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The effects of temperature on the key parameters of a prototype GaAs 55Fe radioisotope X-ray

microbattery were studied over the temperature range of �20 �C to 70 �C. A p-i-n GaAs structure

was used to collect the photons from a 254 Bq 55Fe radioisotope X-ray source. Experimental

results showed that the open circuit voltage and the short circuit current decreased with

increased temperature. The maximum output power and the conversion efficiency of the device

decreased at higher temperatures. For the reported microbattery, the highest maximum output

power (1 pW, corresponding to 0.4 lW/Ci) was observed at �20 �C. A conversion efficiency of

9% was measured at �20 �C. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941535]

I. INTRODUCTION

A. Nuclear microbatteries

Microelectromechanical systems (MEMS) are becoming

increasingly important for military,1 aerospace,2 and biomedi-

cal applications.3 In many of these applications, nuclear micro-

batteries could be used to provide small amounts of power over

long periods of time, and for this reason they have received

considerable research attention.4 Nuclear microbatteries work

by converting nuclear energy to electrical energy and offer im-

portant characteristics such as high energy density, stability,

and long life. The high-energy particles, released by radioactive

atoms during nuclear decay, are absorbed by the microbattery

conversion material generating electrical energy.5 Conversion

materials that can be incorporated in this type of compact sys-

tem include diamond,6 SiC,7 and GaAs.8 These wide bandgap

materials offer good electronic mobility9,10 and low leakage

currents11,12 and are radiation hard.13 Because of their wide

bandgap, they should also present higher conversion efficiency

than alternative narrower bandgap materials such as silicon,

since efficiency increases linearly with bandgap.14 A radioac-

tive source coupled with a wide bandgap material can also be

used over a broad range of temperatures. This makes them

potentially suitable in applications where the environment tem-

perature can vary significantly during use. Traditional MEMS

power supplies, such as chemical batteries, cannot offer all

these properties (e.g., they suffer from low energy density and

short lifetime), thus nuclear microbatteries have the potential to

play a key role in the development of MEMS technology.

B. Beta- and alpha-voltaic microbatteries

Recently, beta- and alpha-voltaic microbatteries of differ-

ent designs have been demonstrated. Wang et al.8 demon-

strated different types of beta-voltaic microbatteries using Si

and GaAs as converter materials. At 20 �C, the highest experi-

mental conversion efficiencies were observed for the 147Pm-Si

and 63Ni-GaAs microbatteries, and their values were around

0.05% and 0.075%, respectively. Another material that can be

used as converter material is SiC; Chandrashekhar et al.
proved a 63Ni-SiC microbattery with at least 6% efficiency,14

whilst Eiting et al. proved a 33P-SiC microbattery with 4.5%

efficiency.15 Bormashov et al.6 reported a 63Ni-diamond beta-

voltaic microbattery and a 238Pu-diamond alpha-voltaic

microbattery with conversion efficiencies as high as 0.6% and

3.6%, respectively, at room temperature. A rapid degradation

in the alpha battery was observed due to radiation induced

defect creation caused by the high-energy particles. Since the

energy conversion cell was continuously irradiated by high-

energy particles, the degradation effect, due to radiation-

induced damage in the lattice structure, must be considered in

microbattery design. The use of radioisotope alpha and beta

sources in many cases can degrade the performance of the

microbattery; in these situations, other solutions, which reduce

device damage risk resulting in a substantially increased life-

time, have to be considered. An alternative radioactive isotope

that would avoid this problem is the electron capture X-ray

emitter 55Fe. However, this comes at the cost of lower specific

energy per Curie compared with other higher energy alpha-

and beta-emitters (e.g., 0.017 lW g/(Ci cm2) for 55Fe and

0.3 lW g/(Ci cm2) for the beta emitter 147Pm).5 This type

of X-ray microbattery has the advantage of reduced device

damage risk due to the low energy photons emitted and can be

easily shielded providing safer working conditions.

This paper reports initial characterisation of a prototype

GaAs 55Fe radioisotope microbattery, using a custom GaAs

photodiode originally intended for soft X-ray photon count-

ing spectroscopy. X-ray photons, emitted by the 55Fe radioi-

sotope X-ray source, were directly converted into electrical

energy using the GaAs device. The effect of temperature on

the key parameters of the X-ray-photovoltaic microbattery is

reported over the temperature range of �20 �C to 70 �C.

