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GaAs/AlosGao2As Separate Absorption and Multiplication Region X-ray

Spectroscopic Avalanche Photodiodes

M.D.C. Whitaket", G. Lioliou, A.B. Krys&, and A.M. Barnett
1Space Research Group, Sch. of Engineering and Informatics, University of Sussex, Beighton, BN1 9QT, UK
2National Epitaxy Facility, University of Sheffield, Mappin Street, Sheffield, S1 3JD, UK

A GaAs/AbsGay As Separate Absorption and Multiplication (SAM) X-ray avalanche photodiode (APD)
structure was grown by metalorganic vapour phase epitaxy. Mesa photodiodes of different diameter (200 um and
400 um) were fabricated from the structurevoTof the photodiodes (one of each diameter) were characterised

at 20 °C for their electrical properties and response to X-rays ushi§earadioisotope X-ragMn Ko = 5.9 keV;

Mn Kf = 6.49 keV) source. An energy resolution 68%V = 5 eV Full Width at Half Maximum (FWHM) at

5.9 keV was achieved at an apparent avalanchelgaof 1.1. This is the best energy resolution so far reported

for GaAs/ALGa.xAs X-ray SAM APDs. The noise components associated with the achievable spectroscopic
energy resolutions are reportedomparisons between the 200 pm and 400 pm diameter GaBa/fhs SAM

X-ray APDs and recently studied GaAsim* detectors were made, showing that the inclusion of the avalanche
layer improves the achievable energy resolution; energy resolutions of 508 eV FWHM at 5.9 keV at M = 1.1 and
603 eV FWHM at 5.9 keV at M = 1.2 were achieved with the 200 um and 400 pm diameter Gaasid

SAM X-ray APDs respectively; this is better than was previously reported for similar devices without avalanche
layers: 690 eV FWHM at 5.9 keV and 730 eV FWHM at 5.9 keV for 200 um and 400 pm diameter'GaAs p
detectors respectively (G.Lioliou et al., J. Appl. Phys. 122, 244506 (2017)).
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I. INTRODUCTION

Due to the limitations of narrow bandgap (typically Si) X-ray spectrometers commonly in usgltp@hya

variety of wide bandgap materials, such as G§#g], diamond[8, 9], SiC [10-12], InysGasP [13, 14],
Algsdngsd? [15-17], and AlGa.As [18-21], have been investigated as potential X-ray detector
replacementsThe cooling systems and radiation shielding often required for Si X-ray spectrometers [22] place
substantial burdens on spacecraft mass, volume, and power consumption, limiting their suitability for certain space
science applications (e.g. missions to study the surface of Mercury, or the Jovian moons, where temperatures
and/or radiation intensities are significan)Vide bandgap materials, such as GaAs Ah&Ga.As, offer an
alternative. Such materials can operate in a large range of thermal and radiation environments, while still
providing sub-keV spectral resolutions at soft X-ray energies [22]. In the case of GaAs, its wider bandgap
(1.43 eV for GaAs cf. 1.12 eV for Si [22]), larger X-ray absorption coefficient (837for GaAs cf. 346 cm

for Si, at 5.9 keV [23]), and improved radiation hardness in comparison to Sa[#s for superior energy
resolutions at high temperature [25], thinner X-ray detecting structures [26], and potentially longer instrument
lifetimes in intense radiation environments.
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Various prototype GaAs based X-ray spectrometers have been reported, with most work focused 6#-BaAs p
mesa X-ray photodiodes operaiedthe non-avalanche regime. Circular mesa GaAs, 200 um diameter, 7 um
thick i layer, g-i-n* photodiodes have been characterised across the temperature range 60 °C to 0 °C, with an
energy resolution of 750 eV FWHM at 5.9 keV for the best performing device at 20 °C [6]. Similar GaAs
photodiodes (10 um i layer) have been characterised over the temperature range 100 °C to -20 °C, with an energy
resolution of 690 eV FWHM at 5.9 keV reported at room temperature (20 °C) [27]. GaAs plasar p
photodiode arrays have also been reported with very promising results; a 5 x 8Qjxel i layer, GaAs*pi-n*

diode array structure had a reported energy resolution of 266 eV FWHM at 5.9 keV at room temperature [3].
GaAs arrays of similar structure, but with thicker epilayer layers (325 pm i layer), had a reported energy
resolution of 300 eV FWHM at 5.9 keV at room temperature. [28]

AlGa-As, due to the material ability to be tailored to particular application environments by adjusting the Al
fraction (e.g. a reduction in Al fraction reduces the bandgap), has gained attention as an interesting material for
X-ray detection 21, 26, 29]. Most work has focused ol Ga-,As p*-i-n* mesa photodiodes, operated within

the non-avalanche regime. Circular masasGay 2As, 200 pm diameter, 1 um i layer-ipn* photodiodes have

been characterised across the temperature rarf§@t®030°C, with an energy resolution of 1.07 keV FWHM at

5.9 keV reported 20 °C [29]. Circular mesa#\l Gay gAs, 200 um diameter, 3 um i layer-ipn* photodiodes

have been characterised across the temperature rarfg2t@020 °C, with an energy resolution of 1.06 keV
FWHM at 5.9 keV reported 20 °C [21]. A 2 x 2 square pixe\loGa gAs array (each photodiode area 200 um

by 200 um, 3 um i layer) was also recently reported with improved resnlésergy resolution of 760 eV FWHM

at 5.9 keV at 20 °C was achieved [26].

