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Abstract

Four Al sdno.4dP p*-i-n* mesa photodiodes with 6 pm thickayers and two different diamete&l{ um +
15pumand409um + 28um) were studied at room temperature (24 °C). Electrical characterisation
measurements are reported along with measurements showiregftirenance of the devices as X-ray
detectors. The devices exhibited leakage currentpA @orresponding to leakage current densities <

2 nA/cn?) at100V reverse bias (electric field strength167 kV/cm). The photodiodés were coupled to a
custom-made low-noise charge-sensitive preamplifier, the noise characterigtie resultant spectrometers
were investigated as functions of shaping times. The best energy reso(fitlbwidthathalf maximum of the
5.9 keV photopeak from @fFe radioisotope X-ray sourcachieved with th@17 fim+ 15umand409 um +
28 umdiameter photodiodes were 0.89 keV and 1.05 keV, respectivelydidlbetric dissipation factor of
Alosdno 4P was estimated to be (2.2 + 1.1)&2 at room temperature.

Keywords
X-ray spectroscopy; Photodiode; Aluminium indium phosphide; Dieledisgipation factor

1. Introduction

The wide bandgap ¢& 2.31eV at room temperature [1]) compound'semiconducteefo 48P has started to
emerge as a promising material for use in high tempergt#@°C) X-ray detectors [2] [3] [4] A number of
other wide bandgap semiconductor materials have also received research attetiteosdme application,
including: 4H-SiC [5] [6] (E; = 3.27eV at room temperature.[7]); GaAs [8](E 1.42eV at room temperature
[9]); AlosGay2As [10] (B = 2.09eV at room temperature [11])pamh sGay sP [12] (Eg = ~1.9€eV at room
temperature [13]). X-ray photodiodes made from such wide bandai@piats can have lower leakage currents
than comparable detectors made from traditionalinarrower bandgap materisds Sutfy = 1.12eV at room
temperature [14]) an@e (E; = 0.67eV atroom temperature [15]). It is common for Si and Ge detectors to
require cooling (sometimeés low temperatures, e.gl20°C [16]) to obtain sufficiently low leakage currents
for optimum operation; this is because the parallel white noise of an Xeafr@meter is proportional to the
detector’s leakage current [17]. Cooling systems increase the mass, volume, power consumption,satd co
X-ray spectrometers, thus preventing theiruse.in some enviresaech situations. As such, considerable
effort has been made to develop systems that can operate without cootinglgbr for space science and
astronomy, where instrument mass, volume, and power consumptisevarely restricted [18]. In additipn
there are numerous other applications where uncooled operation at highateingses beneficial, including
nuclear decommissioning and the'detection and interdiction of contrabeledmmaterials.

One benefit of Adsdno.4d? over many other/wide bandgap materials so far demonstrated fon gbottting
X-ray detection is its high " X=ray linearabsorption coefficientsk-pr example, at 5.9 keWlo54no.4dP has a
substantially higher linear absorption coefficiers gy = 1302cnT?) than 4H-SiC (g.okev = 346CnTY),
AlosGan2AS (Us.okev = 640emit), and GaAs (plokev = 837cn?) [19]. This leads to a higher quantum detection
efficiency for a given detector thickness. The first reported o 48P X-ray detectors were avalanche
photodiodes with an@valanche region of 1 um [2]. Subsequentlgeti&umi layer) non-avalanche

Alo.sdno 48P p-i-n photodiodes were also demonstrated [3] [4}. well as improving the detector’s quantum
efficiency, thickeri'layers can.also improve spectrometer energy resolutiatirsue of the thicker i layer
resulting in a lower detector capacitance. Lower capacitance results in redoaeitboae-dependent
electronic noise (e«g. series white noise (including the induced gate cwissjt 4/f series noise, and dielectric
noise).

In this paper, results are presented of the characterisation of fudnéld p*-i-n* mesa X-ray photodiodes
with 6 umthick i layers. Photodiodes with two different arez®’(um + 15umdiameter, D1 and D209 um

+ 28umdiameter, D3 and D4) were electrically characterised at room temperati@) (2fhe photodiodes
were then studied as photon counting spectroscopic detectors u$tre muioisotope X-ray source (Mo =
5.9keV; Mn Kp = 6.5 keV). The Absdno.4d structures are the thickest so far reported (by a factor of 3) that
havebeen.grown with metalorganic vapour phase epitaxy (MOVPE) for this appticatio

