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Abstract. In this paper for the first time, an InGaP photodiode was used in a high

temperaturgolerant Xray spectrometer The use of InGaP in Xay spectrometers
shows a significant advance within this field allowing operation up to 100SU€h

results are particularly important since GaP and InP (the InGaP binaent par
compounds) are not spemscopic even at room temperaturelhe best energy

resolution (smallest FWHM) at 5.9 keV for the InGaP spectrometer was 1.2@tkeV

100 °C and’70eV at 20 °C, when the detector was reverse biased alfh& observed
FWHM were higher than the expected statistically limited energy resolutidicgating
that other sources of noise contributed to the FWHM broadefihg.spectrometer’s
Si preamplifier electronics was the limiting factor for the FWHM rathan the InGaP
photodiode itself. The InGaP electrbole pair creation energyesifcar) was
experimentally measured across the temperature range 100 °C tcei2.#Qvas 4.94
eV +0.06 eV at 20 °C.

Keywords: InGaP; X-ray spectroscopy; electrdiole mir creation energy;

semiconductor.

1. INTRODUCTION

* Author to whom correspondence should be addressed.
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High-resolution Xray astronomy and -Xay fluorescencspectroscopyl] have been
made possibledrause of the use photon counting Xay spectrometersThe ability
to determine the energy ofdividual X-ray photons and the number of thetectedX-
ray photonsat a particular energy can be essentidpace missionsThese attributes
are particularly usefub study planetary surfasemagnetospheresnd solaphysics,
as well ador terrestrial applications such as industrial monitoang norndestructive
testing The use of wide bandgap materials in such spectrometattsactive because
such materials can havew thermally generatetbakage currents; as suttiey can
operate ahigh temperatures without cooling systems tlassilting inmore compact

lower massand lower poweinstrumentation

High energy resolution and temperature toleggrmton counting Xay spectrometers
have beemeportedusingvariouswide bandgap semiconductors detectors coupled to
low-noise preamplifiers electronicg,[3, 4, 5]. Lioliou et al.g] reported a GaAs diode
with energy resolutioFull Width at Half MaximumFWHM) at 5.9keV of 840 eV at

60 °C. Barnett et al. 3] demonstrated an AkGav.2As detector with energy resolution

at 5.9 keV of 2.2 keV at 90 °An both cases the Si preamplifier electronics were also
operated uncooled at the same temperature as the compound semiconductor
photodetector. A SIC X-ray spectrometer with aenergy resolution at 5.9 keV of
233eV at 100 °C haslsobeen developed by Bertuccio et &].[ Recently, another
wide bandgap semiconduci@ o.52In0.48P, has shown exceptiahpromise as a newly
emerging materidor photon counting-ray spectroscopy.Butera et al.$] reported

an Alo.s2Ino.48P detector spectrometaiith an energy resolution at 5.9 keV of 1.57 keV
at 100 °Cand0.90 keV at 20 °CThespectroscopic performanoéCdTe and CdZnTe
detectordhas also been investigated at high temperatBopiillanteet al. B] reported

a CdTe spectrometer with an energy resotut@d 122 keV of 53 keV at 92 °C.
Egarievweet al. [/] developed a CdZnTgpectrometewith an energy resolution at 32
keV of 9.4 keV at 70 °CCdTe and CdZnTe detectors have been widely developed for
room temperature Xay spectroscopyfor exampleZappettini et al.§] demonstrated
CdznTe detectors with an energy resolution at 59.5 keV of 2.5 keV usingdoe
application specific integrated circuit (ASIC) readout electronigbbene et al. 9]
reported a CdZnTe structure showing energy resolutions of 3.8% (2.26 keV) and 3.2%
(3.91 keV)at 59.5 keV and 122.1 keV, respectively, at low count r&ecently an

Ino.sGapsP X-ray photodiode was also demonstrated to be spectroscopic at room



68 temperature when coupled to a low noise charge sensitive preamplifier [10]. aghis w
69  particularly surprising given that its parent materials InP and GaP kadobeviously

70 found to be on-spectroscopicll, 12, 13, 14 The use of lasGapsP isimportant

71 becauset has large Xray andy-ray attenuation coefficients leading to high quantum
72  detection efficiencies per unit thickned$] 14.

73

74  In this paper, fothe first time anlnosGaosP p-i-n” mesa photodiodeas coupled to
75 a custoramade lownoise chargesensitive preamplifierand investigated for its
76  performancet high temperaturgrom 100 °C to 20 °QG The material’s electrehole

77  pair creation energy was aldetermined The performance of the spectromeies

78  analysedinder the illumination of a 192 MBFe radioisotope Xay source over the
79 temperature range using different shaping times and applied bfgtsE30 °C, thebest

80 energy resolution at 5.9 keV was 1.27 keWich improvedio 770eV at 20 °C. The
81 different noise contributors to these determined energy resolutEnescomputed and
82 arediscussed in detailThe electrorhole pair creation energyincar, Was measured
83 using a dedicated experiment.was found thatincar = 4.94 eV + 0.06 eV at 20 °C.
84  eincep IS the average energy consumed in the generation of an elaoteopair during

85 the creation of a charge cloud of electiarle pairs upon absorption of aarXy photon

86  within IngsGapsP.

