of the die sat on a copper line given electrical contact to the backside.
This setup is shown in figure 3 (right).
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Figure 3. (Left) Diode layout and contact for diode# 1—14 (left) and diode# Q1—Q7 (right).

The devices having alpha-numeric number with two digits (i.e., S11-E82) were electrically
accessed via copper strips affixed with conducting epoxy directly to n-layers and p-layers. All
these devices were pairs of diodes mounted back-to-back, as shown in figure 4. A copper strip
was sandwiched between the back-to-back diodes to enable contact to each diode’s n-layer,
referred to as the negative terminal (see figure 4 (a)). For devices with numbers starting with E,
each p-layer of the diode pair had a copper strip epoxy to it (see figure 4 (a)); whereas, the
devices with numbers starting with S only had one diode with a copper strip epoxy to it while the
other p-layer was left bare (see figure 4 (b)). The copper strips affixed to the n-layers are
referred to as the positive leads. There was a 3-mm hole in the copper strip at the center

of the diode to enable our radioisotope source to be in close contact to the p-layers

(see figure 4 (c) and (d)).
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Figure 4. SiC p-i-n diode pairs: (a) diode layout with three leads (diodes numbered Exx); (b) diode layout with two
leads (diodes numbered Sxx); (c) top view of the diode pairs; and (d) picture of the three-lead diode pair.

3. Measurement Setup

The energetic particles emitted during the decay of the radioisotopes create a multitude of
electron-hole pairs within the semiconductor (7). Once the carriers are generated, positive
charges flow into the semiconductor and lead to a generated current Ig, which is equivalent to a
short circuit current (Isc). The displaced carriers effectively forward bias the p-layer, as seen in
figure 5 (a), hence creating a voltage potential across the device. The forward bias junction
yields a current (1d) through the junction that is opposite to the generated current. In the
presence of very small load (short), Isc = Id, while the output voltage with very high load (open)
is Voc, the open circuit voltage. When a load is connected to the diode’s output terminals, as in
figure 4 (b), the current due to the forward bias junction is split between the current into load
(lout) and Id such that Ig = Id + lout.
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Figure 5. Current flow under (a) open circuit and (b) load conditions.



In order to characterize the conversion effectiveness of our diodes, the current through the diode,
as well as the potential across it, needed to be monitored. The conventional approach is to
perform current versus voltage (I-V) plots, where the voltage across the diodes is swept and the
current across the diode is recorded. This procedure is then done with no radioisotope (“dark” or
“baseline” measurement) and in presence of the radioisotope (“radiation”). In the presence of
radiation, the potential at zero current flow corresponds to open circuit voltage (Voc) while the
current at zero potential corresponds to short circuit current (Isc). It is expected that the baseline
and radiation I-V curve would follow the same trend as a photovoltaic cell. The I-V curve of a
conventional photovoltaic cell is shown in figure 6.

L_\ v
dark open circuit
voltage
increasing
light |
intensity 500 W/m
., Maximum power
point

1000 Wim? N short circuit current

Figure 6. 1-V curves of a conventional photovoltaic cell
with and without light.

Electrical measurements of the diode I-V curve were done with parameter analyzers (HP5155C
and HP5145). The samples were radiated with “°Sr and ®*Ni. The *°Sr radiation measurements
were conducted at the Naval Surface Weapons Center-Carderock (NSWC), MD, using a J. L.
Shepherd 10 mCi *°Sr cabinet. The ®*Ni measurements were conducted with a small (2 mm
diameter and 50 um thick) individual coating source sputtered on a thin metal layer. These
sources can be paired, as illustrated in figure 7, such that their metal layers are in contact, which
enables the diodes to be stacked. Prior to radiation, baseline I-V curves were recorded then a
radiation I-V curve was recorded during radiation. The I-V curve was conducted between -2 V
and 2 V by 10 mV increments and long integration (each data point corresponds to the average
of 16 samples). The parameter analyzer was connected to the diodes via alligator clips.

Isotope source

Metal layer ———» ===

Figure 7. ®*Ni radioisotope sources: (a) single source and (b) source pair.