2: Materials and device structure
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Alosdng.4dP p-i-n* epilayers were grown lattice matchawla commercial (100) GaAs substrates by
metalorganic vapour phase epitaxy (MOVPE) at the EPSRC National Epitaxy FacilifiglB8heK. The

details of the epilayer are summarised in tdbl€hemical etching techniques were used to fabricate circular
mesa photodiodes of two different size200 pm and ~ 400 um). Initially, the etching was started using a
1:1:1 HPOy:H202:H20 solution However because of the slow vertical etch rate achieved, the etching recipe
was modified. Thereafteal:1:1 K:Cr.O7:HBr:CH3;COOH solution followed by 10 s in a 1:8:80
H2SOs:H0,:H,0 solution was usedThe diameters of the devices were measured after fabrication to be
217um=£ 15um (D1 and D2) and 409 um28 um (D3 and D4), respectivelyThe stated uncertainties reflect
the accuracy of the optical microscope calibration rather than variation of didregteen deyvices intended to
be of the same size.

Top Ohmic annular contacts, Ti/Au (20 nm /200 nm), was evaporatttk @baAs player of each device. The
areas covered by the top contacts were Ot and 0.04Imn? on the 217 um and09p m diameter
photodiodes, respectively. An optical microscope photograph showing thetggoifithe top contacts is
presented in figure.1A planar rear Ohmic contact, InGe/Au (20 nm / 200 nm), common teaites on the

die, was evaporated tnthe reverse of the GaAs substrate. The detectors wereall packaged in a TO-5 can.

Figure 1. Photograph of the photodiodes showing the geometry optheritacts.The photodiodes at the
bottom of the figure are the 409 um diameter devices; the photodiodes at trettup2t7 um diameter
devices.

Since the surfaces of the photodiodes were plgrtialvered by the Ohmic annular contacts, the weighted
guantum efficiency (considering the areas coveredrand uncoverbd bgritacts) for the devices were
calculated using the Beer-Lambert law,‘and assuming 100% charge collec¢tierepitaxial p andlayers.
The weighted quantum efficienciesras\functions of incident X-ray erfepgtp 10 keV) for th17 pm
diameter photodiodes (D1 and D2) and 409 um diameter photodiodesd DBl pare presented in figure 2.
The weighted quantum efficienciesthe photodiodes were calculated to be20.&t 5.9 keV and 0.450 at
6.49 keV for D1 and D2, and'@5at 5.9 keV and 034 at 6.49 keV for D3 and D4.

Table 1 Layer details of the Alsdno.4d2:wafer.

Layer Material Thickness Dopant Dopant Doping density
(pm) Type (cm)

1 GaAs 0.01 Zn p* 1x 10

2 Al o sAngag® 0.2 Zn p* 5 x 107

3 Alglsdno 48P 6 undoped

4 Algsdng.adP 0.1 Si n* 2 x 108

5 Substrate hGaAs
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Figure 2 Calculated weighted quantum efficiencies of thesdho.4d? p-i-n* mesa photodiodes as functions of
X-ray photon energyd09 um diameter photodiodes (D3 and D4, solid lir2d)7 um diameter.photodiodes (D1
and D2, dashed line The discontinuities are the Al R K, and In L X-ray absorption edges.

3. Experimental method, results and discussions

3.1. Electrical characterisation

3.1.1. Capacitance-voltage measurements

The capacitances of the t®47 um 15 umdiameter (D1 and D2) and.the t#69um +28 umdiameter (D3
and D4) packageAlosidno.4d photodiodes were measured in a dgyeNvironment (relative humidity 5%) at
room temperature (24 °C) using an HP 4275A Multi Frequency LE&€Rmand a Keithley 6487
Picoammeter/Voltage Source as the external voltage supply. The LCR-meter wals aé0witv r.m.s AC
test voltage signal magnitude and a 1 MHz frequency. National Instrairemiew software was used to
automate the capacitance measurements. Each photodiode was. reveragpliad®d V, with increments of
1 V. The capacitance of the device’s package was estimated by:measuring the capacitances between the empty
pins on the package (pins without photodiodes connected to thdrt)eacommon pin of the package, it was
found to be 0.84 pF + 05 pF. In order to find thexcapacitance of the device itself, the capacitance of th
device’s package was subtracted from the measured capacitance of the packaged device.

The depletion width (W) of each photodiode was considered to be given by,

_ €o€rA
W= 2zt (1)

whereggis the permittivity of the vacuunagis the relative permittivity of Alsdno.sd (11.25 [20]), Ais the area
of the photodiode, an@ is the capacitance of the photodiode.

The capacitances and the associated depletion widths of the photodiodesiassfarf applied reverse bias are
shown in figure3 and figure 44respectively. The capacitance densities of these photodeyddeund to be
similar across the investigated biasesbembme relative constant (5 pF/ritnl pF/mn¥) at high reverse
biases (> 80 V) At 100 V reversebias, the capacitances of the 217 um diameter photofiddesd(D2) were
found to beD.71 pF £ 0.07pFand 066 pF + 0.07pF, respectively; and the capacitances of46@umdiameter
photodiodes (D3 and D4vere found to b@.48 pF + 0.09pF and2.49pF+ 0.09pF, respectively.

