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Temperature dependence of an AlInP %Ni betavoltaic cell
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Q\I‘h-ad

Abstract. In this paper the performance of an Al s;Ing 4R ioisotope cell is

—
reported over the temperature range -20 °C to 140 9C. A 4 diameter p'-i-n" (2

pum i-layer) Al s>Ing 4sP mesa photodiode was uSed as eenveérsion device in a novel
betavoltaic cell. Dark current measurement orgshe QTQQI_an detector showed that
the saturation current increased increasi N'e‘fﬁture, while the ideality factor
decreased. The effects of the temperatu&iw k€y cell parameters were studied in
detail showing that the open circuitw maximum output power and the
internal conversion efficiency d d n the temperature was increased. At -20
im?m output power of 0.52 V and 0.28 pW,

°C, an open circuit voltage & c{
respectively, were meas&i\

%tavolmic, semiconductors, photodiode

I. INTROPUCTION/

Radioi ofaambatteries are potentially attractive options for systems needing
| ameunts (pW to pW) of power over extended periods of time (10 — 100+ years).
i{)is%m betavoltaic batteries, beta particles are emitted during nuclear decay of

a radigis ope and absorbed by a semiconductor converter device generating an

. ctrical energy that may be useful in emerging technologies such as
K?icroelectromechanical system technologies (MEMS) [1]. Implantable medical
~

®

evices in biomedical applications [3], in particular, could take advantages in using
this type of power supply since these batteries could insure a high life-quality in the

patients requiring implantation, as there is no need of recharge or replacement.

* Corresponding author. Electronic mail: S.Butera@sussex.ac.uk.
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The use of the beta emitter *Ni has received research attention for use in betavoltaics
because of its ability to produce relatively high output powers with minimal risk for
the semiconductor conversion device (endpoint energy of 66 keV). Different wide
bandgap semiconductors, including GaAs, SiC, GaN and diamond, have been
previously coupled to “Ni radioisotope beta particle sources and z

V‘%%l:d as novel
betavoltaic microbattery prototypes. Wang et al. [4] demonstrﬁii:Ni- As
le

microbattery with 0.075% conversion efficiency at 20 °C; whi era et al. [5]

proved a *Ni-GaAs cell with internal conversion effici cfé) of 1% and 22% at 20
°C and at -20 °C, respectively. Chandrashekhar et alerepo d a ®Ni-SiC microbattery
33P—SiG)microba‘ctery with 4.5%

efficiency [7] at room temperature. Cheng et a(E] investt
voltage (1.64 V) ®Ni-GaN beta-voltaic micteba er{:vath a conversion efficiency of

0.98% at room temperature; while Bormﬁsq:: . [9] proved a ®Ni-diamond beta-
nc

voltaic microbattery with conversio e}mq\ as high as 0.6% at room
temperature. \\
\ <

The choice of a wide bandga&@0 ductor as the converter material is desirable
e

since they can be used i vironment condition with reduced likelihood of

with at least 6% efficiency [6], whilst Eiting et al. a

ated a high open circuit

radiation damage from the intcgiated radioisotope or from external radiation sources.
Moreover, they ¢ o% at elevated temperatures without cooling systems and

wider bandgaps are,expected to result in high conversion efficiencies [5].

£
V.
_uiwde andgap semiconductor (indirect bandgap of 2.31 eV [2]) which
Y

much attention for use in optoelectronics. However, it is only recently

demonstrated for use in the detection of higher energy radiations e.g.
for ph r/counting X-ray spectroscopy [10, 11]. Al s2Ing4gP is nearly lattice

atch}d with GaAs and the crystalline quality of the nearly lattice matched
é}lo_szlnmgP can be very high in comparison to III-V nitrides, I'V and II-VI compounds

a similar bandgap. The doping in Al sIng 4P is also easier to control than in some

% I1-VI semiconductors. Consequently, Aljs2Ing4sP is a potentially important material

for radioisotope microbatteries.
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In this paper an Al s,Ing 4P ONj radioisotope betavoltaic cell is demonstrated for the
first time. The effect of temperature on the key cell parameters were studied and are

presented over the temperature range -20 °C to 140 °C.