87

88 2.EXPERIMENTAL

89 2.1STRUCTURE DESIGN

90

91 An IngsGapsP p-i-n* epilayer was grown on a heavily doped@aAs substrate by

92 low-pressure (150 Torr) metalorganic vap@inase epitaxy using trimethylgallium,
93 trimethylindium, arsine, and phosphine as precursors, and hydrogen as a carrier gas.
94  Disilane and dimethylzinc:triethylamine were used foand pdoping, respectively.
95 The epitaxial surface of the substrate hadr@antation of (100) with a miscut angle of
96 10° towardshe GaAs<111>plane terminating with Ga atomsThe unintentionally
97 doped i layer (thickness of Jim) was between a top payer (thickness of 0.2m;
98 doping concentration of 2 10" cm®) and abottom ri layer (thickness of 0.fm;
99  doping concentration of 108 cm®). It has to be noted that the thickness of the p
100 and rilayers were as thin as possible such to decrease the absorption in these layers

101  The thicknesses for th# layer (0.2 um) andn™ layer (0.1 um) werechosen based on
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our own experience of growth of high quality.sGao.sP. Thethickness of thelayer,
insteadwasthick to increase the absorption, and consequently the quantum efficiency,
in this layer. It has to be higiighted thatthe Ino.sGao.sP device is the thickestlayer
Ino.sGan.sP photodiode so far reportedlayers thicker tha® um may be produced in

the future. On top of the dBGansP p-i-n* epilayer, a thin pGaAs layer (thickness

of 0.01pm; doping concentration of 1 10*° cn®) was grown to help achieve a good

top Ohmic contact. n type GaAs, ntype InosGasP and unintentionally doped
InosGaosP were grown at a temperature of 700 °C, and the subsequent p-doped layers
were grown at 660°C. At room temperature, the grown olsGapsP had a
photoluminescence peak energy of 1.89 &¥is energy is in good agreement with the
bandgap of the material witsuppressed spontaneous loagge ordering in the group

Il sublattice L7]. TheOhmic contact on top of the aAs layer was formed from Ti
(thickness of 20 nm) and Au (thickness of 200 nm). The Ohmic rear contact, deposited
onto the rear of the'riGaAs substrateyas formed froninGe (thickness of 20 nm) and

Au (thickness of 200 njn The Inp.sGansP photodiode was not passivateédhemical

wet etching techniques (1:1:1,&r>O7:HBr:CH3sCOOH solution followed by a 10 s
finishing etch in 1:8:8812S04s:H202:H>0 solution were used to fabricate the 200 um
diameter IR.sGao.sP mesaleviceused in the studyThe device layers, their relative

thicknesses and materials are summarised in TABLE

TABLE 1. Layer details of the sGao.sP photodiode.

Layer Material Thickness Dopant Dopant Doping density
(nm) Type  (cm?)

1 Ti 0.02

2 Au 0.2

3 GaAs 0.01 Zn p* 1x 10%°

4 INo.sG&p.sP 0.2 Zn p" 2x 108

5 Ino.sGao.sP 5 undoped <5x 106

6 INno.sGap.sP 0.1 Si n* 2x 108

7 GaAs buffer 0.3 Si n* 2 x 10t

8 Substrate hGaAs 350 Si n* 2 x 10t

9 InGe 0.02

10 Au 0.2

A 192 MBq *°Fe radioisotope ay source (Mn Ka = 5.9 keV, Mn KB = 6.49 keV) was
positioned 5 mm away from the top surface of the 200 pum diameter InosGap.sP mesa

photodiode suchsto study the detector performances under illumination.
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The InnsGao.sP X-ray quantum efficiencie)E) through the device optical window
(region not covered by contacts) were calculated using thelBeeoert law and
assuming complete charge collection in the p and i layers. Figure 1 shows the
InosGansP X-ray quantum efficiencies as a function of photon energy up to 10 keV.
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Figure 1. Calculated l8s5GagsP X-ray quantum efficiencies as a function of photon
energy.

X-ray quantum efficienciesQE) of 53% at 5.9 keV and 44% at 6.49 keV were
computedfor the structure TABLE 2 shows the attenuation coefficients at 5.9 keV
and 6.49 keV for InsGansP as well as other different material¥he attenuation
coefficients for binary and ternary compounds were estimated from the &tianua
coefficients of their single elements, properly weightesi [L§.

TABLE 2. Attenuation coefficients at 5.9 keV and 6.49 keV for different materials.