At the highest investigatedireverse bias (100 V), the calculated depletion widthsauigtedsincertainties
(including the errorin the diameter of these photodiodes, the uncertairttiesdapacitance measurements, and
the Debye length) of the photodiodes were found to be 5.13 p&v410n and 5.57 pm + 0.98 um for the

217 um diameter, photodiodes (D1 and D2), and 5.26 pm + 0.75 p.26ighm £ 0.75 pm for th&09 um

diameter photodiodes,(D3 and D&eduction of capacitance with increasing reverse bias became insignificant
at reverse biases80 V. These devices have a thicker depletion region than the previoustietepb s2no 48P

X-ray detectors (i layer thickness abum with an avalanche layer thickness of 1 [2ini layer thickness of

2 um [3]).
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Figure 3 Measured capacitances of #ie sdno 48P p-i-n* mesa photodiodes, 217 umidiameter photodiode
(D1, + symbols; D2x symbolg; 409 umdiameter photodiode (D3, open circles; D4, open.squares), as
functions of applied reverse bias at room temperature (24 °C).
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Figure 4 Calculated depletion width of the Ablng 4P p-i-n* mesa photodiodes as functions of applied reverse
bias at room temperature (24 °@17 um diameter photodiod®2 (x symbols) 409 um diameter photodiode

D4 (open squares)-or clarity, only data for one diode of each size are shown, but congegablts were
obtained for the other devices.

3.1.2. Current-voltage measurements

Leakage currents as functions of applied reverse bias for thélfgiing 4P photodiodes were measured in
dark condition iredry N> environment (relative humidity < 5%) at room temperature (24 B8)ng a Keithley
6487 Picoammeter/Voltage Source,/each photodiode was reverse biased froh@MWm increments of

1V. National Instruments Labview software was used to automatecisunements. Low leakage currents (<
3.0 pA £ 0.4 pA) {ncluding the package’s leakage current) were found for all the photodiodes even at high
reverse bias (1009), as shown infigure)5. The leakage current associated with the patsiedfigeas estimated
by measuring the leakage current of an empty pin on the sakegeaand common pin of the package. The
package’s leakage current was found to be less than the picoammeter’s uncertainty (0.4 pA). Hence, the
package’s leakage current was considered to be negligible.
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Figure 5 Leakage currents as functions of applied reverse bias for §hgndLdP p™-i-n* mesa photodiodes,
217 um diameter photodiode (D%,symbols; D2, x symbols); 409m diameter photodiode (D3, open circles;
D4, open squares), at room temperature (24 °C).

At 40V reverse bias (electric field strengtll05kV/cm), the leakage current densities of thesAho 48P
photodiodes (217 um diameter dewid@1 = 0.34 nA/cri, D2 = 0.24 nA/crfy 409 um diameter devieeD3 =
0.03 nA/cni, D4 = 0.08 nA/crd) were greater than has been reported with custom-made SiC X-ratpdetec
(e.g. 1 pAlcriat an electric field strength of 103 kV/cm at room temperature [21])dimparable to the
leakage current densities reported with commercially available SiC UV detectors (1n2 afAéectric field
strength of 227 kV/cm at room temperature [6]). In contthstleakage current densities of the #lingasP
photodiodes were lower than has been reported for semi-insulating SiCptotodiodes (65.nA/chwith
internal electric field of 28 kV/cm at room temperature [22]) angi®dv -As photodiodes (4.72 nA/cmwith an
electric field of 29 kV/cm at room temperature [10]).

3.2 Photon counting X-ray spectroscopy

The four packaged photodiodes were each in turn soldered to a Wid-packaged siliconsinput JFET
(2N4416A, capacitance = 2 pF) which was the first transistor of a customimaehoise charge-sensitive
preamplifier of feedback resistorless desig8l [ An ORTEC 572A shapingamplifier and’an ORTEC
EASY-MCA 8k multi-channel analyser (MCA) were connected to the pré&enp The photodiodes were each
in turn illuminated with a®Fe radioisotope X-ray source (Mnak= 5.9keV; Mn KB =6.5 keV; activity =
175MBq). The*Fe radioisotope X-ray source was placed 4 mm above the 217 um diahwttetlipdes and
10 mm above the 409 um diameter photodiodes. In each case, the systemestgated at six different
shaping times (0.5 us, 1 us, 2 us, 3 us, 6 us, and 10 us) withhedotliodereverse biased at 0 V, 10 V, 20 V,
30V, 40V, 60V, 80V, and 100 .VEach spectrum asaccumulated for 248. The photodiodes and the
preamplifier were operated at room temperature (24 °C) in a deyronment (relative humidity < 5%).

