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Single crystal CVD diamond membranes for betavoltaic cells

C. Delfaure, M. Pomorski,a) J. de Sanoit, P. Bergonzo, and S. Saada
CEA, LIST, Diamond Sensors Laboratory, 91-191 Gif-sur-Yvette, France

(Received 14 March 2016; accepted 1 June 2016; published online 22 June 2016)

A single crystal diamond large area thin membrane was assembled as a p-doped/Intrinsic/Metal (PIM)

structure and used in a betavoltaic configuration. When tested with a 20 keV electron beam from a

high resolution scanning electron microscope, we measured an open circuit voltage (Voc) of 1.85 V, a

charge collection efficiency (CCE) of 98%, a fill-factor of 80%, and a total conversion efficiency of

9.4%. These parameters are inherently linked to the diamond membrane PIM structure that allows full

device depletion even at 0 V and are among the highest reported up to now for any other material

tested for betavoltaic devices. It enables to drive a high short-circuit current Isc up to 7.12 lA, to reach

a maximum power Pmax of 10.48 lW, a remarkable value demonstrating the high-benefit of diamond

for the realization of long-life radioisotope based micro-batteries. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4954013]

Recent progress in modern microsystems and micro-

electromechanical systems (MEMS) has enabled the fabrica-

tion of highly functional devices, but autonomy and standalone

functionality requires on-board power. In 1991, Sony com-

mercialized the first Li-ion cell based on chemistry that led

to the fastest growing battery on the market. However, the

storable energy remains near the 1 A.h.cm�3 value, and this

limit seems hard to be overtaken although the market is in

need of smaller and more powerful energy devices. One of

the alternatives is the use of radioisotope batteries, which

directly convert nuclear decay products (alpha or beta par-

ticles) into electricity. They appear as a reliable alternative

to chemistry batteries with longer lifetime and reduced size.

In fact, the approach is not new, and nuclear-based energy

sources exist since the late 1950s,1 where Si junctions were

irradiated with a SrY-90 beta source. These approaches

opened up the way to medical power (cardiac stimulation),

and still today they appear as viable alternative devices for

spatial, aeronautics, and submarine applications where long-

term stability and high performances in harsh environments

are required. The key to a feasible radioisotope battery is an

efficient nuclear-to-electrical conversion mechanism and a

high tolerance to the radiation damage.

In many previous works, studies based on alpha-, beta-

voltaic approaches2–15 have demonstrated the gain in using

wide bandgap semiconducting materials, such as Si, GaN, and

SiC. Here, we propose to demonstrate that diamond is a very

promising alternative since its large band-gap enables a signif-

icant improvement of the internal efficiency of such devices.15

First hints about the use of diamond for beta-cells can be

found in the pioneering work from Ref. 16. More recently,

the interests of diamond were confirmed by Ref. 17. The

main advantages of diamond as a direct converting material

includes (i) its low Z implying low electrons backscattering,

and bremsstrahlung generation, thus better coupling of the

beta source to the diamond beta-cell, and no radiation dam-

age, (ii) high electronic density thus higher stopping power

(thinner layers can be used to reduce the device volume),

(iii) high mobility of both electrons and holes18,19 with a high

diffusion length enabling lower recombination rate in highly

doped regions, thus increased CCE, and (iv) p-doped diamond

layer as an entrance electrode provides an electrochemically

active layer on which radioactive isotopes can be directly pre-

cipitated from liquid solution with no beta-cell degradation.20

These properties combined with its outstanding radiation

hardness21,22 and the significant progress in the chemical

vapor deposition (CVD) synthesis of high purity single crystal

(scCVD) make diamond the perfect candidate for betavoltaic

alternative miniature energy sources.

In the recent work from Ref. 17, the fabrication of a dia-

mond based betavoltaic cell by combining 130 scCVD-based

Schottky barrier cells over 15 cm2 was demonstrated. Several

beta sources (Ni-63, Pm-147, and Sr-90/Y-90) could be used

to allow the fabrication of a betavoltaic battery with a conver-

sion efficiency up to 5% and a typical open-circuit voltage of

0.8 V (characterized with an SEM at 20 keV). This value

remains low and was here attributed to a poor distribution of

the Schottky barrier height within the battery over the numer-

ous individual scCVD cells. We report here on the develop-

ment of a single betavoltaic cell based on a high purity

scCVD diamond membrane with almost a twice higher con-

version efficiency.