II. DEVICE STRUCTURE

The p+-i-n+ Al s2Ing 43P structure was grown, using metalorganig-vapourphase

epitaxy (MOVPE), on a commercial (100) n-GaAs:Si substrat Qa misorientation

of 10 degrees towards <111>A to suppress the CuPt-like ordeted phase. The p'-i-n"
Al 55Ing 48P structure consisted of a 0.2 um Zn-doped pe A__{g\sz 04sP layer, a 2
um undoped Al spIng 4gP layer, and 0.1 um Si-doped n-type Alo s2Ing 43P layer. The
doping concentrations of the Al s;Ing 43P p+ and r‘f layers WXI‘C 5x 10" cm™ and 2 x
10" em™, respectively. A GaAs layer, 0.01 pmithick, was grown on top of the p™-i-n"
Al s2Ing 43P structure to facilitate the top metakgontact deposition. An Ohmic top

contact consisting of 20 nm of Ti and 200 nm of Au was evaporated on the p-side of

the structure, whilst an Ohmic rear %sisting of 20 nm of InGe and 200 nm of

Au was evaporated onto the reaof the stustrate. The device layers, their relative

thicknesses and materials ar su%e‘d‘in Table I. After growth, the wafer was
1&?3{ 4:H,0,:H,0 solution followed by 10 s in

u A 400 um diameter unpassivated p -i-n"

patterned and etched usi
1:8:80 HZSO4: H202: H20
Alg 5oIng 43P mesa Q&%le, with top Ohmic contact covered 33% of its surface,

was used in the developed betavoltaic cell. The 400 um diameter unpassivated p -i-n"

Alg s5pIng 43P a photodiode was illuminated by a 3Ni radioactive source (activity

ctron energies up to 66 keV); the source was positioned as close as
experi eﬁ;%sible (3mm) to the top of the device such to minimize the
attehuations of the electrons in the dry nitrogen environment of the temperature test
ch b/er v;here the cell was placed for the study.

-

led. Layer details of the Al syIng 43P photodiode

%ayer Material Thickness Dopant  Dopant Doping density
(pm) Type (cm’)

1 Ti 0.02

2 Au 0.2

3 GaAs 0.01 Zn p’ 1x10"

4 A10'521n0'43P 0.2 /n p+ 5 x 1017

5 A10A5211’10A48P 2 undoped

6 A10,521n0‘4gP 0.1 Si Il+ 2 x 1018
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7 Substrate n” GaAs
8 Au 0.2
9 InGe 0.02

The Monte Carlo computer modelling package CASINO (version 3.3) [12, 13] was

used to simulate the interaction of the beta electrons in the Alg spIng 43P Ni

radioisotope betavoltaic cell; the amount of beta energy absorbed j %‘li_ 55Ing.agP i-
0

layer was particularly studied. In the simulations, 4000 beta payfi ergies

on the p-side of the Al s>Ing4sP epilayer. The simulatio that beta particles

between 1 keV and 66 keV, were simulated as emitted fromthxie;rce and incident

with energies below 22 keV did not reach the Al s,Ing g S:Séyec.primarily because of
the attenuation of the particles’ energies in the prot@i ctive Ni overlayer of the
radioisotope beta particle source used. Attenuation in tlc§ metal contact (covering
33% of the diode’s face) and in the GaAs d a;](hyer %s a secondary effect, as well
as the attenuation through the p' layer ofithe A IﬁmgP device. Beta electrons with
energy > 22 keV deposited part of thei \3@ e i-layer. Simulations suggested
that the electrons at 39 keV were th that deposited the highest percentage
of their energy in the i-layer (1 tlcles with energies < 39 keV lost most of
their energy above the i- 1ay h11 the beta particles with energies > 39 keV easily
passed through the 2 u h 1 a epositing there only a small percentage of their
energy (e.g. only 8% of the rgy of the 66 keV was absorbed in the i-layer). The
current cell demg& efore, optimised for absorption of the 39 keV electrons. It

at e

should be noted'th ission of beta electron with energies of 17 keV is the most

probable frotn 1 the ,em1s51on probability, by comparison the relative emission

probabili (?ﬁheta e trons with energies of 39 keV is 0.5 [14]. Future changes in the

systeﬁ des%in, Qh as the use of a *Ni radioisotope beta source without a protective
Mtiv/g ‘Y\erlaver and a thicker Alys,Ing 4sP i-layer and a thinner p -layer, will

allo he aﬁsorption of electrons in a wider range of energies so that a bigger

perceﬁtage of the energy released by the source will be deposited in the i-layer. The

K}) atlon of the beta particles in the dry nitrogen gap (3 mm) was also investigated
th

CASINO and found to be negligible compared to the other losses.