The resulting spectra were calibrated in energy terms by:using the posittbeszero energy noise peak and
the fitted Mn Ka peak at 5.9 keV for each spectrum as points of known eneogid$CA’s charge scale, and
assuming a linear variation of detected charge with energy. Theenergy resalBidHM at 5.9 keV) of the
systems as functions of shaping times are shown:for a detectosedoias of 100 V in figure 6l'he best
energy resolutions of the 217 um diameter photadiode (D2) and 4@Banmater photodiodes (D4) at each
reverse bias are presented in figuré=¥WHM at 5.9 keVas good as 0.89 keV £ 0.04 keV and 1.05 keV *
0.08 keV were found for the 217 um diameter photodiode (D2) @i0® um diameter photodio(ia4),
respectively, at 100 V reverse bias. Fig8ishows the spectra obtained with each photodiode at the best
shaping time when reverse biasétlVv, 20 V;40,V, and 100 V.

1.6 — T T——T—T—T——T—— T

15 I V=100V OD4 (409 pm photodiode) |
< 3 OD3 (409 pm photodiode) -
© 1.4 . ]
g 14 XD2 (217 pm photodiode) ]
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2 O .
(=) L 4
@ 1.2 } 5 ° o 07
S 11 f o 7
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0.8 ’- IIIIIIIIIIIIIIIIIIII
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1 2 3 4 5 6 7 8 9 10
Shaping time (ps)

Figure 6. Measured FWHM at 5.9 keV as a function of shaping time thibghotodiodes were operated at an
applied reverse bias of 180 217 um diameter photodiodes D1 (+ symbols) and D2 (x symbols); 409 pm
diameter photodiodes D3 (open circles) and D4 (open squares).
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Figure 7. Measured FWHM at 5.9 keV of one of 24& um diameter photodiodes (D2; x symbols), and one of
the409 um diameter photodiodes (D4, open squares), as functions of applied reasrattbe’optimum
shaping time.
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Figure 8.%Fe X-ray spectra obtained with (a) one2af7 um diameter photodiodes (D2), (b) one of 409 um
diameter photodiodes (D4), at varying reverse biases (for clarity onty d@sh line; 20 V, dot line; 40 V, dash
dotline; 100 V, salidiline, are shown). The shaping time which gaviedsieenergy resolution was selected at
each reverse bias. The EWHM at 5.9 keV of D2 were 0.89 keV, 0.91 K3/kéV, and 0.97 keV at the
reverse bhias of 100V, 40 V, 20 V, and 10 V, respectively. The FWHM &y of D4 were 1.05 keV,
1.11 keV, 1.19 keV, and'1.36 keV at the reverse hias of 100 V, 40 V, &nd 10 V, respectively.

The energy resolutions obtained (0.89 keV and 1.05 keV at 5.9 keMef@17 um and 409 um diameter
detectors, respectively) are not as good as some of those obtained usinvgaeibandgap X-ray photodiodes
at roomrtemperature. For example, a 200 pm diameter GaAs mesa pregmiottometer had a FWHM at
5.9 keV of745eV [24], and a 200 pm 200pum SiC X-ray pixel detector had a FHWM at 5.9 ke\ 86 eV at
30°C when coupled to lower noise readout electronics [21]. However, the emsaiytions achieved with
these AllnP devices are better than those previously reported for 2 umAlmmesa devices (0.93 keV for
a200um diameter photodiode; 1.2 keV 400 um diameter photodiod&]). They are also better than has
been reported with some other custom wide bandgap photodiodesiGagsA107 keV at 20°C for a200 um

6
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diameter diodeZ5], 1.06 keV at 20 °C forla 200 um diameter photodiod@§]). A shaping time noise analysis
is presented in section 3.3.

The valleyto-peak (V/P) ratio (as defined as the ratio between the number of courtkatv/Zand 5.9 keV)ta
the optimum shaping time and the greatest investigated reverse bias (100 0)048rand 0.88 for the

217 um diameter photodiode (D2) and the 409 um diameter photodioderéBgéctively. Theearewmot as
good as those reported for cooled silicon DEPFET detectors{(¥(P0001) 27] and GaAs detectors (V/P =
0.03) 28], but better than those of some AlGaAs photodiodes (V/P = 0.0826])] [The low energy tail of the
photopeak which gives rise to the valley is a consequence of the pdi@eatico of charge created by X-ray
photons absorbed in the semiconductor layers often assumed tothei(eg. substrate) [L0]. The VP ratio is
therefore expected to improve as AllnP detectors with thicker i layers ara.grow

Figure9 shows how the number of counts in the 5.9 keV photopeak chasghd reverse bias was increased.
The number of counts was found to increase from 5.7% atlV reverse bias to 5.94 x 4@t 100V reverse
bias for the 217 um diameter photodiode (D2), and from 3.4@ atl@V reverse biasto4.39 x 1at 100V
reverse bias for the 409 um diameter photodiode (D4).