Material Attenuation coefficient at 5.9 keV  Attenuation coefficient at 6.49 keV
(cm™) (cm™)

INnos5Gag 5P 1464 1130

AlosanesgP 1301 1004

GaAs 837 642

AlosGaAs 788 604

Si 346 263

QE at 5.9 keV greater than 90% may be obtained by increasingdb@ao sP i layer
thickness to 30 um; this i layer thickness may be achieved in fligeSao sP
structures asonsequence @dvances in growth and fabrication technologi®@ecause

of the higher linear attenuation coefficients lofosGapsP with respect to SiC, the
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guantum efficiency of the 5 pimosGao.sP device at high Xay photon energies (> 48

keV) are eyected to be higher than those 808 um SiC detector at the same energies.

2.2 CHARACTERIZATION SETUP

The InpsGapsP device was installed inside a TAS Micro MT climatic cabinet for
temperature control. The temperature was initially set to 100 °Cexrdased to 20
°C, in steps of 20 °C. Before taking any measurements at each temperature, the devic

was left for 30 minutes to ensure stabilisation.

The InsGaosP leakage current as a function of revebs&s was measured using a
Keithley 6487 picammeter/voltage sourc&heuncertainty associated with individual
current readings/as0.3% of their values plus 408, while theuncertainty associated
with applied biasesvas 0.1% of their values plus 1 my18]. The InnsGaysP
capacitance as a function of reverse bias was measured using arv5# Malti
Frequency LCR meter. The uncertainty associated with each capacitanog ezl
0.12% [L9], while the uncedinty associated with applied biases was 0.1% of their
values plus 1 m\J18]. The test signal was sinusoidal with a 50 mV rms magnitude
and 1 MHz frequency. In botleakage current and capacitance measurements, the

reverse bias increased from 0 V to\M%in 1 V increments).

X-ray spectra were obtained using tée radioisotope X-ray sourt¢e illuminate the

200 pm diameter InosGaosP device at temperatures frob®0 °C to 20 °C. The
experimental setup utilised a custonade chargsensitive preamplifier of feedback
resistorless design, similar to that reported in ref. [20]. The preampldieioperated

at the same temperature as the photodio@lee signal fromthe preamplifier was
shaped by an Ortec 572a shaping amplifier, and digitized by a multichannaleanal
(Ortec EasyMCA-8K). Spectra were accumulated and analysed at shaping times of
0.5 us, 1 ps, 2 us, 3 ps, 6 s, and 10 ps. The InosGao.sP device was reverse biased at O
V,5V, 10V, and 15V, in each case. The live time for each spectrum was 200 s.

All the experiments were performed in dry nitrogen atmosphere (relativelitypim
<5%) as a precautionary measure to eliminate any formafiovater vapor at high

temperatures and water condensation at low temperatures inside the chamber
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3.RESULTS
3.1 Current and capacitance measur ements

The measured leakage curreotshe packagedeviceat 100 °C and 80 °C are shown

in Figure 2; leakage currents at temperatures beldWC8are not reported becaukey

were below the picoammetemoise floor Measurements of the leakage current as a
function of the reverse bias of the system when the diode was not connected showed
that the sy®m was contributing to the measured leakage current. At 100 °C and at 80
°C, the packaged device (defined as the semiconductor and system combined) had
leakage currents of 1.5 pA and 0.5 pA, respectively, at a reverse bias of 10 V. At the
same temperatas and reverse bias condition, the system (with no diode connected)
had leakage currents of 1.1 pA and 0.2 pA, respectively. When the reverse bias was
increased to 15 V in each case, the leakage currents measured for the packaged device
and the system bame indistinguishable at both temperatures. Considering the
uncertainties associated with the leakage current measurements, the leakage current
from the diode itself can be considered negligible compared with the othagéea

currents.
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Figure 2 Leakage currendf the packagednosGaosP detector(i.e. from boththe
semiconductor junction and the package) as a function of applied reverse bias at 100
°C (filled circles)and 80 °C (empty squares).

At different temperatureshé capacitancef the packaged InsGapsP detector as a
function of reverse bias was measuréthe capacitance anempty packagef the

same type was also measured at different temperatures and subtracted from the
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measured capacitance of the packagedGao.sP photodiode. At each temperature,

the capacitances were measured multiple times; the mean and its melativeean
squared (RMS) errawvere consideredThe capacitances of the empty packegee
measured to b&.27 pF £ 0.02 pF and 1.132 pE 0.003pF at 100 °C and 80 °C,
respectively The uncertainties reflect not only the uncertainty in one measurements,
but also the variation in measured value upon repetition; greater variatioeevasts

100 °C than at 80 °C In the temperature range studi¢te capacitance of the
Ino.sGao sP detector itsel{C) was found to be temperature invariahlC? as a function

of reverse biaat 100 °C and at 80 °C is shownHigure 3 similar results were found

at temperatures < 60 °C. A dependence betwedrC? andthe reverse biawas found

at reverse biases below 3 M2 was constant at reverse biakégher than 3 V.
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Figure 3 1/C? as a function of applied reverse bigkhe temperatures analysed were
100 °C (filled circlespnd80 °C (empty squares).