Whilst non-avalanche GaAs aAdkGa;.xAs X-ray detectors show great promise, the demands they place on their
preamplifier electronics are more stringent than those of narrbandgap materials like Si, because the
electron-hole pair creation energies of GaAs Ah&aAs are larger (e.g. 4.2 eV for GaAs cf. 3.6 eV for Si

[22]). Avalanche photodiodes (APDs) potentially reduce those demands by increasing the amount of charge
created from the absorption of an X-ray photblowever, the greater operating biases required can cause higher
leakage currents which results in more parallel white noise.

APDs are widely used in photonic detection systems, most notably within telecommuni&&i88} to improve
response relative to that of conventional-p* photodiodes [30]. The increased response from such APDs is due
to the impact ionisation procesghere charge carriers gain enough kinetic energy to generate electron-hole pairs

during collisions with atoms in the latti¢&4, 35].
For photons of infrared to ultraviolet wavelength, where the photon energy is of the same order as the bandgap

energy of the detector material, the stochastic nature of the impact ionisation process in APDs commonly adds

noises (quantified by the so called the excess noise fakjdp the signa[36, 37] such that

Nx=kM+(2—%)(1—k), 1)
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where k (=/a) is the ratio between the holg) (and electrond) ionisation coefficients, which represent the
inverse of the mean distance between successive impact ionisation {&@nts In most compound
semiconductors, k can range from 0.3 to 1.0, leading to a |af§8]N Hence, as péfg. 1, assuming an extension

of applicability of this model to the X-ray case, a poor energy resolution was originally exj3&jte&or this

reason, it was originally thought that the use of APDs would degrade the resolution of X-ray spectrometers and
hence they were not extensively investigd83]. However, recent studies have improved the understanding of
APDs [31, 35, 36, 38, 40]. Notably, Tan et a[38] showedthat the common model of excess noise is not directly
applicable at X-ray energies, since the distribution of avalanche gains tightens as the initiating photon,energy, E
is increased, thus leading to significantly lower additional noise for X-rays than would be expected in the case for
infrared, visible, or UV photoni88]. Additional design choices such as using very thin avalanche layers can also

be used to reduce excess noise [31].

The first X-ray APDs were complex staircase band strusfi&41, 42]. For example, a GaAsi3a.,As SAM

APD (320 um x 450 um active area) was reported to function as an X-ray detector at room temperature, utilising
a series of staircase multiplication regions [18]; an energy resoluti@d®eMFWHM at 13.96 keV was reported

at an avalanche multiplication of 4.1 at room temperature [18]. More recent work has concentrated on simpler
SAM APD structures[43]. For example, a thin (430 nm GaAs absorption layer, 220 ngRGA&dAs
multiplication layer) GaAs/AlsGa As SAM X-ray APD was reported at room temperafd#; it had an energy
resolution of 1.08 keV FWHM at 5.9 keV, at an avalanche multiplication of 3.5.

In this work we report the growth, fabrication, and characterisation at room temperature (20 °C) of two new
circular GaAs/Ab sGay,As SAM X-ray photodiodes of different diameter (200 um and 400 um). The results are
compared with recently reported non-avalanche GaAsmp X-ray photodiodes of the same size (200 um and

400 um diameter) and with the same absorption layer thickness (10 pm) [27]. The same measurement techniques
and readout electronics were used in both cases. The work shows that the addition of the avalaincpeizer

the energy resolution. This unambiguous comparison of the detectors both with and without an avalanche layer
but otherwise of the same design provides conclusive evidence that the addition of an avalanche layer can be used
to improve the energy resolution of a spectroscopic photon counting X-ray detector.

II. DIODE DESIGN

The GaAs/AbsGaAs SAM structure (see Fig.) vas grown by metalorganic vapour phase epitaxy upon a
commercial GaAshsubstrate The photodiode layer details are outlined in Tabl€itcular mesa structures of

200 pm diameter and 400 pm diameter were etched using a 3P0 H,O,:H,0O solution followed by 10 s in

a 1:8:80 HSOy:H20,:H20 solution. Ohmic contacts consisting of 200 nm Au and 20 nm Ti were evaporated upon
the top p side of the mesa structures and ohmic contacts consisting of 200 nm Au and 20 nm InGe were evaporated
upon the back side of the substrate. The top contacts covered 45% of the 200 um diam&tdacioaded 33%

of the 400 um diameter diodeface.
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Fig. 1. Schematic of GaAs/AkGa.2As SAM structure.

Table 1. GaAs/AlsGan2As SAM layer details.

Material Dopant Dopant type | Thickness (nm) | Doping density (cr)
GaAs Zn p 10 1x10°

GaAs Zn p 200 2x108

GaAs 10000 Undoped

GaAs Zn p 100 2x10

AlosGaAs Zn p 200 2x107

AlosGay2As 100 Undoped

Al sGay 2As Si n 200 2x108

GaAs Si n 200 2x108

GaAs 1T substrate

lIl. DETECTOR ELECTRICAL CHARACTERISATION

A. Capacitance as a function of applied reverse bias

For each GaAs/AlGa ,As SAM photodiode (200 pm and 400 pm diameter), capacitance as a function of reverse
bias, \&, was measured using an HP 4275A LCR Meter (50 mV rms signal magnitude; 1 MHz frequency). A
Keithley 6487 voltage source/picoammeter was used to bias the detectors. Each device was placed within a
custom-made, light-tight, electromagnetically screened test fixture and, for temperature control, inserted in a TAS
Micro MT environmental chamber. An appropriately positioned thermocouple was used to ensure thermal
equilibrium (20 °C) was reached between the environmental chamber and the devices. The test fixture and
environmental chamber were purged with dpy(#6% relative humidity) in order to remove any humidity related
effects [6] The environmental chamber was set to 20 °C and left for 1 hour before measuring to ensure thermal
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equilibrium. The measured capacitances as functions of reverse bias for (a) the 200 pum diameter device and (b)
the 400 um diameter device is shown in Fig. 2.
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Fig. 2. Capacitance for (a) the 200 um diameter devic€gride 400 um diameter device, as a function of applied reverse
bias, at 20 °C. The empty package capacitance, in each case, has not been subtracted.