109 3 T T T T T T T
E----Predicted D2 (217 pm photodiode)
[ —Predicted D4 (409 pm photodiode)
I X D2 (217 pm photodiode) 1
L O D4 (409 pm photodiode) 4

T T

®

10

107

Counts in 5.9 keV peak
35

106 . . . . L L . . .
0 10 20 30 40 50 60 70 »80 90 100
Reverse bias (V)

Figure 9. Number of counts in the 5.9 keV photopeak for o2d Bfim diameter photodiodes (D¥,

symbols) and one 409 um diameter photodiodes (D4, apen squaresgrandiftverse biases as a function of
reverse bias, and at the optimum shapingitime in each case. Alsoateotia predicted numbers of counts
expected to be detected where that prediction.is based on the measured thigttetetion region as a function
of applied bias and the implied relative/detectionefficiency compared to that at D3 d¥ashed line; D4,
solid line).

In order to explore the cause of the observed change in the nuntberdgftected counts in the 5.9 keV
photopeak as a function of applied reverseibias (see figure 9), the relativerrafroounts expected to be
detected in the 5.9 keV photopeak was calculated at each reverse bias. The expdedfreounts was
computed by multiplying the‘experimentally detected number of catii80 V reverse bias by the ratio of the
depletion width of the detector at the desired reverse bias to its depletion widthvat The predictions of
numbers of detected counts were made assuming that there was completealection across the bias
range, and that the measured variation in the thicknesslophotodiode’s depletion region as function of
reverse bias asthe sole contributing factor to variation in numbers of detected courttsatphotodiode. The
results of this work can be seen in figure 9 where the prediaiensresented for comparison with the
experimental datas: The uncertainties (error bar)e predictions shown in the figure reflect the uncertainties
in thephotodiodes’ calculated depletion widths at each reverse. blageement was found between the
experimental and predicted numbers of counts at high reverse biak@¥ (for D2 > 60 V for D4) Therefore,

it is interpreted from this'that at these reverse hiases, the change in nfiestqmaronentally detected counts as
a function‘of applied bias for each photodieds a result of the changes in the depletion width as a function of
reverse bias At low reverse biases (< 10 V for D2 and < 60 V for D4), the disagneteimetween the
experimental and predicted numbers of counts may be due to incomplete cbléection as a consequence of
the lowrinternalielectric fields present in these bias conditions.

3.3 Noise analysis

The energy resolution of a photodiode X-ray spectrometer is thié ésontributions from three noise
components: Fano noiselectronic noise from the detector and the preampldied incomplete charge
collection noise I4]. The Fano noise is determined by the statistical fluctuations in theemwthe
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electron-hole pairs created in the process of photon absorptionThd]expected Fano-limited resolution
(FWHMEang of theAlosadno.4eP photodiode can be estimated to be 145 eV at 5.9 keV, assaméabectron-hole
pair creation energgf 5.34 eV [29] anda Fano factor of 0.12 (it should be noted that there has been no
reported measurement of the Fano factor At 4eP to date) The electronic noise includes theiseries white
noise, induced gate drain current noise, parallel white noise, 1/f series ndidélaatric noise [14];
explanations of the origin of each electronic noise component cantifoRefs [17] [30]. The noise
components were calculated as per Ref. [30]. Incomplete charge collecétaigd to the trap density
distribution and the charge diffusion and collection properties of the def&dior

The series white noise including induced gate current nbfsgeries noise, and dielectric noise are related to
the total capacitance at the input of the preamplifier. The parallel whiteisioitated to the leakage current of
the detector and the leakage current of the input JFET. A longer shiapéncan reduce the series white noise
including induced gate current noise and increase the parallel white Mmbisel/f series noise_and dielectric
noise are independent of shaping time [3Dhe quadratic sum of the dielectric noise and incomplete charge
collection noise can be estimated by subtracting (in quadrature) the calculated ségiesist (including
induced gate current noise), parallel white noise, 1/f series noise, and ticteprEdno noisedn quadrature
from the measured FWHM at 5.9 keV. The calculated noise contributionaé of the 217 um diameter
devices (D2) and one of the 409 um diameter devices (D4) as functions‘ofysiiragiat 100 V reverse bias
are shown iniure10. Figurel0 also shows the quadratic sum of the dielectric:noise and incomplete charge
collection noise; this combination is the dominant contributor to the total oitike systems, anitlis