ITII. RESULTS AND DISCUSSION

The Alp.s2Ing.4sP ONj radioisotope betavoltaic cell was studied in the temperature

range 140 °C to -20 °C using TAS Micro MT climatic cabinet to achieve and
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maintain the temperature investigated. Dry nitrogen was constantly flowing inside the
test chamber to control the humidity of the atmosphere where the cell was tested
(relative humidity < 5%). A Keithley 6487 picoammeter/voltage source was used to
study the cell performance. Forward bias measurements in dark conditions and under
the illumination of the ®*Ni radioisotope beta source were conducte at biases
between 0 V and 1 V in 0.01 V increments. The uncertainty asso with the
current readings was 0.3% of their values plus 400 fA, while the un h

associated with the applied biases was 0.1% of their values

Dark current characteristics as a function of forwardbias mm temperatures for

the Alg.s2Ing4sP ©Ni radioisotope betavoltaic cell a showtsin igure 1. At high
temperatures, the dark currents through the de@s increased due to the greater

thermal energy available. ‘)

1x10°

1x107

Dark Current (A)
x

\j
=]
0
=

£ Forward Bias (V)

Fig . Dar uté:nt as a function of applied forward bias for the Alg spIng 45P

1 radieisotope betavoltaic cell. The temperatures studied were 140 °C
ircles)y 120 °C (empty circles), 100 °C (filled squares), 80 °C (empty

8), 60 °C (crosses), 40 °C(filled triangles), 20 °C (empty triangles), 0 °C

(ﬁlle ombuses) and -20 °C (empty rhombuses).

- v,

Ati 1n reased forward bias, a greater electric field is applied across the photodiode’s

10de

let on region resulting in higher dark current at each temperature. Equation 1
&Bows the relationship between the dark current and the applied bias for a simple p-n

I:IOexp{qV/nkT} (1)
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Publishing where /j is the saturation current, q is the electric charge, » is the ideality factor, k is
the Boltzmann constant and T is the temperature [16]. At each temperature, the values
of Iy and n for the Al s;Ing 43P photodiode were experimentally estimated by
performing a linear least squares fit of the natural logarithm of the measured dark
current data as a function of applied forward bias: equation (1) was linearised as L.n /
= A + BV, with A =Ln J, and B = q(nk7)"", and used linear least squasg fitting. Figure
2 shows the logarithm of the measured saturation current (left xi%ille%rcles) and

spectively.

-30 [T Y T T v v vy T vy vy '-H‘
L l®Lnf,
b
'35 o * . .
X " ] S
-40 | X i %
~ N . 1 =
=45 . 1.6 &
S0F \ -
r : =
55 F e \\\ * 1 156
L T 1152

40 0 o S8 120 160

ideality factor (right axis, crosses) as a function of temperature for the
A10_521n0,43P device.

\T perature °C
Figure 2. The logari®ration current (left axis, filled circles) and the

ith refi[17], the magnitude of the natural logarithm of the saturation

£
t de}xeased temperatures. The observed increase was 23.13 + 0.19

In accordance
current incréas

(correspondingfo an increase in saturation current, /y, of 0.013 pA) between 140 °C

and - OaThis\w\as in remarkable agreement with the expected increase of 20.50

( rresporn i 12 to an increase in saturation current, /y, of 0.008 pA). The expected

increase was calculated using the simple assumption that the temperature dependence

of the\jlatural logarithm of the saturation current was proportional to E,/2kT [18]. In
the e temperature range, a change in ideality factor was also observed. Since the
igeality factor was > 1.5 at every temperature, it can be concluded that the generation-
S “.. recombination mechanism was dominant over the diffusion mechanism. The lower
value of ideality factor observed at higher temperature (1.561 £ 0.003 at 140 °C vs
1.682 £ 0.011 at -20 °C) may be attributed to the increased contribution of the

diffusion current at increased temperature [16]. A similar dependence of ideality
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factor as a function of temperature has been previously observed in other

semiconductors, e.g. GaAs [19].

Figure 3 shows the illuminated current characteristics as a function of forward bias at
different temperatures for the Al s>Ing4sP **Ni radioisotope betavoltaic cell. The open
circuit voltage (Voc) and the short circuit current (Isc) were extrapol

Wthe
interception points of the curves with the horizontal and vertical a%, respectively.