The measured capacitance of both packaged devices decreased with increasing reverse bias, from 1.14 pF and
2.26 pF at ¥= 0V for the 200 um and 400 um diameter device respectively, tpEdArd 2.2(pF at \k = 60V

for the 200 um and 400 pm diameter device respectively. The uncertainty associated with each individual
capacitance measurement was 0.03 pF. However, because a set of measurements were taken without
modifying the conditions (e.g. no variations in electrical connections and temperature), fittings on the
experimental data provide a more appropriate uncertainty for relative cHabgeg&xponential fittings on the
measured capacitance for each device were performed as a function of reverse bias. An uncertainty of + 0.4 fF
was estimatedThe drop in capacitance across both the 200 um and 400 um diameter devices, within the range
13 V<Vgr< 16V, indicated that the punch-through voltage (the voltage at which the multiplication region rapidly
depletes) was 14 V [44].

The measured capacitan€, included both the diode capacitance, &nd the package capacitance, €ince

the devices were packagedp Was removed by assuming a constant capacitance density as a function of device
area. The capacitance density of the 200 pm diameter device and the 400 pm diametat elsticapplied

reverse bias were compared, and the empty package capacitance calculated. A mean average empty package
capacitance (0.76 pF) was calculated fera@d was subsequently subtracted fromf@ each device. Fig. 3

presents the capacitance densities for the 200 um and 400 um diameter devices.
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Fig. 3. Capacitance density for the 400 pm diameter device (triangles) and the 200 pm diameter device (citahesipas a
of applied reverse bias, at 20 °C, taking into account the empty package capacitance (0.76 pF).

The capacitances of the devices were defined primarily by the depletion layer capacisardfesdCh device
[34]. Therefore, the depletion width, W, could be calculated using the equation

g9EA

W= 22 (2)

where Ais the device areais the relative permittivity of the material, atids the permittivity of free spad4].

For the reported devices, multiple materials (GaAs angs@d -As) influence G, with their associated
contributions difficult to detangle. As such, in order to calculate W, the devices were approxinbatethiple

GaAs structures:(= 13.1646]). Sinces of Al sGay 2As (= 10.62447]) is smaller in value, the presently reported

W should be taken as an upper limit. The Debye length of GaAs (0.06 um) was also taken into aceount whe
calculating the depletion width uncertaify8]. Fig. 4 (a) shows the depletion width as a function of applied

reverse bias.

The depletion width increased as a function of applied reverse bias for both devices, increasing from 9.8 um
+0.1 um at ¥= 0V for the 200 um and 400 um diameter device, to 10.3 um £ 0.1 pum and 10.2 um £ 0.1 um at
Vr = 60 V for the 200 um and 400 um diameter device, respectidaywwas the case in Fig. 2, the increase in
depletion width across both the 200 um and 400 pm diameter devices, between 13 V and 16 V, indicated the
punch-through voltageLinear least squares fitting was applied to both devices, and indicated that the devices
were fully depletedtaVr> 50 V.

The GaAs/AlGay 2As SAM APD structure quantum detection efficiency was calculated using the Beer-Lambert
law, assuming that the active region was solely confined to the GaAs absorption layerianagihiaidly depleted
and active. The results can be seen in Fig. 4 (b). For photons of 5.9 keV energy, the quantum diétenicasef
of the devices structure presented here were 0.56 in areas not covered by the top contact, amdds4®uered
by the top contactThe weighted quantum efficiency assuming uniform illumination of the devices was 0.52 and

0.53 for the 200 um and 400 pm diameter detectors, respectively.
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Fig. 4. (a) Calculated depletion width for the 200 pm diameter device (circles) and the 400ngterdiievice (triangles) as
a function of applied reverse bias, at 20 °C. (b) Calculated detection efficiency for the GaBa/shs SAM APD structure
as a function of energy. The Al K, Ga L, and As L X-ray absorption edges are responsible for the detectiory efficienc

discontinuities.

The general nonuniform distributions equation [34] was used to calculate the carrier concentration of the space
charge region, Nwhere,

d(l/CDLZ) _ 2
~Wn = mm ©)

qeoeN’

where q is the elementary charge and the other symbols have previously been defined. For both devices, at
calculated depletion widtk 10 pm, the carrier concentration reached a minimuredf x 10 cm?3. Fig. 5

presents the carrier concentration for the GaAs{®d ,As detectors as a function of calculated depletion width.
Variation in the apparent carrier concentration between the 200 pum and 400 pm devices was within the uncertainty
of the measurements.

:\ 10"‘ E T T T T T T

g :
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S sl 0. o ]
2 A%
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= i

(@] 10]4 L 1 L 1 s 1 L 1

9.6 9.8 10 10.2 10.4 10.6
Depletion width (um)

Fig. 5. Carrier concentration for the 200 um (circles) and 400 um (triangles) diameter devices as a function of calculated
depletion width.