In order to increase the overall output current of our direct-energy-conversion (DEC) cell we laid
out diodes in parallel. The parallel structure is assembled by stacking the diodes in separated
®3Ni source pairs. In this arrangement, the copper leads to the p-layers were all connected
together with copper tapes to make a single positive leads. The same was done with the leads to
the n-layers to make the negative lead of the stacked structure. A schematic of the stacked cell is
shown in figure 8.

o . . ¥~ Positive terminal

Negative terminal (copper tape)

(copper tape) ———EEee——————

63Ni source pair

The isotope sample
has 2mm diameter
and is 50um thick ——
and fitted into the
copper foil holes

Figure 8. Eight stacked diode pairs with 14 sources (7 pairs).

4. Results and Discussion

Before performing any radiation measurements, a baseline measurement was conducted for all
diodes. The baseline measurement is, in effect, a way to test that the cell has proper diode
behavior. The baseline measurement for the Qynergy diodes is shown in figure 9. In the plot, it
can be seen that the diodes Q3, Q4, and Q7 do not operate normally—the turn-on point of the
diodes is at zero potential. No further radiation evaluations were conducted on the diodes that
were deemed dysfunctional (i.e., Q3, Q4, and Q7). The same measurements were conducted on
the rest of the diodes and diodes 2, E31, E32, E61, and E71 were also excluded.
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Figure 9. Baseline 1-V curve of Qynergy diodes (diodes Q1—-Q7).

Once the diodes were screened for proper operation, the radiation measurement was conducted
by applying the radiation and recording the 1-V curve. Figure 10 shows I-V curves from

0to 1.2 V for various diodes. The radiation curves are lower than their baseline counterparts, as
expected. The baseline current at zero potential represents the diodes leakage current; hence, the
generated current is the difference between the baseline current and the radiation current at zero
potential. As seen in figure 10 (c), the generated current was found to be as high as 30 pA or as
low as 2 pA in the case of figure 10 (a) and (b).
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Figure 10. Baseline and ®Ni radiation 1-V curve: (a) diode S11; (b) diode S21; (c) diode E11, and (d) diode E12.

The generated current from a single diode was determined to be quite low (sometime as low as

2 pA), so we decided to increase the effective generated current by placing the cells in parallel.
We tried placing two then four diodes in parallel. Figure 11 presents the I-V curves obtained
from radiation measurement of the diodes in parallel. In figure 11 (a), D1 and D2 refer to the
diode S11 and S21, respectively, while D1-2 refers to the parallel combination of the two diodes
(S11 and S21). The generated current is effectively equivalent to the sum of the individual
radiation currents of each diode; however, this was not the case once four diodes were placed in
parallel, as can be observed in figure 11 (b), referred to as P4. In both cases, the I-V curve of the
parallel structure was not the sum of the individual diodes over the entire curve. This behavior is
potentially due to internal mismatches between diodes. The leakage current and turn-on voltage
of each diode was different and this could lead to one diode acting as a load on another. When




the diode is off (current is negative), the current from one diode flows through another diode
instead of the external loop through the parameter analyzer; hence, the recorded parallel current
is less than the sum of each diode.
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Figure 11. ®Ni radiation I-V curve: (a) diodes S11 and S21 as single diode and in parallel (D1-2) and (b) diodes
E11, E12, S11, and S21 as single diode and in parallel (P4).

To maximize the current output, we put eight diode pairs in parallel. This setup used 14 active
diodes and ®*Ni sources. Since the output current obtained from the other parallel combinations
(two and four diodes) did not yield a linear increase in current over the entire I-V curve, we
decided to look at the generated current out of this stacked structure over time at zero bias. We
grounded the n-layer leads and applied 0 V at the p-layer leads and recorded the current through
the diodes over a 40-s period. The generated current from the eight stacked diode pairs is shown
in figure 12. The background current identifies the current recorded in the lab with no ®*Ni
source. The stacked diodes generated approximately 2 pA. The generated current was quite
similar to that obtained from the previously recorded single diode measurements (see figure 10).
Again, this might be due to the diodes loading each other as well as to an odd behavior observed
in some of the I-V curves.
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Figure 12. Ni radiation time vs. current with no biasing of stacked structure. The background line represents lab
noise and the stacked diodes line is the radiation measurement.