L P N
_..oo " o * "
-051!'0~ o g
r _ r'y
2 1 bo "o *xxx aty
& ) " o x gﬁf”o
|
Eas ¥t S,
5 e
- [ "%%i.g A
= -2 f sk .
S 7 L
2.5 g4 {
o \

PR IR -
0 W2 - o4 0.6

\50

T

Figure 3. Current as a fux of'applied forward bias for the Alg s2Ing 4P ONj
d

cell. The temperaturgs stu re 140 °C (filled circles), 120 °C (empty

circles), 100 °C (fille M&%S °C (empty squares), 60 °C (crosses), 40 °C
(filled triangles), 20 °C (empty triangles), 0 °C (filled rhombuses) and -20 °C

(empty rhomb SEQL5
At temperatuges al};)%( C, the current through the Al s;Ing4sP device increased
when the %nper

temper, nﬁ% 40 °C. In the temperature range between 40 °C and -20 °C, the

rrent characteristics were noisy and overlapped each other indicating that

re %as decreased; a different trend was instead observed at

measu
saturation effects from beta particle induced conduction became dominant over the

éhanism (scattering), the significance of which was greater at higher

(@

T
g&r:?atures as would be expected. The beta electrons, losing energy through the
_-_—

lo.s2Ing 4gP structure, generated electron-hole pairs along their trajectories that
ecreased the resistivity in that region [16]. A similar mechanism has been

previously observed in GaAs *Ni cell [5].
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Publishing The open circuit voltage (Voc) and the short circuit current (Is¢) as a function of
temperature for the Alys2Ing4sP “Ni radioisotope betavoltaic cell are shown in Figure

4 and Figure 5, respectively.

e
=

.

Open Circuit Voltage (V)
s & F
l "/

i
c -
=

(72
Y 4

40 12
Temper S

Figure 4. Open circuit voltage as a functi ture for the Al spIng 43P
53Ni radioisotope beta cell.

Short Circuit Current

-40 0 40 80 120 160
y. Temperature (°C)

obtainedfor the AlysaIng4sP “*Ni radioisotope betavoltaic cell were lower than the
luebreported in ref. [17] for an Alys,Ing4sP *°Fe radioisotope X-ray photovoltaic
ﬁ)icrobattery where a similar Algs,Ing 4P structure was used. This could be due to the
igher carrier density in AlysIng4sP when it was illuminated with beta electrons
o compared with X-ray photons: the beta electrons creating an increased amount of
electron-hole pairs along their trajectories decreased the material resistivity,

consequently lower open circuit voltage values were observed in comparison to ref.
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[17]. The conductive mechanism and its effect were more evident at low temperatures
since it was dominant over the thermal mechanism. A similar behaviour for V¢ was

observed in GaAs *Ni cell [5]. The exact mechanism by which the Voc appears to

saturate at low temperatures is not currently conclusively known, however X-ray

illuminated measurements with a similar structure did not show a saturation in V¢

[17], thus it is hypothesised that the beta illumination mechanism4séd.in the present

paper was responsible for this effect possibly as a consequenc{ otﬁle conductive
mechanism’s dominance at these low temperatures. The corﬁd\M echanism also
héshortci

influenced the short circuit current (/sc) values observe

rcuit current

magnitude increased with decreasing temperature frpm C.‘F4OO C. itreached a

saturation value of 2.7 pA between 40 °C and -20 °€. The %ight decrease in Isc

- ..
observed for temperatures < 20 °C was unexp(cted an echanism is unclear,

however, the apparent change recorded is within @)erimental uncertainties.

The Al soIng 4sP Ni radioisotope b tm output power was calculated as P =

1V. Increasing the applied forward bia m output power increased to a maximum
(P,) and then decreased, as sho M Fi

re 6. At temperatures below 40 °C the
power characteristics were n B{ overlapped each other as a consequence of the
current results shown W3 Figure 7 (left axis, filled circles) shows the
magnitude of the measured maximum output power as a function of temperature. The
ef%li?cy of the betavoltaic cell was also calculated dividing the

experimental ax1}nu tput power by the maximum power (P;). P, was calculated

using equan/on 2 / B

end point= 66A i
= Y ZEm 't 6-107" (2)
i=0 2 AAIInP a)AIInP )
vxére/A 1s the activity of the **Ni radioactive source (185 MBq), Em; the emission

probabili of an electron of energy i [14], Ay; area of the %N radioactive source (49

internal conversi

m’ SA 1mp_area of the Alys,Ing4sP_detector (0.13 mm?), QF; the percentage of each

e‘gectron energy absorbed in the Alys;Ing4sP mesa device (calculated using CASINO

ftware), @ 4ip the Algsolng4sP electron-hole pair creation energy (5.34 eV [20]). In

equation 2 the activity of the %N radioactive source was halved because we assumed

that half of the electrons were lost since they were emitted up. P,, was found to be 4.3

pW.
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Figure 7 (right axis, empty squares) shows the cell internal conversion efficiency as a
function of temperature.
0.3 ——— S
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Figure 6. Alo.s2Ing.4sP ""Ni radioisotope cell'output power as a function of
applied forward bias at 140 °C (filled citcles)s 120 °C (empty circles), 100 °C
(filled squares), 80 °C (empty squares), 60 °C(crosses), 40 °C (filled triangles),
20 °C (empty triangles), 0 °C (filled r es) and -20 °C (empty rhombuses).
03\>\\ 8
F 3 =
§0.2 :\ . 17 =] —_
q_ ] 16 ?-5 =
202 \ : s
A= r . 15 s >
=~ E [m} 3 4 < g
SN ] ©3
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A s . 1238=
= 005 | . S~
JOMaximum power ] r 3 1=
g [imomalcpmyerionsficincy), 8, 0 ] |
3 -40 0 40 80 120 160