B. Current as a function of applied reverse bias
The leakage curremtf the 200 um and 400 um diameter devices was measured using a Keithley 6487 voltage

source/picoammetasa function of applied reverse bhiabhe environmental conditions were the same as for the
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capacitance measurements. Fig. 6 presents the measured leakagd gwiém packaged devices as a function

of applied reverse bias.
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Fig. 6. Leakage current for the 200 um diameter device (circles) and the 400 um diameter devics)(&madlenction of

applied reverse bias.

For both packaged devices, the leakage current increased with imgmea®rse bias. At the maximum applied
reverse bias (60 V), the leakage currents were measured to be 21.6 pA £ 0.8 pA for the 200 um device and 25.7 pA
+ 0.5 pA for the 400 pm device. The uncertainties associated with the current measurements were dominated by

the uncertainty associated with a single measurement from the Keithley 6487 voltage source/picoammeter.

In order to determine theorresponding leakage current densiky of the devices, the leakage current associated

with the package (and measurement system) was determined by measuring an empty package of identical type.
It was found that the empty packagdeakage current was smaller than the uncertainy.4$pA) of the
instrument it was therefore considered negligibleheBpparent leakage current density, as shown in Fig. 7, of

the 400 um diameter device was improved (lower) relative to the 200 pm diameter @éAawA (cnr?

+ 0.4nA cm? for the 400 um diameter device cf. 68.8 nA%Tm2.7 nAcn? for the 200 um diameter device, at

the maximum applied reverse bias (60 V). This suggested that the leakage current did not scale with junction
area. The presence of a non-negligible surface leakage current, possibly due to the devices being unpassivated
[49, 50], cannot be excluded entirely, but the measured leakage currents do not scale with circumference either.
A similar trend was recently reported for GaAs{m* mesa X-ray photodiodes of the same size (200 um and 400

pm diameter) and with the same absorption layer thickness (10 um) [27]. For the present dedifiesetite

in leakage current density with junction area was possibly attributable to damage caused by wirebonding to the

thin metal contacts, resulting in a dominating additional leakage current component.
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Fig. 7. Apparent leakage current density for the 200 um (circles) and 400 pm (triangles) diameter davicestias of
applied reverse bias, at 20 °C.

The leakage current densities of the presently reported devices were greater than those measured for recently
reported GaAs pi-n* mesa X-ray photodiodes [27]. At an internal electric field strengthpfB50 kV cmt
(corresponding to 51 V applied reverse bias for the Gahgbsh-As devices, assuming: Bas uniform and

across only the depleted region), leakage current densities of 61.8 ‘AA & nA cn? and 16.4 nA cm

+ 0.4 nA cn? were measured for the 200 pm diameter and 400 um diameter devices respectively. At the same
Er, leakage current densities of 15 nA-&mnd 6 nA cnt were measured for the 200 um and 400 pm GaAs
devices respectively, at 20 °C [27]

IV. PHOTON COUNTING X-RAY SPECTROSCOPY

A. Experimental measurements and determination of the spectrometers’ energy resolutions

In order to characterise the X-ray detection performance of the GaAGS&bAs SAM APD devices, each
detector was connected, in turn, to a custom-made low-noise charge-sensitive feedback-resistorless preamplifier
similar in design to ref51]. The preamplir, in each case, was connected to a shaping amplifier (Ortec 572A)
and a multi-channel analyser (Ortec Easy-M8H#). An %°Fe X-ray(Mn Ka = 5.9 keV; Mn KB = 6.49 keV)

source (= 131 MBq) was positioned~ 4 mm above each GaAs/AlpsGa As SAM APD in turn. The resulting
spectrometers: ;o (using the 200 um diameter detector) ang Gising the 400 um diameter detector) were
installed within a TAS Micro MT environmental chamber for temperature control. The environmental chamber
temperature was set to 20 °C, and allowed to stabilise for 1 hour before measurements wereAtaken.
thermocouple was positioned close to the spectrometer such that temperature equilibrium between the
environmental chamber and the spectrometer could be monitored. The environmental chamber was purged
continually throughout the measurements with dsy<\N6% relative humidity) as to reduce any humidity related
effects [52].

Spectra were accumulated for each spectrometer as a function of detector applied reverse bias. The applied reverse
bias was initially set to 0 V, then increased in 1 V steps up to 50 V. The reverse bias was increased further in
steps of 5V, up to 60 V. After each voltage change, the system was allowed to stabilise for 5 minutes before
taking a measurement. Since the two detectors had different active areas, the live time limits of each spectrum

were set differently: spectra accumulated withy Bad a live time limit of 100 s; spectra accumulated with S
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had a live time limit of 25 s. A shaping time of 0.5 pus was used; this was the best available shafing#iote
system. The accumulatééFe spectra for the 200 pm and 400 um diameter Gaf&3Al,As SAM APD

spectrometers can be seen in Fig. 8.
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Fig. 8 Accumulated®Fe spectra using the spectrometers fe)adid(b) Ssoo. The same shaping time (0.5 ps) and temperature
(20 °C) were used for all spectiBhe vertical black lines indicate the positions of the combined 5.9Me\K() and 6.49 keV
(Mn KB) X-ray photopeaks from tti8Fe X-ray source accumulated with the detectors reverse biased at 0 V 6nd 60

For each accumulated spectrum from ke X-ray(Mn Ka = 5.9 keV; MnKp = 6.49 keV) sourgeGaussian

fitting was applied. The relative emission rg&8] and the relative detection efficiency of the GaAs#Bla ,AS

SAM APDs at these energies were taken into account in fittingviihé&a and Kp peaks. TheMn Ko and

Kp peaks were not individually resolved by the spectrometer; as such, the peak detected is the combination of the
Mn Ka and KB lines. The form of spectroscopic respomsss consistent with a/ APD; this was further
exemplified by plotting the change in 5.9 keV peak centroid position (corrected for changes in zero energy noise
peak positiorand plotted in terms of the MCA’s analogue to digital units, ADU, scale) as a function of applied

detector reverse biass shownin Fig. 9.
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Fig. 9. Difference, in ADU, between the 0 keV position and the position of the centroid of the fitted 5eakeAs @ function
of applied detector reverse bias, at a shaping time of 0.5 us, and a temperature of 20 °C for the spe@tj@netard (b)
Sa00.