3.2 X-ray spectroscopy and noise analysis

X-ray spectra were obtained using f3Ee radioisotope Xray source. Although
temperatures above 100 °C can be achieved by the TAS Micro MT climatic cabinet,
temperatures higher than 100 °C were not studied because of limitations in thegworki
temperature range of the spectrometer’s electrical cal#led00 °C, the diodevas
stable throughout the spectrum acquisition tiffiee diode did not degrade after being
used at such temperaturebloreover, polarization phenomena were not observed in

the detector at any of the temperatures or biases studied.
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An improvement inenergy resolution (as quantified by the FWHM at 5.9 keV) was
observedvhenincreasing the applied reverse biesm 0 V to 5 V. This result can be
explained considering theeduction in capacitance of the detector and possibly
improved charge collection. No further change in FWHM was observed when
operating the detector at reverse bias&s\& The latter behaviour can be explained

considering that the §xGao.sP photodiode is fully depleted above 5 V.

The optimum shaping time (i.e. that which produced the smallest FWHM) varied with
temperature, as shown in Figu.e The FWHM decreased at lower temperatures
because of the lower leakage currents of theGao.sP photodiode and Si JFET at such
temperaturesThe spectravith the besenergy resolution (smallest FWHM) at 100 °C
and 20 °C with the photodiode reverse biased at 5 V are presented in Figihie 5.
observed®Fe photopeaks were the combination of the characteristic Mn Ko (5.9 keV)

and Mn Kp (6.49 keV) lines of the >>Fe radioisotope Xay source.To determine the
FWHM of the 5.9 keV peaks in Figurdsand 5, @ussian fitting was performed on the
photopeaks: th#®In Ka and Mn Kf peaks were deconvolved from detected combined
photopeak. The fitting took into accourthe relative Xray emission rates of théFe
radioisotope Xray source at 5.9 keV and 6.49 keV in the appropriate r2tjaafg well

as the relative efficiency of the detector at thesayenergies.

Temperature (K)

’; 273.15 313.15 353.15 393.15
é’ 1.5 T . 3
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13 ¢ 3
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a1 1 us . 3
"'?\ 1 10 ps . :
Sos 6ps  °
S08 .
T 0.7 f
a 0.6 3
= 0 40 80 120
Temperature (°C)

Figure 4. The smallest observed FWHM of thed keV peak as a function of
temperature at the optimum shaping time, when theQeosP detector was reverse
biased at 5 V.
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Figure5. Best energy resolutiottFe X-ray spectra collected at 100 °C éajdat 20
°C (b) with the InsGansP photodiode reversed bias at 5 Ylso shown in each
spectrum are the deconvolved Mn Ka (dashed line) and Mn Kf (dasheedot line) peaks.

The FWHM of thes.9 keV peak as a function of shaping time at 100 °C and 20 °C,
with the photodiode reverse biased at 5 V, are presented in Figure 6.

2100
1900 E *100°C
1700 E ©20°C
1500 F .
1300 Fo®
1100 E
900 F, _
70[}; 4 O Q ) g
500 F
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0 2 4 6 8 10

Shaping times (ps)

5.9 keV

(keV)

FWHM @

Figure 6. FWHM of th&.9 keV peak as a function of shaping time at 100fitied
circles) and 20 °C (empty circlesyhen the IpsGao.sP detector was reverse biased at
5V.

The energy resolution (FWHM) ofreon-avalanche Xay photodiode spectrometer is
degraded by the Fano noise, the charge trapping noise, and the electronn@3e [
The Fano noise is due to the statistical nature of the ionisation pribéesslculated
and explainedin section”“C. Fanelimited energy resolutiond electrorhole pair
creation energy”. At each temperature stddthe observed FWHM wageaterthan
the expected Fanlimited energy resolutignindicating thatoise sources other than
the statistical charge creatigprocesswere significant In a photodiodeX-ray
spectrometer, thelectronic noise is caused Bydifferentcomponentsparallel white

10



287  noise, series white noise, induced gate current noisegite,and dielectric noise2p,

288 23]. The leakage currents of the detector andShmput JFET of the preamplifier
289  (which was operated uncooled at each temperanffe¢nced the parallel white noise
290 as shown in equation 1 [22, 23, 24]he capacitances of the detector and input JFET
291 of the preamplifieinfluencethe series whitaoiseand 1f noise as shown in equations
292 2 and 3 [22, 23, 24] Parallel white noise and series white noise are, respectively,
293 directly and inversely proportional to the shaping time; whilshdise and dielectric
294  noise are independent of shaping time [22, 23