The 1-V curves of some of our diodes followed the unexpected example trained shown in figure
13, where the radiation generated I-V curve is higher than the baseline curve. This behavior
could be explained by the idea that the generated current might be flowing in the opposite
direction to what is commonly expected. Another explanation could be that we could have been
measuring very close to the sensitivity level of the tool (we were in the pico range). The I-V
curve recorded in figures 10 (a) and 13 were conducted on the same diode on two separate days.
Each behavior was observed more than once and in this and other diodes.

11



x 10"

[ [
S1IBASL.TXT
SIRADL.TXT

Amps

10 V- % //
I VI M
A |
16 ’//
18 V\’\\/\/J\/-\\/ /
i N ]

0 0.2 0.4 0.6 0.8 1

Volts

Figure 13. %Ni radiation, showing unusual radiation data from a properly
functioning diode (diode S11).

5. Conclusions

Semiconductor-based radioisotope power converters use the energy generated by the decay of
radioisotopes to directly create a current/power source. Thermal energy conversion is used for
reactors, but that is not practical for compact packaging. In this report, we have characterized
SiC p-i-n diodes for energy conversion efficiency. Power output was measured using an I-V
curve tracer. These diodes differed by the thickness of their i-layer and the size of their active
area. In order to characterize the conversion effectiveness of our diodes, the current through the
diodes was monitored by performing I-V plots while sweeping the voltage across the diodes.
The generated current varied as high as 30 pA and as low as 2 pA for a single diode. Stacking
the diodes in parallel did not lead to a linear increase in generated current when using up to 14
diodes. Three stacking approaches (2, 4, and 14 diodes in parallel) were compared. This result
was most likely due to a diode mismatch in the structure, which decreased with the number of
diodes in the stack.

The overall small current and voltage obtained in our preliminary work was due to the large size
of the depletion region of the diode used (~100 to 500 pum). The efficiency of the diodes can be
improved by optimizing the diodes (p-i-n layer thicknesses) for our specific application and
choice of isotope (7). In the future, designs for devices will permit increased generated current
and open circuit voltage by matching the i-layer thickness with the energy of the electron emitted
from the isotope decay. Depending on the isotope used and the length of time to be operated,
SiC p-i-n diodes could be substituted in place of Si p-i-n diodes for longer operation, because
SiC is more resistant to radiation damage. The isotope used in these experiments was Ni®,
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which emits B particles with 17.4 keV energy. This energy can be absorbed by a >40-um layer
of Si without creating any significant defect in the semiconductor. The Ni® used in these
experiments were 2-mm circular foils and the SiC diodes used for the preliminary work were

5 mm x 5 mm SiC square diodes. In order to increase the rate of emission (and therefore the
generated current), we need to increase the activity of the radioactive foils. Ni® foils are
commonly used for detection of explosives in Homeland Defense initiatives and as a power
source for remote instrumentation.

Alternative isotopes with the long half-lives and low-energy beta emission exist. Half-lives
greater than 50 years are useful, because then batteries could be designed to last the lifetime of
the infrastructure. Sensors buried inside buildings that operate the lifetime of the structures
would require no maintenance. The other useful characteristic of a beta source is that the beta
(electron) emitted has a low energy reducing potential for radiation damage to the semiconductor
converter. Ni®® has a 101-year half-life and a 17 keV average beta energy. Three other isotopes
with similar parameters are (1) Tb™’ with a 99-year half-life and 63 keV average beta energy;
(2) Sm™* with a 90-year half-life and 76 keV average beta energy; and (3) Pt'*® with a 50-year
half life and 56 keV average beta energy.
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DEC direct energy conversion

-V current versus voltage

NSWC Naval Surface Warfare Center
RFID radio frequency identification
SA situational awareness

Si silicon

SiC silicon carbide
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