The sharp increase in 5.9 keV peak position between 14 V and 19 V for both the 200 um and 400 um diameter
devices, as shown in Fig. 9, was attributed to an improved charge collection efficiency from reaching the
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punch-through voltage (see Fig. &t applied detector reverse biases less than the punch-through voltage, charge
carriers cannot readily travel through tie sGa 2As junction (see Table 1) [18], limiting the charge collection
efficiency. The increasing 5.9 keV peak position as a function of applied detector bias beyond 19 V was a result
of increases in avalanche multiplicationThe apparent multiplication factor, M, was calculated for both
spectrometers by calculating the ratio between the fitted 5.9 keV peak position at each bias and the fitted 5.9 keV
peak position at unity gain (M = 1) and complete charge collection, assumed to be achigwed®¥\Applied

to the detector. The apparent multiplication factor as a function of applied detector reverse bias can be seen in
Fig. 10.

(a) (b)
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Fig. 10. Apparent multiplication factor of the 5.9 ké¥e photopeak as a function of applied detector reverse bias for the
spectrometers (a)y& and(b) Suoo, at 20 °C.Unity gain was set to 19 V.

The spectra were energy calibrated by assuming a linear variation of output charge with energy and using the
positions of the so called zero energy noise peak and fitted 5.9 keV phakenergy resolution (FWHM at
5.9 keV) was then calculated for each accumulated spectkign.11 presents the energy resolution of each

spectrometer as a function of applied detector reverse bias.
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Fig. 11. FWHM at 5.9 keV for the spectrometers @) &d(b) Sso0as a function of applied detector reverse bias at a shaping
time of 0.5 us, and at 20 °C.

The improved charge collection efficiency, due to overcoming the punch-through voltage of the detectors, resulted
in anabrupt improvement in energy resolution (FWHM at 5.9 keV) of the spectroscopic systems around the punch
through voltage, as shown in Fig. 11. At=V14 V, the FWHM at 5.9 keV was 2.00 keV + 0.05 keV and 3.36 keV
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321  +0.05 keV for the spectrometerso&SandSagg, respectively. At ¥= 19 V, the FWHM at 5.9 keV was34 &/

322 t+5eVand53eV +6 eV for aandSsio respectively.The best measured energy resolution for the spectrometer
323 Sxowas 508 eV £ 5 eV, achieved at ¥ 26 V, corresponding to an apparent multiplication factor of 1.1. The
324  best measured energy resolution for the spectrometerw@s 603 eV +6 eV, achieved atgV= 34 V,

325 corresponding to an apparent multiplication factor of $32e X-ray spectra accumulated with the spectrometers
326  SypoandSsgo can be seen in Fig. 12 and Fig. 13 respectively.

327

328 Both the 200 pum diameter and 400 pm diameter Gadgs®hAs SAM APD devices reported here, had
329 improved performance relative to the recently studied GaAspphotodiodes [27]At 20 °C, energy resolutions
330 of 690 eV and730 eV FWHM at 5.9 keV were reported for the 200 pm and 400 pm GaAs*photodiode,

331 respectively [27]. The presently reported spectrometers also had improved performance compared to the
332  previously reported GaAs/fGaAs SAM APD spectrometers which had a FWHM at 5.9 keV = 1.08 keV at
333 an avalanche gaiof M = 3.5 at room temperatufé4].

334
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336 Fig. 12. %5Fe X-ray spectra accumulated with the 200 pm diameter detector based spectrometer, at 20 °C, a shaping time of
337 0.5 us, and a reverse bias of (a) 14by,26 V, and (c) 60 V. The fitted 5.9 kgWIn Ka) and 6.49 ke\(Mn Kp) peaks have

338 been plotted (dashed lines). The accumulated spectra have been normalised into counts per keV in order to account for the
339  differing channel widths.
340
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Fig. 13 S55Fe X-ray spectra accumulated with the 400 um diameter detector based spectrometer, at 20 °C, a shaping time of
0.5 ps, and a reverse bias of (a) 14By,34 V, (c) and 60 V. The fitted 5.9 kgWIn Ka) and 6.49 ke\(Mn Kf) peaks have

been plotted (dashed lines). The accumulated spectra have been normalised into counts per keV in order to account for the
differing channel widths.

B. Origin of the secondary peak in the obtained X-ray spectra

As could be seen in Fig. 138t sufficiently high applied detector bé&sVk > 17 V), a small secondary peak

appears to the left (low energy) side of the fitted peaks. The secondary peak appears as a shoulder on the main
combined peak as they are not resolved from each offtd@s secondary peak arises as a consequence of the
GaAs layer not having a 100 % absorption efficiency for the X-ray photons (seebfigome photons are
transmitted through the GaAs layer and absorbed iAlif¥Sa 2As layers. This can be proven by consideration

of the electron-hole pair creation energies of each material.