In previous works we demonstrated the possibility to

fabricate self-supported scCVD thin diamond membranes

(1–10 lm thickness) using an argon/oxygen plasma etching

method, and applied it to commercially available scCVD

diamond samples.23,24 Such a membrane was combined with

a thin layer of highly boron doped diamond which has been

first grown on top of the sample by microwave enhanced

plasma chemical vapor deposition (MPECVD),25 and an alu-

minum backcontact at the bottom allowing the formation of

a fully depleted p-doped/Intrinsic/Metal (PIM) structure with

a high built-in potential, which renders direct nuclear-to-

electrical conversion possible with high efficiency. We used

an electronic grade scCVD diamond from ElementSix with a

lifetime of excess charge carriers approaching microsec-

onds.18 Figure 1(a) displays a picture of the device tested.

a)Author to whom correspondence should be addressed. Electronic mail:

michal.pomorski@cea.fr
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The larger square (2� 2 mm2) represents the 200 nm thick

boron doped diamond entrance electrode (boron concentra-

tion: [B]� 1021 cm�3) that is grown over the 1� 1 mm2

square 5 lm thick membrane in the center. The growth

proceeds in a homemade CVD reactor and the conditions are

as follows: [CH4]/[H2]¼ 0.55%, (B/C)gas¼ 2� 104 ppm,

438 W, 120 mbar, and 870 �C. An aluminum bottom elec-

trode (200 nm thick) was deposited on the entire back surface

using RF physical vapor deposition (RF PVD) sputtering.

The thick edge of the membrane with 40 lm thickness pro-

vides mechanical stability and handling convenience to the

thin active central device. This particular membrane configu-

ration may further allow easy vertical stacking of multiple

PIM structures. The surface area of the membrane could also

easily be extended on larger crystals allowing much higher

active areas.

We use an HRSEM ZEISS SUPRA 40 to simulate the

electrons emitted by a Ni-63 radioactive source and probed

their interaction with the diamond beta-cell using an electron

beam induced currents (EBIC) set-up. The scCVD PIM mem-

brane is mounted on a printed circuit board inside a Faraday

cup providing electrical connections to the membrane electro-

des and electrical shielding, further to probing the direct

primary e-beam current. The top p-doped diamond electrode

is connected to a Keithley-6517A femto-ammeter and the bot-

tom aluminum electrode is connected to the bias source (as

indicated in Fig. 1(b)). All measurements (including dark

characteristics) are done in vacuum below 10�5 mbar inside

the HRSEM chamber. The primary e-beam energy was tuned

to 20 keV, being close to the average energy of beta particles

emitted by a Ni-63 source.26 Electrons impinge the PIM mem-

brane through the pþ diamond electrode and enter the mem-

brane. The penetration of electrons into the structure is

evaluated to be 2.1 lm at this energy, according to the Monte-

Carlo simulations done with Casino software.27 In such geo-

metrical configuration the backscattering of electrons is mini-

mized to a few percent due to the low atomic number of

carbon, compared with other semiconducting materials (e.g.,

Si� 15% or GaN� 25%).

The total efficiency of the beta-cell is the product of three

terms: the source efficiency gb related to the fraction of

energy that is actually impinging the semiconductor surface;

the coupling efficiency gc that is related to the absorption of

beta particles in the diamond and its collection efficiency; and

the internal efficiency of the semiconductor gs (see Refs. 15

and 28 for details). The first depends on the radioisotope used

to fabricate a beta-cell. The latters have the form

gc ¼ ð1� rÞQ; (1)

gs ¼
qVOCFF

e
; (2)

where r is the reflection coefficient of beta particles from

the surface of the device and Q refers to the CCE of the

semiconductor. In Equation (2), q refers to the elementary

charge and e to the ionization energy of the material. Thanks

to the EBIC setup we were able to test only the internal effi-

ciency with some hints to the coupling efficiency due to the

backscattering and absorption of electrons in the pþ layer.

Figure 2 presents the dark current–voltage characteristics of

the PIM diamond membrane (black triangles) and its

response under 20 keV electron beam irradiation (red

squares). From the dark I-V characteristics the quality of the

PIM junction can be deduced. In the reverse mode the leak-

age current (<10 nA/4 mm2) was negligible up to 250 V

measured. In forward mode, the current of the bias source

was quickly saturated at biases below 6 V. A remarkable

diode rectification ratio of 1010 was obtained at 6 V.

Prior to the beta-cell characteristics measurements, the

electron-beam current is measured by means of the Faraday

cup. We measured values of 5.19 nA at 20 keV electron

energy. This gives us an injected power Pin which amounts

to Pin¼ Iebeam�Eebeam¼ 103 lW. The activity of a corre-

sponding Ni-63 beta source would be 32.40 Gbq.