295
1 [a
296 ENCWP = ; 73261(ID + I]FET)T (1)
_ B A y 21
297 ENCys =2 |2H4kT L (Cp + Crer)? 2 (2)
298 ENCy)f = %\/AZHV‘”‘T;_;(CD + Cjrer)? (3)
299

300 whereAs, A> andAs are 1.85, 1.8and 1.85, respectively [24]» the experimentally

301 measured packaged device leakage current at different temperbitrethe JFET

302 leakage current at different temperatures (tthe leakage current of the JFET was
303 1 pA); Cp the experimentally measured packaged device capacitance at different
304 temperatureCirer the JFET capacitance (assumed to be 2 pF at all the temperatures
305 studied)gmthe JFET transconductance (assumed to be 6 mS at the operating condition
306 ofthe JFET)y the product of the noise resistance and the transconducfaheel6ET

307 (0.85),B the induced gate current correction (0.8)[Z3}he corner frequency of the

308 JFET (assumed to be 1000 Hz at the operating condition of the JERET

309

310 The obtained parallel white noise, series white noise (adjusted for inducedgere c

311 noise [22, 23, 24], and flhoise as well as the measured equivalent noise chatge

312 shaping times of (a).5 ps, (b) 1 us, and (c)10 ps, with the InosGaosP photodiode

313 reversebiased at 5V, are shown in Figurelid Figure 7 the measured equivalent noise
314 charge was calculated using the value of IthesGaosP electronhole pair creation

315 energy as determined at each temperature in set8id@ Fanelimited energy

316 resolutionandelectrorhole pair creation energy”

317

11
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Figure7. Equivalent noise charge as a functiotemhperature at shaping time (aj
0.5ps, (b) 1 us, and(c) 10 ps, when the Ino.sGao.sP photodiode was reversgasedat 5

V. The graphshow the contributions dhe parallel white noise (empty circles), the
series white noise (empty squares) and thediste (empty trianglespas well as the
measured equivalent noise charge (crosses)

The high parallel white noise observed at increatsadperatures and at increased
shaping times is not due to the high leakage current of & sP detector, but
insteaddueto thehigher current of thaincooledSi input JFET of the preamplifie2g).

The FWHMof the5.9 keV peak as a function shaping timereported in Figure 6,
shows that at 100 °C the noise was leakage current limited, as expected when
combining in quadrature the parallel white noise and the series white noise ef Figur
Therefore, the shortest shaping time (&pgave tle best energy resolution. The noise

at 20 °C was not leakage current limited, as suggested by the FWHM of the 5.9 keV
peak as a function of shaping time (Figure 6). Thus, a long shaping tiseesulted

in the best energy resolution.

The temperaturdependence of the residual noise is shown in Figuf¢ 8ach shaping
time, the residual noise was estimated by subtracting in quadraturadve koise

components from the measured ENC. In Figure 8a, the residual noise dependence on

12



340 the temperature atll the six studied shaping times was reportéd.Figure 8b, the
341 mean of the residual noises among the six shaping times (at each point the root mean
342  squared error was associated) as a function of temperature is shbemeasured
343 FWHM was converted into ENC using the values of the eledtaba pair creation
344  energies at each temperature as determineseation “3.3. Fanolimited energy

345 resolutionandelectrorhole pair creation energy”

(a) (b)
) Temperature (K) o Temperature (K)
! 273.15 313.15 353.15 393.15 273.15 313.15 353.15 393.15
= ] -
= 150 LN B S S S S S S S e S = 150 — T T T T T T T T T T
] I ®05pus x1ps & i
.E’Q [ "2ps * 3 ps . 2,{?
S £ L c6ps + 10 ps ® E
Z =100 . Z =100 !
) " =R
E — i 8 [ ] g o ° ] .
= . =
2z ] = .
; 50 b0 ; 50 L v e w0
-— 0 40 80 120 = 0 40 80 120
Temperature (°C) Temperature (°C)

346

347  Figure8. (a) Eguivalent noise charge of the residual noise ak&\Bat each shaping
348 time studiedas a functiorof temperature, when thedsGao sP photodiode was reverse
349 Dbiased at 5 V (b) Mean of the equivalent noise charge ofrésdualnoise at 5.keV
350 among the six shaping timas a functiorof temperaturdat each point the root mean
351 squared error was associatashen the lasGay.sP photodiode waseversebiasedat 5
352 V.

353

354 In the temperature range 100 °C to 20 °C,rdwdualnoise contribution at 5.8eV

355 linearly decreased wittlecreasingemperature: at 100C a value of 94 rms+ 15 e

356 rmswas calculated; whilst at 20 °C a values8fe rms+ 2 € rmswas determined

357

358 ThelnosGao.sP spectrometeallowed high temperature operation (ughe maximum
359 investigated100 °C). It presentedbetterFWHM thanwasachieved using Als2lno.4sP

360 [5] and Ab.sGao.2As [3] spectrometerdut not as good as has beksmonstrated using
361 SIiC detectorsvith lower noise readout electronif$, at the same temperatsrelt

362  should also be noted that the use of tllk@-noise readout electronics, such as those
363 reported in Ref. [26] would likely improve the energy resolution achieved.