Due to the difference in electron-hole pair creation energy of GadssE 4.19 eV £ 0.03 eV at 20 °[54]) and
AlpsGa2AS (wacass = 5.07eV = 0.08 eV at 20 °(55]), the average number of charge carriers generated in each

material by the absorption of a photon of energy, E, also differs.
The ratio of the average numbers of charge carrieggagpiNfor AlpsGay2As and Naas for GaAs) created by the

absorption of a photon of energy, E, in conjunction with the known electron-hole pair creation energy,of GaAs

can be used to determingcass, Where

_ NgGaas
WalGads = Wgaas (—NAlGaAs . 4)
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365 The primary and secondary peak of the spectra obtained witha8h the detector biased at 34 V and 60 V

366  respectively, were fitted with Gaussians for tee 5.9 keV(Mn Ko) and 6.49 ke\(Mn KpB) peak emissions in

367 the accepted rati®3], see Fig. 14therelative detection efficiencies of the Mn Ko and Mn K3 photons were also

368 taken into accourf!9]. The accepted value @taasWas then used in conjunction with Eq. 4 to calcuai€aas.

369  With the detector biased at 34 V and 60cd4caas Was found to be 5.04 eV = 0.08 eV and 5.06 eV + 0.08 eV

370 respectively, which are in agreement with the accepted valug 4 = 5.07eV £ 0.08 eV at 20 °@55]). Thus,

371 it was demonstrated that the secondary, left shoulder, peak arises as a consequence of X-ray absorption in the
372  AlggGaJAs layers by computation of the electron-hole pair creation enemh 66a »As from the spectra.

373

374  The secondary peak, clearly visible as a shoulder in Fig. 13 and Fig. 14 (400 um diameter detector), was less
375 visible in Fig. 12 (200 um diameter detector). This was attributed to the size difference between the two
376 investigated detectors, where the front face of the 400 um diameter detectaed-ém@ivtimes more photons

377  than the 200 um diameter detector.

378
a b
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380 Fig. 14 55Fe X-ray spectra accumulated with@t a reverse bias of (a) 34 V, gii60 V. Charge calibration was achieved

381 using the positions of the zero energy noise peak of the preamplifier and the GaAsgelds, with the accepted waaas

382 value. The dashed and dotted lines are the fitted 5.9Ma\K o)) peaks for the AlsGa.2As and GaAs materials respectively;

383  the 6.49 keV Mn KB peaks were considered and included in the analysis but are not shown in the figures for clarity

384

385 C. Noise analysis

386 Four sources of noise influence the energy resolution of a charge-sensitive preamplifier coupled to a
387  semiconductor detector operating in avalanche mode, these are: the Fano m{i€3;, iNcomplete charge

388  collection noise, R [22]; the electronic noisgpA]; and the excess noise factox,[84].

389

390 The Fano nois@ssuming that X-ray photons incident on the reported detectors are absorbed only within the GaAs

391  absorption region, can be calculated using the equation

392
393 NF = 2-355wGaA51’FE/(‘)GaAsv (5)
394

395 where F (0.1358]) is the Fano factor of GaAs and the other symbols have previously been ddfineds
396 calculated to bé&3 e rms at 5.9 keV (128V FWHM at 5.9 keV) for the GaAs/AiGa ,As SAM APD. Since
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the calculated Fano noise was less than the reported spectrometers measured energy resolution, other noise

contributions were clearly affecting the spectroscopic system.

The electronic noise from the detector and preamplifier of a photodiode X-ray spectrometer consists of dielectric
noise, N, series white noise (including the induced gate drain current nbligg)parallel white noise, Ny, and

1/f series noiseNis [19]. Dielectric noise is induced by lossy dielectrics close to the input of the spectrometer
(e.g. the packaging of the preamplifier input Junction Field-Effect Transistor (JFET) and dete¢toBejtss

white noise is caused by capacitances at the input of the spectrometer (e.g. the input JFET (JFET capacitance
= 2 pF BQ)) and the detector (see Fig) B7]. Parallel white noise is induced by leakage currents from the input
JFET (JFET leakage current = 1 p@Q]) and the detector (see Fig. 6) [2Hor a review of the various noise
components, the reader is directed to fe¥s 61, 62].

The dielectric noise, series white noise, parallel white noisel/as€éries noise contributions were calculated for

each spectrometer (9o and SQoq) via the standard methods for semiconductor X-ray devices connected to
charge-sensitive preamplifief59]. The results can be seen in Fig. 15should be noted that, in the case of the
dielectric noise contributions, only a lower bound value could be calculated divelillst dielectric noise from

the JFET, feedback capacitor, and GaA&#Bk ,As SAM APD device could be estimated [P%], additional

lossy dielectrics close to the preamplifier input could have also contributed to the Siniderly, due to the
prototype nature of the preamplifier, the presence of unknown capacitances may have also added to the series
white noise contributionThe dielectric noise and series white noise were thus considered in two parts: known
noise contributions and stray noise contributioB8sibtracting the expected Fano noise and the electronic noise
contributions {/f noise, parallel white noise, known series white noise (including induced gate drain current
noise), and known dielectric noise) from the measured FWHM in quadrature, yields a combination of stray series
white noise, stray dielectric noise, incomplete charge collection,risess noise, and possibly stray parallel
white noise contributions (so called the remaining noise contribution). Changes in detector capacitance were
included in the known series white noise and known dielectric noise calculations, whilst the JFET was considered
to contribute a constant capacitance (260 [to both calculations. A constant JFET leakage current (B [