relatively constant at all the investigated shaping times, as would be exp&tt@DV reverse bias, the best
FWHM for the217 um diameter photodiode (D2) and the 409 um diameter photodiddevéide foundat with
shaping times of 2 us and 3 us, respectively. For the 217 pmetdiaphotodiodes, the series white noise
dominates all other noise components except the combination of the dieledtincamplete charge collection
noise; at shaping time >|&5 the same can be said for the parallelwhite:noise. For the 409 pm diameter
photodiodes, 3 ps is the shaping time at which dominance shifts betweehite series and white parallel
noise components.
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Figure10. Equivalent noise charge at 5.9 keV for (a) 26& um diameter photodiode (D2) and (b) the409 um
diameter photodiode (D4) as a function of shaping time at 100 V reverse bfa%Cat Zhe measured FWHM at
5.9 keV (eircles), the quadratic sum of the dielectric noise and incomplete chikegdaronoise & symbols),
the series white noise including induced gate current noise (squares), the partdlebise (triangles), the
Fano noise (dash line), and thé sédries noise (diamonds). The lines are guides for the eyes only.
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It is interesting to further consid#re dielectric noise and the incomplete charge collection noise such that their
respective contributions can be established. As such, the quadratic sieteaifid noise and incomplete

charge collection noise of the 217 um diameter dedd@ &nd the 409 um diameter devidj were analysed
asafunction of applied reverse bias at a fixed shaping timeiaf &s shown in figuré1l. A reduction in,this
equivalent noise charge with increased detector bias can be due to the either arefltiisystem

capacitance or a reduction in the incomplete charge collection noise as a consefjuepice/ed charge

transport at higher electric field, or both.

240 T T T T T T T T T
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Equivalent noise charges (e rms)

0 10 20 30 40 50 60 70 80 90 100

Reverse bias (V)
Figurell. Computed quadratic sum of dielectric noise and incomplete charge colledtieriardhe217 um
diameter photodiode spectrometer D2 (x symbol) and theid08fiameter photodiode spectrometer (D4) (open
circles) as functions of applied reverse bias at a shaping timgsof 3

At high reverse biases 80 V), the change in the capacitances and the associated depletion widtlsgof the
devices were insignificant (see figul8@and 4) hence, the dielectricinoises of each device is expected to be
constant since the dielectric nai&NGCy, is relatedito.the capacitance, such that

ENC, = é,/AZZkTDC ()

where q is the electric charge; i8 a constant.depending on the type of signal shaping (assumed berk 18
[31]), k is the Boltzmann constant, D is the dielectric dissipation faaor C is the capacitancg?].

From figurell, the constant equivalent noiseat > 80,V demonstrates that was no significant contribution from
incomplete charge collection neim_this,bias condition because there was no reduction in the combination as
the bias was increased beyond 80 V. /As such, the quadratic sursdrctimalitions can be said to be solely
composed of dielectric noise, which is independent of bias and shapég

Given these statements, for each spectrometer separately, it is possibkdercamy small apparent variations
in dielectric noise which may occur with varied shaping time, as arigingrepetition in measurement of the
same physical quantityather.thanreal physical differences in dielectrictgadeng as each detector is
reverse biased at > 80 V. This then\provides six measurements at each reverse bias > 80 V of the same

dielectric noise for each,spectrometer. There are six measurements becabapiisg times were used. These
six measurements, the computed dielectric noises, for a 217 pm dianmtteligpde (D2) and a 409 pm
diameter photodiode (D4) at reverse bia8®¥ and 100 V, respectively, are shown in figa:
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i -7

[ ®D4 (409 pm photodiode) at 100 V ]
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Figurel2. Computed dielectric noises as a function of shaping time for thaldiameter photodiode
spectrometer D2 (solid triangles and open triangles at reverse bias of 80 ¥0avidréspectively) and 409 um
diameter photodiode spectrometer D4 (solid squares and open squaressatbeas of 80 V and 100 V,
respectively).

Since the dielectric noises of D2 spectromeENCpr217, and D4 spectrometgENCoraoe, €ach consist of the
dielectric noises of their respective detectors (ENGor 217 um photodiode and ENgyfor 409 pm
photodiode), and some other system dielectric noise which is commweeneboth spectrometers, the
dielectric dissipation factor (see equation 2) afs8ho 4P can be estimated.. First, the common system
dielectric noise, ENgx, must be considered is given by,

ENCDxZ = ENCDT2172 - ENCD2172 = ENCDT4092 - ENCD4092 Q)
where all terms have been previously defined.