Temperature (°C)

P’igure . The experimental maximum power (left axis, filled circles) and the
mteral conversion efficiency (right axis, empty squares) as a function of
Ser}perature for the Al soIng 4sP device.

Ii) Figure 7, the magnitude of the maximum output power increased decreasing the

mperature, reaching a saturation value of 0.28 pW, corresponding to 0.11 pW/Ci, at

T,

temperatures < 40 °C. The behaviour observed can be explained taking in

consideration the dependence of the maximum output power with respect to the open

circuit voltage [16]. At each temperature, the maximum output power values were

10
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lower than the ones observed using a similar Al sIng4sP converter device and an SFe
radioisotope X-ray source [17]. The use of the beta electrons decreased the
Al 57Ing 4gP resistivity, as a consequence of conductive mechanism, resulting in an
underestimation of the maximum output power values. At -20 °C, maximum output
power of 0.28 pW was observed for the Al sxIng4sP Nji radioisotope betavoltaic cell,
whilst 0.62 pW was extracted from a single cell of the A10_521n0_4gl(2;<1;0is0t0pe
X-ray photovoltaic microbattery [17]. The underestimation onimu output
ef.

power resulted in lower cell internal efficiency with respect te r 7]. At-20°C, a

internal conversion efficiency of 6.6% was achieved fo th%lo.sz 48P ONj
radioisotope betavoltaic, while 22% was reported byfor t MnMgP *Fe

radioisotope X-ray photovoltaic microbattery [17]. 3

Improvements in the cell system design, su egfhe &Q of a radioisotope beta particle
source without a protective inactive Nio%d the optimization of the
radioisotope beta particle source to or:kngr ice geometry, will improve the next
generation of AlysyIng.4sP *Ni radiois ?&tavoltaic cell. Maximising the number
ME\CO verter device, as well as the fraction of

of electrons collected by the Al s

their energy deposited in the‘?& ill increase the maximum cell output power.
Currently only 0.13% ol‘l&%m icles emitted by the 5Ni radioisotope source
reached the Al spIng4sP devicesThe number of electrons per second emitted in any
direction by the béta % was estimated knowing the ®*Ni radioactive source’s
activity (185 Bq} an ission probabilities [14]; it was found that 5.6 x 10’
electrons pér second apé emitted by the 3Ni radioactive source. Of these 5.6 x 107

electro Sﬁwd’ only half are emitted in the direction of the device (we assumed
of

he electrons were lost because emitted up). The number of electron per

device (7.2 % 10* s'l) was estimated knowing the number of electrons

f the&ource and detector. The ratio between the area of the device (0.13 mm?) and

tkse area of the radioactive ®*Ni source (49 mm?) was calculated to be 0.0026.

IV. CONCLUSIONS

In this paper for the first time the performance of an Alg syIng 43P 3Ni radioisotope

cell are reported. Preliminary dark current measurements showed that the Alg syIng 4P

11


http://dx.doi.org/10.1063/1.4964504

AllP

Publishing

\<

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

saturation current increased as the temperature was increased, while the ideality factor
decreased. Under illumination from the “*Ni radioisotope, the open circuit voltage, the
maximum output power and the internal conversion efficiency of the Alg sxIng 4sP
betavoltaic cell decreased with increased temperatures. A maximum output power of
0.28 pW (corresponding to 0.11 wW/Ci) and an internal conversion gfficiency of 6.6%
were observed, respectively, at -20 °C. A better microbattery systz sign that
improves the beta particle collection (currently only 0.13% of. egz;)}ﬁtles
reached the Al s>Ing 4sP i-layer) could increase the power extractedirom the
betavoltaic cell. Conductive mechanisms, particularly e 1(1?7 at temperatures,
seemed to compromise the cell performance: despitg-the hi eNrEfgy of the beta
particles with respect to the X-ray photons, the maxi
Alg spIng 4gP Nj radioisotope cell was lower t@Aleg

photovoltaic microbattery [17]. \ L_‘.)
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