was included in the known parallel white noise calculation.
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Fig. 15 Calculated noise contributions of the spectrometers:(aqu®i(b) Sso0 as a function of applied detector reverse bias
at a shaping time of 0.5 us, and at 20 °C: total noise (stars); sum of the calculated noise contributions (bimgejtdeimvn

series white noise (short dashed line); known dielectric noise (solid line); calculated parallel white noise (dotted line
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As per Fig. 15, the total sum ofthalculated noise contributions (Fano noisénoise, known series white noise,

known dielectric noise, and parallel white noise, added in quadrature) did not account for the measured total noise
(FWHM at 5.9 keV) of the 200 um and 400 um diameter detector based spectroscopic systamappiied

detector reverse bias of 1Q te total noise of each system wi@8e rms +5 erms, and 357-ems + 5 erms

for S;o0 and Soo, respectively. At the same applied bias (10 V), the total sum of the calculated noise contributions
was 44.7 erms = 0.4 erms and 54 e rms £ 0.2 erms, respectively This discrepancy was attributed in part to
incomplete charge collection noise, where charge carriers cannot readily travel through®ae,AE junction

before the punch-through voltage [18] (see SedtioA). Stray dielectric noise, stray series white noise, and any
stray parallel white noise contributions, arising from the spectroscopic systems, would have also contributed to

the measured total noise.

As the applied detector reverse bias was further increased (14&¥% 49/V), the measured total noise (FWHM
at 5.9 keV) ofeachspectrometer improved (reduced). At\L@pplied detector reverse bjadlse total noise was
54.0 e rms + 0.5 erms and 66.0"ems +0.6 € rms for the spectrometerso®and Soo, respectively. The total
sum of the calculated noise contributions, at the same applied detector reverse bias (1948)) &ams

+ 0.4 erms and 58 e rms * 0.2 erms for the spectrometerso®and Soo, respectively. This, in part, indicated

that incomplete charge collection noise reduced as the phirwigh voltage (= 14 V) was exceeded.

At the optimal applied detector reverse biaisdach spectromete?§ V and 34 V for the spectrometerssand

Syo0 respectively), the measured apparent noise wasesims + 0.5 erms and61.0 € rms + 0.6 erms for the
spectrometers,g andSsoo respectively. The total sum of the calculated noise contributions, at the same optimal
applied detector reverse bias (26 V and 34 V f@s 8dSso respectively, was 451 € rms +04 € rms and

57.4 e rms + 0.2 erms for the spectrometerse®and oo, respectively. The apparent decrease in remaining
noise contribution between 19 V and the optimal applied detector reverse bias of each spectrometeraindicated

net benefit due to avalanche multiplication.

At the maximum applied detector reverse bias (60 V) an apparent n6i&é efrms +0.5 € rms and 6® € rms

+ 0.5 e rms was measured fopgdand Qoo respectively. The total sum of the calculated noise contributtons a

the same applied detector reverse bias (60 V), was 4518se+ 0.4 erms and 57.9 ‘ems +0.2 erms,
respectively. The increased discrepancy between the measured apparent noise (FWHM at 5.9 keV) and the total
sum of the calculated noise contributions may have arisen from a larger than expected parallel whiteigloise at

biases or from increasing excess noise due to avalanche multiplication.

D. Improvements in energy resolution due to avalanche multiplication
In order to determine whether avalanche multiplication affected the energy resolution of the reported
spectrometers, the measured energy resolution (FWHM at 5.9 keV) was compared to the expected non-avalanche

energy resolution of each spectrometer.
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The expected non-avalanche energy resolution was calcligtadsuming incomplete charge collection noise
became negligible atp> 19 V, avalanche multiplication was not present @&k\M9 V, and any stray noises
contributing to the remaining noise contribution (see SedWo@) were independent of applied reverse bias.
Given these assumptigrthe remaining noise contribution ag ¥ 19 V for both spectrometers represents the
non-avalanche modemaining noise contribution across the applied reverse bias range (19 V<Vr<60V). The
remaining noise contribution ak¥ 19 V was calculated to be 29:8rmas + 1.1 erms and 32.8'@ms + 16 € rms

for Sye0 and Soo, respectively.

Adding in quadrature the remaining noise contributiongat Y9 V to the calculated known noise contribugion

at each investigated applied detector reverse bias yields the expected non-avalanche energy resolution as a
function of applied reverse biasthin the range 19 V <Vr<60 V. The expected non-avalanche energy resolution

and measured avalanche energy resolusibeach applied reverse bias for the spectrometesai®l So0, can be

seen in Fig. 16.

At an applied detector reverse bias of 26 V (M = 1.1), an expected non-avalanche energy resolution of 535 eV
+7 eV FWHM at 5.9 keV was calculated for the spectromeigr &iven the same spectrometer and the same
applied detector reverse bias (26 V), an energy resolution of 508 eV + 5 eV was measiwethe spectrometer

Si00, at an applied detector reverse bias of 34 V (M = 1.2), an expected non-avalanche energy resolution of 653 eV
+ 8 eV FWHM at 5.9 keV was calculatedt the same applied detector reverse bias (34 V), an energy resolution

of 603 eV + 6 eV was measureds such, it can be concluded that a noticeable benefit from small avalanche
multiplication gains (M < 1.4) was measured. This conclusion is further supported by recent results fromon
avalanche GaAs*g-n* photodiodes. Those photodiodes wefédentical design to the devices reported here
except that they did not have the AlGaAs avalanche layer [27]. At 20 °C, energy resolughe\vaind730 eV

FWHM at 5.9 keV were reported for the 200 um and 400 um GaAspphotodiode, respectively [27TThus

it has been demonstrated that the addition of an avalanche layer can lead to improvement of the energy resolution
in X-ray photodiodes.
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Fig. 16 Expected non-avalanche FWHM at 5.9 keV, assuming no incomplete charge collecticat ¥aisel9 V (dotted
line), as a function of applied detector reverse bias to the spectrometets &ap®) Swoo. The measured FWHM at 5.9 keV
(circles) has been included.