II. MATERIALS AND METHOD

A. Radioactive source and energy conversion device

An 55Fe radioisotope X-ray source (Mn Ka¼ 5.9 keV,

Mn Kb¼ 6.49 keV), activity 254 MBq, was positioned 5 mm

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

S.Butera@sussex.ac.uk.
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above the top of the 400 lm diameter p-i-n GaAs mesa X-ray

photodiode. The GaAs epilayer of the device was grown to

the Authors’ specifications by the EPSRC National Centre

for III-V Technologies at the University of Sheffield, UK, by

metalorganic chemical vapour deposition (MOCVD) on a

commercial GaAs nþ substrate. The doping concentration of

the p and n layers was 2� 1018 cm�3. The layers’ thicknesses

were 0.5 lm for the pþ-region, 10 lm for the i-region, and

1 lm for the nþ-region. After growth, the wafer was proc-

essed to form mesa structures using 1:1:1 H3PO4:H2O2:H2O

solution followed by 10 s in 1:8:80 H2SO4:H2O2:H2O solu-

tion. The GaAs mesa devices were unpassivated. An Ohmic

rear contact consisting of 20 nm of InGe and 200 nm of Au

was evaporated onto the rear of the substrate and an Ohmic

top contact consisting of 20 nm of Ti and 200 nm of Au was

evaporated on the pþ-side of the mesa device. The top

Ohmic contact covered 33% of the surface of the photo-

diode. Subsequent characterisation was performed at

University of Sussex, UK. The device layers, their relative

thicknesses, and materials were summarised in Table I.

Using the Beer-Lambert law and assuming complete

charge collection in the i-layer, X-ray quantum efficiencies

(QENC) of 57% and 48% were calculated for the device for

the 5.9 keV and 6.49 keV photons, respectively, assuming a

dead region close to the top surface with a width of

0.16 lm.12,16 These values decreased to 48% and 42%,

respectively, considering the attenuations of the photons

through the top metal contact (QEC). However, since the top

metal contact only covered the 33% of the device surface,

the total device QE was calculated from a weighted sum of

QENC and QEC. This gave values for the X-ray total device

quantum efficiency of 54% and 46% for the 5.9 keV and

6.49 keV photons, respectively. The GaAs attenuation coeffi-

cients at 5.9 keV and 6.49 keV used to calculate the quantum

efficiency were taken after Ref. 16, whilst the Ti and Au

attenuation coefficients at 5.9 keV and 6.49 keV were taken

after Ref. 17. Total device QE greater than 90% may be

obtained by increasing the i-layer thickness to 40 lm; this

i-layer thickness can be achieved using chemical vapor phase

deposition (CVPD) techniques as demonstrated by Owens

et al.18 An advantage of the reported X-ray microbattery

prototype is the use of the 55Fe radioisotope X-ray source, a

radioisotope which is readily available.

The GaAs 55Fe radioisotope X-ray microbattery works

by directly converting the incident X-rays to electron-hole

pairs as a consequence of the photoelectric effect. Because

of the combination of built-in and applied electric field, elec-

trons and holes in the depletion region accelerate in opposite

directions and are swept to the pþ-type and nþ-type regions,

respectively, generating a photocurrent. The average energy

consumed in the generation of an electron-hole pair is called

the electron–hole creation energy (4.18 eV for GaAs19).

B. Experiment and measurements

To control the ambient temperature and humidity, the

X-ray microbattery was placed inside a TAS Micro MT cli-

matic cabinet in a dry nitrogen atmosphere (relative humid-

ity <5%). Dark and illuminated current characteristics of

the GaAs device were measured as functions of applied

bias and temperature. Forward bias measurements from 0 V

to 0.4 V were made in 0.005 V increments using a Keithley

6487 picoammeter/voltage source and are shown in Fig. 1.

The uncertainty associated with the current readings was

0.3% of their values plus 400 fA, while the uncertainty

associated with the applied biases was 0.1% of their values

plus 1 mV.20

As was expected, greater electric fields across the

i-region led to higher currents in the GaAs device. The dark

current increased exponentially as a function of applied bias

(/exp{qV/nkT}, where n is the ideality factor, k is the

Boltzmann constant, and T is the temperature).9 A linear

least squares fit, at 20 �C, showed that natural logarithm of

the dark current was linearly dependent on the applied for-

ward bias with a slope (22.74 6 0.04) A V�1; this led to an

observed ideality factor of 1.739 6 0.003. Because the ideal-

ity factor was close to 2, it was possible to conclude that

generation-recombination current was dominant over the dif-

fusion current in the device. When the device was illumi-

nated by the 55Fe radioisotope X-ray source, the total current

through the device was the sum of the dark current and

the photocurrent: the illuminated current curve as a function

of forward bias (filled circles in Fig. 1) was shifted with

respect to the dark current (empty squares in Fig. 1). The

TABLE I. Layer details of the GaAs X-ray photodiode.