364

365 The ability to workat such high100 °C)temperaturesogether with their greater-X
366 ray attenuation coefficientdakes IB.sGaosP spectrometsrpreferredover recently
367 reportedGaAs spectrometsmwhich have a maximum operating temperature of 60 °C
368 [2]. However,atmore modest temperaturgsg.60 °C)thepreviously reportedaAs
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spectrometer had a betf&WVHM at 5.9 keV (840 eV) than thedsGap sP spectrometer
(1.02 keV) The presently reported dsGaosP X-ray spectrometer also performed
better 4 100 °Cthanthe previously reportedlos2no.4sP X-ray spectrometer.The
FWHM at 5.9 keV for the IfsGao.sP device was 1.27 keV at 100 °C c.f. 1.57 keV for
the Alos2lno.4gP device using similar device readout electronics.s@Gao sP also has

larger linear attenuation coefficients thary élno.4sP.

Since the readout electronics used to characterise these materials have been broadly
comparable, e difference in obtained FWHMor these materials (GaAs, AlInP,
InGaP)can be explained considering ithaifferent electrorhole pair creatioenergies

and the noise contributions of the readout electronics at high tempé&sgersection

“3.3 Fanclimited energy resolutioandelectronrhole pair creation energy” A total

noise at the input of the prearifigr of 86 € rms, for example, corresponds to 840 eV

in GaAs, to 1.00 keV in ksGao.sP and to 1.08 keV in Als2no4sP. The observed

FWHM of 1.02 keV at 5.9 ke¥t 60°C for the In.sGao.sP spectrometer was very close

to the expected valuel herefore, the total noise inrens was similar in the GaAs and
Ino.sGansP spectrometers, since the preamplifier was limited by noises other than the

detector leakage current at these temperatures.

However, the energy resoluticachievedwith the very best SiC X-ray detectors
coupled to much lower noise readout electrofd¢ss superior to that obtained with
Ino.sGaosP and our preamplifreelectronics.A SiC detector witiFWHM of 233 eVat
5.9 keV has been reported at 1@ [4]. It would be interesting to characterise the
Ino.sGansP detectors with the same ultcav noise electronics used for the SiC
detectors to establish a better comparison between the mat#rsisuld also be noted
that the Xray attenuation coefficients of dgGao.sP aremuch greater than those for
SiC. Thusegven if the ultimately achievable energy resolution witgsGeo 5P is more
modest than SIiC, xGaosP may still be preferred for lofux, high-energy

applications.

3.3 Fano-limited energy resolution and electron-hole pair creation ener gy

The Fandimited energy resolutions related to the charge creation process at the
absorption of an Xay photon,andis the statistically limited energy resolution of a
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non-avalanche X-ray photodode spectrometef27]. The Fanclimited energy

resolution(FWHM in eV) can be calculated usieguation 4:

FWHM = 2.353\@ (4)

whereeg is the semiconductor electrdiole pair creation energf, is the Fano factor
andE is the Xray photon’s energy.Different semiconductors have different Fano
limited energyresolutions athe same Xay photon’s energyThis is because the Fano
limited energy resolutioat each energis dependenbn physicalmaterialproperties

(averageelectronhole pair creation energy and Fano factor).

For the room temperatuf@0 °C) measurements of thelectronhole pair creation
energya method similar to that reported by other research8r29230, 3] was used.
The charge created by the absorption ab)s from thé>Fe radioisotope Xay source
in thelnosGansP photodiodavas measured relative to that created in a reference 200
um GaAs mesa photodiode. Thestructureof the GaAs device summarised in TABLE
3. ThelnosGansP and GaAs detectovgereconnected in parallel to tleestommade

low-noise chargeensitive preamplifier.

TABLE 3. Layer details of the GaAs photodiode.

Layer Material Thickness Dopant Dopant Doping density
(nm) Type (cm™)

1 Ti 0.02

2 Au 0.2

3 GaAs 0.5 Be p" 2x10'8

4 GaAs 10 undoped <10'®

5 GaAs 1 Si n* 2x10'8

6 Substrate hGaAs

7 InGe 0.02

8 Au 0.2

ThelnosGansP and the GaAs photodetectors were both independentyse biased
at 10 V. Spectra were accumulated with tAéeradioisotope Xraysource illuminating

the In.sGapsP device and the GaAs device separately, in tGaussians were fitted
to the detected Mn Ka (5.9 keV) and Mn K (6.49 keV) peaks of the accumulated
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spectra;the >°Fe X-ray spectra accumulated and the fitted 5.9 k@aksfor the
Ino.sGao 5P detector and the GaAs referempdetodetector are shown in Figure 9.