Following this, since the variation in the dielectric:noise between the dettmtonselves is solely due to the
difference in thi capacitances (equation 2), the relationship betweenzNDd ENGaoscan be expressed as,

ENC, C
ENCD217 - \I% (4)
D409 409
where Gi7and Gog are the capacitances of tb&7um diameter photodiode (0.72 pF and 0.67 pF at reverse

bias of 80 V and 100 V, respectively) and 409 um diameter photodi&@BpR.and 2.5@F at reverse bias of
80V and 100 V, respectively), respectively.

Thus, by combining equation 2,/equation 3; and equation 4, and @ongidll the data at 80 V and 100 V, the
dielectric dissipation factor of Akdne4d® was estimated to be (221.1)x 103. This value is smaller than that
reported folng sGay sP (6.5 x16) [12] butlarger tharsi (0.8 x 16°) [15], GaAs (0.1 x 1) [32], and4H-SiC
(3.4 x 10°) [33].

In a feedback resistorless charge-sensitive preamplifier the currentdeftémtor in part sets the bias of the
forward biased inputdFERE], which in turn influences the JFET’s capacitance. The above determination is
predicated on the assumption that the variations in detector leakage current bie¢éwalehpum and 409m
diameter photodiodes,and in eperating the detectors at biases of 80 V ahndsl80fficiently small that the
capacitance of/ithe JFET is not substantially changed. Given the low |leakesygs of the detectors (< 3 pA),
it is believed that the assumption is valid.

4. Conclusionsand further work

The results of the‘electrical characterisation of foursAho 48P mesa X-ray photodiodes with 6 pum thick i
layers and two different diamete®ly pm + 15umand409pum + 28um) have been reported. The
photodiodes were operated at room temperature (24 °C). Measuremeapacifance as functions of apgdlie
reverse biasishowed similar capacitances between photodiodes of the same.didmeatapacitances of the
four,photodiodes decreased with the increased applied reverse bias, at the migktigaied bias (100 V), the
capacitances of the 217 um diameter and the 409 um diameter ptesodiere found to be 0.7 pF and 2.5 pF,
respectively. Being able to full deplete these devices demonstrates that residual dogimd¢piyeths not

limiting the achievable depletion width in theoAding.4d” material reported here. As such, it may be that thicker

10
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Alosdne.4dP structures can be grown and also operated at full depletion. Greater deyititisrin thicker
devices would result in greater quantum efficiencies; high quantum efficienciéssinable for low flux
ervironments and also extend the useful energy range of the detectordao(hagher) energiesThe
measured leakage currents of both photodiodes were foundkt8 pA (corresponding to leakageicurrent
densities < 2 nA/cA) at 100 V reverse bias (corresponding to electric field strengths of 167 kV/cm

The performance of these photodiodes as photon counting spectroseaagicletectors was investigated by
connecting the photodiodes to a custom-made low-noise charge-sensitimgpfier and illuminating.them
with an®Fe radioisotope X-ray source. The best energy resolutions (FWHM at 5.®&\NHediwere

0.89 keV and 1.05 keV with the 217 um a4@ um diameter devices, respectively. To achieve this both
detectors were reverse biased at 100 V. The detectors and readout electroriperatee at.room
temperature No significant contribution from incomplete charge collection noise was found. at reverse biases >
80V, thus the present detectors’ thickness is not limiting charge collection. This promising result also
encourages investigation of even thickeg #lno.4d° detectors; the quantum efficiency can be increased without
incomplete charge collection adversely affecting the energy resoluiicthe highest investigated reverse bias
(100 V), the main limitation in the energy resolution of both spectrometesdue toithe total‘capacitance at
the input of the preamplifier induced noise (e.g. series white noise iimgludluced gate.current noise, 1/f
series noise, and the dielectric noise).

Assuming the differerein the dielectric noise between the two spectrometers was only due ifidhrent
capacitances of the photodiodtee dielectric dissipation factor of #ddno 4P wasiestimated for the first time;
avalue of (2.2 + 1.1) £0° was found.

The results reported here demonstrate Ahatdno 48P photodiodes arepromising devices for X-ray detection
and spectroscopy. Such detectors are required for space scienaedlygjs of planetary surfaces via X-ray
florescence spectroscopy; monitoring of Solar X-rays).and harsh terrestirahenent applications (e.g. in situ
monitoring of tribological wear in oil lubricated machinery.[34]; menitgrof nuclear material)Future work

on these photodiodes will include investigating their characteristics at high tempefat@0 °C) and in
response to illumination with different radiations.