FIG. 1. (a) Optical micrograph (top

view) of the scCVD membrane

arranged into PIM structure, (b) Sketch

of the EBIC set-up for measurements

of scCVD membrane beta-cell charac-

teristics in the HRSEM.

FIG. 2. Current–voltage (I-V) characteristics of the PIM scCVD diamond

membrane: (black triangles) dark characteristics; (red squares) under 20 keV

electron beam illumination. The primary SEM beam current of 5.19 nA was

measured with a Faraday cup and is indicated in the graph (horizontal black

dashed line).
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The I-V characteristics of the diamond beta-cell under

electron irradiation is presented in Figure 2 (red squares). A

constant current flows at positive biases (reverse mode), a

strong indication of complete CCE, as observed in detector

configurations.23 Assuming that full collection is achieved at

biases above a few volts in reverse mode, one can note that

about 98% charge is already collected at 0 V. This very high

collection efficiency comes from the high purity of the

crystal combined with the full depletion of the device that

is made achievable in such thin diamond membranes.

Comparing the value of measured EBIC current (at maxi-

mum measured bias) with the primary beam current meas-

ured by the Faraday cup, an amplification factor of 1450 is

probed, implying that each 20 keV electron from the primary

beam creates 1450 thermalized e-h pairs within the diamond

bulk. From this factor an average energy for e-h pair creation

in diamond is calculated to be e¼ 13.8 eV/pair, a value com-

parable with the excess charge carriers ionization values.19,29

This ionization energy can be slightly overestimated, since

we do not perform the correction for e-h pair recombination

in the pþ layer (few percent) and for the backscattering of

electrons. As the current is measured with a large positive

applied bias, no secondary electrons are escaping from the

surface. We used the CASINO software to estimate the frac-

tion of backscattered electrons. At 20 keV, the backscattered

coefficient is about 3%–4% and only slightly varies with

the energy of the beam. Since all the electrons are stopped

in the membrane volume, the absorption of electrons is only

affected by the backscattering and the recombination in the

pþ layer. Assuming an approximate effective absorption of

90% and a CCE of 98%, the coupling efficiency of the

HRSEM set-up can be estimated to be about 88%.

A more detailed view of the EBIC current, so called

photovoltaic mode (for solar cells) or betavoltaic mode in

this case, in the diamond membrane is plotted in Figure 3

together with the electrical power flowing through the

device. The beta-cell performance can be extracted from

this curve where an open-circuit voltage of 1.85 V and a

short-circuit current of 7.12 lA are measured. The maximum

power of 10.48 lW is reached at a forward polarization of

�1.5 V and the fill factor is calculated to be 80%. Taking

into account these parameters and the ionization energy

previously expressed, the internal efficiency gs of the device

is calculated to be 10.7%. And the total conversion efficiency

gconv ¼ gc � gs of the cell is 9.4%. This value is relevant

when compared with the ratio of the maximal electrical

power output of the device to the available power in the elec-

tronic beam (10.2%), and despite higher efficiency for other

devices in recent papers,30–32 this result is the best conver-

sion efficiency measured in diamond betavoltaic cells. This

result shows that the efficiency of a betavoltaic cell of a

given material and with a given beta source depends strongly

on the CCE and on the Voc parameters. Since the CCE is

approaching intrinsic 100% and could not be further

improved, only the increase of Voc allows here the improve-

ment of the beta-cell efficiency. Although the open circuit

voltage has been almost doubled in this study compared with

the literature, the influence of the fabrication process on Voc

must still be understood. As mentioned in the work of Ref.

17 the open-circuit voltage could be strongly related to the

Schottky barrier height and thus to the surface preparation

and to the choice of the metal for the electrode.

A betavoltaic device has been fabricated using a single

crystal diamond membrane etched in a high purity

ElementSix diamond electronic grade crystal. The PIM struc-

ture is based on a pþ boron doped diamond epilayer on one

side and an aluminum electrode on the other side. The mem-

brane is 4 lm thick and totally covered by the contacts. This

device has been characterized using a commercial ZEISS

SUPRA 40 HRSEM with a 20 keV electron beam to simulate

the exposure to the beta radiation from a Ni-63 source and

by measuring the EBIC current flowing through the cell in

forward mode. The device shows extremely promising

results with one of the highest reported open-circuit voltage

of 1.85 V and a high conversion efficiency of 9.4%. These

results origin from (1) the full depletion of the membrane

which gives a CCE approaching 100% at 0 V (2) the low

absorption of the top electrode which is here made of boron-
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