4500
4000
3500

3000

= 2500

-

S 2000
1500
1000
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0 o= ree et AT R D
800 1000 1200 1400 1600 1800
Charge (e-h pairs)

Figure 9. >Fe X-ray spectra accumulated at 10 V reverse bias using tk&dasP
device (empty circles) and the GaAs referepleetodetectoffilled circles) under the
illumination of>>Feradioisotope Xraysource. Also shown are the fitted 5.9 keV lines
for the InsGapsP device (dashedot line) and the GaAs referenplotodetector
(dashed line). For clarity, the fitted 6.49 keV Mn Kf peaks are not shown butvere
included appropriately in the fitting.

The quantityof charge corresponding to each MCA channel was calculated using the
position of the zero noise energy peakhe preamplifier and the 5.9 keV peak detected
by the GaAs reference photodiodén this calculation,the GaAs electrohole pair
creation energy4.184eV + 0.025 eV [28] was also usedThe IngsGaosP electron

hole pair creation energyifcar) was then determinagsing equatiord:

_ NGaas
EmGar = €Gaas (NmGaP (5)

whereecaas IS the electrofhole pair creation energy in GafA$gaas andNincap are the
number of charges created in the GaAs reference detectdnggtéao sP detector,
respectively. An experimental value4B4eV * 0.06 eV was measured farcar at
room temperature (20 °CYo examine the effect of operating ting sGao sP detector
at higher reverse biases, the reverse bias was increased/tcahithe experiment
repeated. Amlectrorhole pair creation energy of 4.90 e\0.04eV wasmeasuredn
this instance The similarity of the values further confirms tl@diarge trappingvas

negligible. If charge trapping wasignificant a substantial reduction iapparent
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electronhole pair creation energyould have been observati higher reverse bias

a consequence of the improved charge transport at higher electric field

The dependence of theplsGao 5P electrorhole pair creation energypon temperature

was stidiedacrosghe temperature range 100 °C to 20 °C. thizrset of measurements,

the In.sGapsP detector was individually connected to thestommade lownoise
chargesensitive preamplifiefi.e. without theGaAsreference detectogndilluminated

by the *Fe radioisotope Xay source The change in conversion factof the
preamplifier itself with temperature was measuaedoss the temperature rangyge
connecting a stabilized pulse generator (Berkeley Nucleonics Corporation Bibdel

1) to the test signal input of the preamplififihe change in position of the centroid of
the pulse generator peakowedthe change in performance of the preamplifier with
temperaturdo beuntangledfrom the change inlectronthole pair creation energy of

the photodiode The change in position of the centroid of the pulse generator peak was
appropriately corrected for the change in the test capacitance with tempgsajure
Spectra were colleafleandGaussians were fitteth the photopeak and the peak from
the pulse generatam orderto determinghe paitions of their centroidsvith respectad

the zero noise peakThe charge created in theosGaosP photodiodeby the Xray
photons was related therelative change in position of the photopeak on the MCA'’s
charge scale The latter wasorrected for the preamplifier’'s change danversion
factor with temperature (detmined from the pulser peak3], 33] Thedifferent
guantitiesof charge created at different temperaswas caused by the chanigethe
Ino.sGansP electon-hole pair creation energfincar). At each temperaturehé
absolute value ofincar Was thencomputedusing thepreviously determinedoom
temperatureincar. The apparentinosGaosP electrorhole pair creation energy as a
function of temperature is reported in Figure Ite uncertainties associated with the
electronhole pair creation energy values were obtained by propagating the uncertainty
in the electrorhole pair creation energy at room temperature and the uncertainty in the
relative changen the conversion factorsThe uncertainty in the electrdrole pair
creation energy at room temperat#e0.06 eV)was an order of magnitude greater
thanthe uncertaintiesn the relative changm the conversion factor& 0.0 eV);
therefore, the formeanainly affected the uncertaintigsthe electrorhole pair creation

energy at different temperatgte A similar experimental setup was usbg other
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researchers to measure the electrole pair creation energy other material$31,
33].
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Figure 0. Temperature dependence of the energy consumed to produce an-lectron
hole pair inlngsGao sP.

An apparent slightrend suggesting that thaosGaosP electrorhole pair creation
energyincreased with increasing temperature was fountO@t’G &incap = 5.02eV +
0.07eV, whereas a20 °Ceincar = 4.94eV + 0.06eV. Howeverthedata points were

all within theuncertainties oéach other for theemperature range investigatelfithe
trend (greater average electiioole pair creation energy at higher temperatures) was
real, theresultswould besurprising It is conventionally considered that the average
electronhole pair creation energlecreasebnearly as the temperatunecreaseg28,

31, 33, 34, 35]. Sucadecrease can be understood considering the dependence of the
electronhole pair creation energynthe material bandgap energiccordingto Klein