Layer Material

Thickness

(lm) Dopant

Dopant

type

Doping

density

(cm�3)

1 Ti 0.02

2 Au 0.2

3 GaAs 0.5 Be pþ 2� 1018

4 GaAs 10 Undoped <1015

5 GaAs 1 Si nþ 2� 1018

6 Substrate

nþ GaAs

7 Au 0.2

8 InGe 0.02

FIG. 1. Measured current as a function of applied forward bias, at 20 �C,

when the GaAs detector was in the dark (empty squares) and illuminated by

the 55Fe radioisotope X-ray source (empty circles). Also shown (empty tri-

angles) are the expected illuminated current values; these were computed

calculating the changes in photocurrent due to the decreased electric field

within the detector.
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photocurrent decreased with increased voltage from 0 V to

0.2 V: the observed decrease was (0.3 6 0.8) pA at 20 �C.

Whilst the measured decrease was smaller than its uncer-

tainty, some decrease was expected due to the lower electric

field and consequently lower electron velocity at higher

applied forward bias.21 The expected photocurrent due to the

decreased electric field within the detector9 is also shown in

Fig. 1 (empty triangles). The expected photocurrent behav-

iour was comparable with that from the experiment: the

expected decrease in photocurrent between 0 V and 0.2 V

was computed to be 0.4 pA.

To characterise the temperature dependence of the per-

formance of the system, the microbattery’s temperature was

varied from 70 �C to �20 �C. As expected, the dark current

of the GaAs device increased exponentially as a function of

temperatures (/exp{�Eg/nkT}, where Eg is the bandgap, n
is the ideality factor, and k is the Boltzmann constant).9

Higher dark currents were observed at high temperature due

to the higher thermal energy available. In Fig. 2, the natural

logarithm of the dark current as a function of 1/kT was plot-

ted, for 0.2 V forward bias. A linear least squares fit showed

a linear dependence with a slope of (1184 6 8)� 10�22 J

(0.739 6 0.005 eV). The observed slope was around half of

the GaAs bandgap. Thus, the generation-recombination

mechanism was considered dominant over the diffusion

mechanism, for all temperatures measured.

The saturation current (I0) was also extrapolated from

the dark current of the GaAs device as a function of forward

bias.7 Fig. 3(a) shows the linear least square fit used to

extrapolate the saturation current at 20 �C, whilst Fig. 3(b)

shows the measured relationship between the logarithm of

the saturation current and the temperature.

As can be seen in Fig. 3, the magnitude of the observed

natural logarithm of the saturation current decreased at

higher temperatures. From 20 �C to 60 �C, this decrease was

9.36 6 0.07. For a simple pn diode, where recombination-

generation mechanisms are predominant, the saturation cur-

rent is given by

Is ¼
qxd

ffiffiffiffiffiffiffiffiffiffiffiffi
NCNV

p

2sn
exp –

Eg

2kT

� �
; (1)

where NC and NV are the effective density of states in the

conduction and valence bands, respectively, xd is the deple-

tion width, sn is the minority electron lifetime, Eg is the

bandgap, and k is the Boltzmann constant.22

With the assumption that the �Eg/2kT term in Eq. (1)

dominated the temperature dependence of the saturation cur-

rent, the expected decrease between 60 �C and �20 �C was

calculated to be 8.56. This value is remarkably similar to the

experimental value (9.36 6 0.07) considering that the

approximation does not include the temperature dependences

of the other terms in Eq. (1).

The measured currents as a function of applied forward

bias when X-ray-photovoltaic microbattery was illuminated

by the 55Fe radioisotope X-ray source at different tempera-

tures are shown in Figure 4.

As shown in Fig. 4, the softness in the knee of the meas-

ured current as a function of applied forward bias decreased

with increasing temperature. The experimental values of the

open circuit voltage (VOC) and the short circuit current (ISC)

FIG. 2. Measured dark current as a function of temperature (squares). Also

shown is the line of the best fit computed by linear least squares fitting.

FIG. 3. (a) Dark current as a function

of applied forward bias at 20 �C. A lin-

ear fit on the data was used to calculate

the correspondent saturation current.

(b) The logarithm of the saturation cur-

rent as a function of temperature.

FIG. 4. Measured currents as a function of applied forward bias when the

GaAs detector was illuminated by the 55Fe radioisotope X-ray source at

70 �C (empty rhombuses), 60 �C (filled rhombuses), 50 �C (empty circles),

40 �C (filled circles), 30 �C (empty triangles), 20 �C (filled triangles), 0 �C
(empty squares), and �20 �C (filled squares).
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were obtained as the interception point of the curves in

Fig. 4 on the vertical and horizontal axes, respectively. Fig. 5

shows VOC and ISC as functions of temperature.