Acknowledgements

This work was in part supported by the Science and Technologies FacilitiesilCOIK, through grant
ST/P001815/1 (University of Sussex, A.M.B., PI) and the Engingend Physical Sciences Research Council,
through grant EP/P021271/1 (University of Sussex, A.M.B., RIM.B. acknowledges funding received from
The Leverhulme Trust, UK, in the form of.a 2016 Philip Leverhulme Piile authors are grateful to R.J.
Airey and S. Kumar at the EPSRC National Epitaxy Facility for device fabrication.

References

[1] Cheong J SOng J SNg J S Krysa ABrand David J P R, 2014 IEEE J. Sel. Top. Quantum Elec®h42
[2] Auckloo A, Cheong J SMeng X, Tan C H, Ng J,¥Xrysa A B, Tozer R C and David J P R 2016 J. Iridt.
P03021

[3] Butera SLioliou G, Krysa'A B andBarnett A N2016J. Appl. Phys120, 024502

[4] Butera S Gohil T, Lioliot G, Krysa A B and Barnett A M 2016 J. Appl. Ph$20, 174503

[5] Bertuccio G CasiraghisRCetronio/A Lanzieri C and Nava EOO4Electron. Lett40 173

[6] Zhao S, Gohil TLioliou Gand Barnett AM 2016Nucl. Instrum. Methods Phys. Res., Secg83a 1

[7] Seyller T 2006Appl. Phys. A85, 371

[8] Lioliou G, Meng X, Ng'J. S and Barnett A M016J. Appl. Phys119 124507

[9] Bertuccio G and:Maiocchi-R002 J. Appl. Phys92 1248

[10] Barnett A M Lioliou G and'Ng JB 2015Nucl. Instrum. Methods Phys. Res., Sec?.7A 29

[11] Adachi S19854. Appl. Phys58 R1

[12] Butera S, Lioliou G4/Krysa A B and Barnett AM17Sci. Rep.7 10206

[13] Nelson R J and Holonyak N Jr 1976 J. Phys. Chem. S8lid329

[14] Owens A2012Compound Semiconductor Radiation Detectors 1st edn (CRC PressRBmn)

[15] Bertuccio G and CasiragRi2003IEEE Trans. Nucl. Scb0 175

[16]Abbey A EBennie P JTurner M J L, Altieri B and Rives 2003Nucl. Instrum. Methods Phys. Res., Sect.
A 513136

[17]\Lioliou G and Barnett A M 2015 Nucl. Instrum. Methods Physs.RSect. 801 63

[18] Owens A, Bavdakl, Andersson H, Bertuccio G, Gagliardi T, GostillpL\fsjutin |, Nenonen S A A,
Peacock A JSipila H, Troeger L and Zatoloka Z000Proc. SPIE 4012, X-Ray Optics, Instruments, and
Missions' ||

11



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-119182.R1 Page 12 of 12

[19] Henke B L, Gullikson E M and Davis €@ 1993At. Data Nucl. Data Tables4 181

[201Ong J S I.Ng J SKrysa A B and David J P R 2011 IEEE Electron Device 13211528

[21] Bertuccio., Caccia S$SPuglisi D and Macera R011Nucl. Instrum. Methods Phys. Res., Sec652 193
[22] Bertuccio G, Puglisi DPullia A and Lanzieri QO13IEEE Trans. Nucl. Sc60 1436

[23] Bertuccio G and Rehak1993 Nucl. Instrum. Methods Phys. Res., SecR2a8 71

[24] Lioliou G, Meng X, Ng J S and Barnett A B016Nucl. Instrum. Methods Phys. Res., Sec81&:1

[25] Barnett A M Bassford D JLees J ENg J S Tan C H and David J P R 2010 Nucl. Instrum..Methods Phys.
Res., Sect. A21 453

[26] Whitaker M D G ButerasS, Lioliou G and Barnett A M2017J. Appl. Phys122 034501

[27] Lutz G2006J. Synchrotron Radiat3 99

[28] Lioliou G and Barnett A M2016Nucl. Instrum. Methods Phys. Res., SecB38 37

[29] Butera S, Lioliou GKrysa A B and Barnett A M018Nucl. Instrum. Methods Phys. Res., Sec878 64
[30] Bertuccio G Pullia A and De Geronimo G996Nucl. Instrum. Methods Phys. Res., Sec888 301

[31] Gatti E, Manfredi P FSampietro M and Speziali V 1990 Nucl. Instrum. Methods Phys. Res. AS&X.
467

[32] Krupka J Mouneyrac D Hartnett J G and Tob& E 2008 IEEE Trans. Microwave Theory Techrisg.
1201

[33]Jung H SYang W |, Cho M §Joo K N and Lee S Y 2014 Electron. Mater. L&@t541

[34] Lees JBassford D and Barnett A, invento)16 University of Leicester, assignee, Lubricant analysis
using X-ray fluorescence, United States patent US20160202194A1

12