V. CONCLUSION
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A 200 pm diameter anal400 pm diameter, custom-made, circular GaAsfBk -As separate absorption and
multiplication (SAM) X-ray photodiode have each been characterised at room temperature (20 °C), and
investigated for their response **Fe X-rays(Mn Ko = 5.9 keV; Mn KB = 6.49 keV) source. Each device
consisted of a 10 um thick GaAs absorption layer and a 0.1 um thigkabAs multiplication layer

Capacitance measurements indicated a ptnolgh voltage of = 14 V for both devices. A capacitance of
1.12 pF and 2.20 pF (each * 0.4 fF) was measured for the 200 pum and 400 pm diameter devices respectively a
the maximum applied reverse bias (60 V). The capacitance measurements indicated that both devices were fully

depleted at ¥> 50 V, reporting a depletion width consistent with growth specifications (see Table 1).

The best measured energy resolution achieved at 20 °C for the spectrometas$08 eV = BV FWHM at

5.9 keV, at an applied detector reverse bias of 26 V, corresponding to an apparent multiplication factor of 1.1.
The best measured energy resolution at 20 °C for the spectromgteas603 eV + 6eV FWHM at 5.9 keV, at

an applied detector reverse bias of 34 V, corresponding to an apparent multiplication factor Béirth2r
increasing the applied detector reverse bias increased (worsened) the energy resolution (e.g. 594 eV +5 eV
FWHM at 5.9 keV ané73 eV £ 5 eV FWHM at 5.9 keV for the spectrometess 8nd Qoo respectively, atra

applied detector reverse bias of 60 V). This indidélhat any benefits from further increasing avalanche gain

were exceeded by increases in excess noise and/or parallel white noise.

In order to determine whether avalanche multiplication affected the energy resolution of the spectrometers, the
measured energy resolution (FWHM at 5.9 keV) was compared to the expecdalanche energy resolution

of each spectrometer (see SectidhD). The results indicated a noticeable benefit from small avalanche
multiplication gains (M < 1.4). At an applied detector reverse bias of 26 V (M = 1.1), an expected non-avalanche
energy resolution of 535 eV FWHM at 5.9 keV was calculated for the spectromgierGven the same
spectrometer and the same applied detector reverse bias (26 V), an energy resolution of 508 eV FWHM at 5.9 keV
was measured. Similarly, at an applied detector reverse bias of 34 V (M = 1.2), an expected non-avnaagche
resolution of 653 eV FWHM at 5.9 keV was calculated for the spectromgter@ven the same spectrometer

and the same applied detector reverse bias (34 V), an energy resolution of 603 eV FWHM at 5.9 keV was
measured. The results were supported further (and set in context) by a recent study using non-avalanche GaAs
p*-i-n* photodiodes which did not have an AlGaAs avalanche layer [27]. At 20 °C, energy resolutions of 690 eV
and 730 eV FWHM at 5.9 keV were reported for the 200 um and 400 um G#&A$ jphotodiodes, respectively

[27]. The results indicated that introducing a separate AlGaAs multiplication layer can be beneficial to GaAs
photodiodes.

The energy resolution (FWHM at 5.9 keV) reported here is the best so far refpor@aAs/AkGa.As SAM

APD X-ray spectrometers at room temperature. Energy resoluifch®8 keV FWHM at 5.9 ke\f44] and

900 eV FWHM at 13.96 ke¥Yavebeen reported previously [18]. The measured energy resolution was also better
than recently investigated non-avalancdhieGai-,As detector based X-ray spectrometers, where an energy
resolution of760 eV FWHM at 5.9 keV was reported at room temperature [@6jvever, the energy resolutions

reported here are modest when compared to the best reported results for the best non-avalanche GaAs based X-ray
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spectrometers (266 €3] and 300 eV [28] FWHM at 5.9 keV at room temperature) and the best Si based X-ray
spectrometers (141 eV FWHM at 5.9 keV[6@] and 134 eV FWHM at 5.9 kejé4]), when those detectors are

coupled to ultrdew-noise electronics better than those used for the investigations reported in the present article.

Despite the achieved energy resolutions of the presently reported G&siAls SAM APDs being not yet as

good when compared to other more developed materials, X-ray spectrometers with modest energy resolutions can
still provide important scientific contributiong:or example, D-CIXS aboard SMART{65] had an energy
resolution of 420 eV FWHM at 4.5 keV [66] and measured, for the first timey (461 keV) X-ray fluorescence

on the lunar surfadé6]. An X-ray spectrometer with similar or slightly improved energy resolution, that is also
radiation hard and temperature tolerant, could therefore find utility in future space science missions to harsh

environments.

In future, the temperature dependence ofdthéces’ electrical characteristics and X-ray detection performance

will be studied. New SAM APBwill be fabricated in array format and characterised. Devices with thicker
absorption regions will be grown to improve the quantum efficiency (thereby also reducing/eliminating the
observed secondary photopeak as discussed in S&¢tB)) and staircase avalanche regions implemenged.

thicker absorption region would also reduce the detector capacitance, reducing the series white noise, and
potentially improving the energy resolution of the spectrometer.
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