The open circuit voltage (VOC) was measured to

decrease with temperature. The observed behaviour pre-

sented in Fig. 5 was explained considering that the open cir-

cuit voltage increases logarithmically with decreasing

saturation current.9 At temperatures lower than 40 �C, a lin-

ear relationship between the open circuit voltage and temper-

ature was observed. In this temperature range, a linear least

squares fit showed that VOC was dependent on temperature

(T) according the relation VOC¼�ATþB with A¼ (0.00400

6 0.00007) V �C�1 and B¼ (0.213 6 0.002) V. It should be

noted that the open circuit voltage increases with bandgap, so

to obtain a larger VOC, a larger bandgap material is preferred.9

In contrast with what may have been expected, the experimen-

tal short circuit current (ISC) magnitude decreases with

increasing temperature. Because of the greater average energy

consumed in the generation of an electron-hole pair (electron-

hole creation energy) at low temperatures,19 less current may

have been expected at low temperatures compared with high

temperatures. The different behaviours observed may have

been attributed to the increased electron mobility at lower

temperatures.9 As the temperature increased, thermal vibra-

tions (phonons) within the semiconductor increased and

caused increased scattering that resulted in lower carrier mobi-

lities. The decrease in carrier mobility was expected to be pro-

portional to T�3/2;9 this resulted in an expected decrease in

short circuit current of 2.6 pA between �20 �C and 70 �C.

This value was in agreement with the observed decrease in ISC

that was measured to be (2.5 6 0.5) pA. A similar behaviour

to that observed in Fig. 5 has been reported previously.23

The output power of the X-ray-photovoltaic microbat-

tery was calculated as P¼ IV. We defined Im and Vm as the

values of current and voltage correspondent to the maxi-

mum power output Pm (¼ImVm), respectively. In Fig. 6(a),

P as a function of forward bias is shown. The output power

increased to a maximum, Pm (corresponding to Vm and Im)

and then decreased. In Fig. 6(b), the magnitude of the

measured maximum power at each temperature is reported:

as the temperature increased, the magnitude of the maxi-

mum output power decreased. This behavior was due to the

significant decrease in Vm (itself dependent on the open cir-

cuit voltage9) with respect to temperature. A maximum

output power of 1 pW, corresponding to 0.4 lW/Ci, was

measured at �20 �C. The microbattery’s maximum output

power may be improved in the next prototype generation

with a better system design where most of the photons

emitted by the 55Fe radioisotope X-ray source (activity 254

MBq) are collected: in the reported design, only 0.1% of

the emitted photons impinged on the surface of the GaAs

device. The incident X-ray flux was estimated by knowing

the activity of the source, the emission probabilities of Mn

Ka and Mn Kb X-rays from 55Fe (0.245 and 0.0338,

respectively24), the thickness of the radioisotope X-ray

source’s Be window (0.25 mm), and the geometry of the

source and detector.

The conversion efficiency (g) defined as the ratio in

percentage terms between the maximum measured power

output and the maximum power that would be obtainable

from the X-ray photons usefully absorbed by the device if

the device conversion efficiency was 100% is shown in

Fig. 7. The highest value for g (9%) was observed at

�20 �C.

FIG. 6. (a) X-ray microbattery output power as a function of applied forward bias at 70 �C (empty rhombuses), 60 �C (filled rhombuses), 50 �C (empty circles),

40 �C (filled circles), 30 �C (empty triangles), 20 �C (filled triangles), 0 �C (empty squares), and �20 �C (filled squares). (b) Experimental maximum power as

a function of temperature.

FIG. 5. (a) Open circuit voltage (VOC)

as a function of temperature. (b) Short

circuit current (ISC) as a function of

temperature.
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III. CONCLUSION

In this paper, an 55Fe radioisotope X-ray source (activ-

ity 254 MBq) and a GaAs photodetector were used to build

a prototype X-ray-photovoltaic microbattery. Because

GaAs growth and processing techniques are relatively

cheap and more routinely available than some alternative

wide bandgap materials, this type of microbattery may pro-

vide cost efficiency benefits in the development of micro-

batteries for MEMS technology and other applications.

The reported 55Fe-GaAs system was characterised as a

function of temperature (from �20 �C to 70 �C). The satu-

ration current increased with increased temperature. The

open circuit voltage, the maximum power, and the conver-

sion efficiency values increased with decreased tempera-

ture. In contrast with what may have been expected, the

short circuit current magnitude decreased at high tempera-

ture; this behaviour has been also observed by other

researchers.23 The highest maximum output power

observed for the microbattery was 1 pW (corresponding to

0.4 lW/Ci) at �20 �C. The microbattery maximum output

power can be improved in the next prototype generation

with a better system design: in the reported design, only

0.1% of photons emitted by the 55Fe radioisotope X-ray

source impinged the surface of the GaAs device. The con-

version efficiency of the battery, taking into account

attenuation from contacts and dead layer, was around 9%

at �20 �C. Attenuation of the X-ray photons within the ra-

dioactive source itself will also have resulted in an under-

estimation of conversion efficiency values.
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