[36], the empirical relationship between the electhate pair creation energy and the
bandgap energy in a semiconductor is liné&ince thebandgaplecreaes aincreased
temperatures, a similar behaviour is expected for the elelsti@pair creatioenergy

due at least in part to the change in bandgapeoreticalMonte Carlo calculations
conducted by Fraser et al4]3or silicon predictedhe decrease of the Si electroole

pair creation energy as a function of temperature
The expected Fanomited energy resolution (FWHM) at 5.9 keV ofrdy detectors

made from I sGapsP was estimated using equation 4 and the determined values for

the electrorhole pair creation energy. The Fano factor fesa sP has not yet been
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514 measured, but assumg a Fandactor of 0.12 (as for GaAs [P7 the Fano limited
515 energy resolution would be expected to be 139 eV at 5.9 keV at 20 °C. If the Fano
516 factor was 0.099 (as for CdZnTe [B& Fano limited energy resolution of 127 eV at
517 5.9 keVwould be expected at 20 °QNegligible changeover the 20 °C to 100 °C
518 temperature rangsere observed

519

520 The electrorhole pair creation energy at 27 °C (300 K), which was interpolated from
521 the experimental measurements at 20 @3 (R) and 40 °C (313 K), equalled 4.95 eV
522 +0.07 eV. This is in agreement with the value predicted fesGeosP (4.83 eV +

523 0.21eV) by the empirical BertuceMaiocchiBarnett (BMB) relationship [§. Figure

524  11shows the average electrbnole pair creation energy for Ge, Si, GaAk 2GaysAs,

525  AlosGan.2As, Alos2lno.asP [39] andInosGaosP, and as a function of their respective
526  bandgapenergies, aa temperature a300 K.

un

2 [eV] = (154 £0.08) E, + (1.89 £ 0.14)

F =

creation energy (eV)

g : ! :
thh W i & b wm
S —

Electron-hole pair

[ ]

0 0.5 1 1.5 2 2.5

97 Bandgap Energy (eV)

528 Figure 11 Electronhole pair creation energy for Ge, Si, GaA¥d0.GaysAs,
529  AlosGap2As, and Alos2no.asP (filled circles), andingsGaosP (filled square) as a
530 function of their bandgap energy at 300 Rhe equation shown for the relationship has
531 been refined using the new data fos 3G e sP.

532

533 A linear least squares fit of the data showed thatpiteeiously reportedBMB
534 dependence between electtoole pair creation energgnd bandgap energy can be
535 refined using the new data forlsGansP. Thenewrelationis e = AEg + B with A =
536 (1.54+0.08)and B =189eV + 0.14 eV. Using this relationshigheeincap would be
537 expected to bé.82eV £0.3eV.

538

539 As is the case for AlsGap2As [30, 33]and Ab.2GapsAs [31], the electrorhole pair

540 creation energy value reported her@@® K for IngsGagsP does not lie either on the
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main or secondary Klein function branches 36]. If InosGaosP was on the main
Klein function branch, the expectedcar would be 6.17 eV, which is substantially
higher than that found hefd.95 eV + 0.03eV). If it was on the secondary Klein
function branch, the expectegcar Would be 4.07 eV, which is substantially lower
than theobtainedvalue. This lends further weight to the view that the Klein relationship

is incompletd31].

4. CONCLUSIONS

For the first timean X+ay spectrometewith an InGaP detectawvas demonstrated
across the temperature rarif® °C to 20 °C. The spectrometer was characterised at
different shaping times andetector reverse biasesThe best energy resolution
(smallestFWHM) at 5.9 keV was 1.27 keV at 100 °C using a shaping time of 0.5 pus,

this improvedto 770eV at 20 °C(using a shaping time @fus), when thdnosGao.sP
detector was reverskiased at 5 V An improvement in energy resolution (as quantified
by the FWHM at 5.9 keV) was obserwetienincreasing the ap@d reverse bias from

0 V to 5 V. The better results obtained at 5 V can be explained considering the
improved charge collection in the greaelectric field strength. iilar FWHM to that
measured at 5 V were observed at 10 V and 15 V, suggesting that charge trapping noise
at 5V and above was negligible. System nasmlyss showed that the observed
FWHM were higher than tHiely statistically limited energy resolutiond. theFanc
limited energy resolution The parallel white noise, series white noisénaise,and
residualnoise were calculatedThe higter parallel white noise observed at increased
temperatures was causeg the Si input JFET of the preamplifiesther than the
photodetector.At 100 °C and at 0.5 ps, for example, parallel white noises of 30.8 e
rms for the Si JFET and 2.8rensfor thelno.sGap sP device were found when the diode
was reversed bias at A& A dedicate experiment was conducted toeasurethe
Ino.sGap 5P average electrohole pair creatioenergy(sincar) in the temperature range
100°C to 20 °Ceincar Wasfound to be 4.94 e¥ 0.06 eV at 20C and 5.02 e\£ 0.07

eV at 100 °C.
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