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We report the results of a series of synchrotron characterizations epitawial GaAs
detectors of active areas 2.22 damd thicknesses 40 and 400 micronsspite of an
order of magnitude difference in depletidepths,the detectorsvere found tohave
comparable performances at ~ 2@PQwith energy resolutions of eV fwhm at 7
keV rising to ~2 keV fwhm at 200 keV and noise floors in the rdnged keV. At the
lower energies,the energy resolutiorwas dominated by leakage current and
electromagnetipick-up. Atthe highesenergies, howeveithe measuredesolutions
appear to approach the expected Hani; e.g., ~950 eV at 200 keV. BotHetectors
were remarkably linear, withveragerms non-linearities 0f0.2% over the energy
range 10-60 keV. By raster scanninthe active areas with 20x 20 micro?
monoenergetic photobeams, it was foundhat the non-uniformity in the spatial
response of both detectors was lés 1% and independent ehergy.The material
used to fabricate the detector is extrenplye. Forexample, lowtemperaturgphoto-
luminescence measurements indicate that the density of the As anti-site defect (EL2) is
of the order of 18 cm?®, which is ~ 2-3 orders ahagnitude lower thathat generally
reported. Thisndirect measurement of materg@lrity is confirmed by Monte-Carlo
simulations of the detector X-ray response, which sti@winorder to reproduce the
observed energy-loss spectralectron and hole trapping cross-section/density
products must be <<1 cin

PACS: 07.85.F, 29.4.W

1. Introduction

In recentyears, considerable efforhasbeen expended in producing semiconductor
based X-ray detectors with high spectral and high spatial resolutipradticalterms,
this means producingixelateddetectors, comprising over 4 @ixels eachlessthan
100 microns in size, witlspectral resolvingpowers, EAE > 20 at 10 keVWhile
progress at soft X-rays wavelengths hasen spectacular, largely due to the
introduction of X-ray sensitiveCCD’s, progress abigher energies haseenslow.



This is becaus@aditional high resolution detectomsthersuffer from poordetection
efficiencies above 1&eV, as inthe case of Sibased technology, oare very
constrained by cryogenic and fabrication problemthéncase of Geased detectors.
Recent developments imide band-gap compound semiconductors hetvewn that
suchmaterials may bridge Ge and t8chnologies. In thesdevices,the band-gap is
sufficiently high so they do not require cryogenic cooling but low enough that sub-keV
spectral resolution may be achievedhard X-ray energies. In additiomaterials
drawn from group Il and V compoundigve high enoughtomicnumbers to ensure
high detection efficiencies above k8V. While theperformances of sucttevices are
not yet close to Fano limit (and ultimately, as a result of the their higtretgapthey

can never achieve the spectral performances of Sedrspectroscopically they can
alreadysatisfy the requirements ofost ofthe anticipatedfuture X-ray astronomy
missions above 10 keMhe Space Sciend@epartment of ESAas, for anumber of
years, worked talevelop large areaompound semiconductor arrays file next
generation of X-ray astrophysiasissions.These willultimately operate in th&-200
keV energy range with near Fano limited energy resolution. In a previous paper [1] we
summarized theesults of a series ofharacterizations of 4.5 mm diameter, 40
micron thick epitaxialGaAs detectorusing radioactive sources underfull-beam
illumination. In this paper, wereport on a major extension dhat work - the
synchrotron characterization of two high pumgitaxial GaAs detectors the original

40 micron detector andreew 400micron deep depletion detector. Both devices are
identical, being fabricated fromhe samewvafer stock and differ only ithe thickness

of the epitaxialayer. The new detectorwas made ten times thicker toy and isolate
the electronic and material dependent properties of the X-ray response.

2. Device fabrication

2.1 Material

The detectorsvere fabricated on semi-insulating Gadsfers usingchemical
vapor phase deposition (CVPEBchniquesDuring materialprocessing angrowth,
the epi-layers and associated structures were subjected to a vaaeglytitaltests to
characterize the materiahd the technique gfroducing ultra-pure GaAkyers. For
example, Halleffect measurementhow that for the samplesised to produce the
detectors, the impurity concentrations are 181€nh13 and the electron mobilities at 77
K are 2x 106 cm?V-1s1 These agree well with cyclotron resonance measurements of
non-equilibrium electrons inpgiGaAslayers, which showthat the mobilities at.8 K
are 3x 106 cnm?V-1s1 and theshallow impurity concentrationdoes notexceed 5
x 1012 cnr3. Based on lowemperature Photo-luminescer(&L), the density of the
As anti-site defect (EL2) is estimated to be of ¢ider of 12 cmr3 and the room
temperature carrier lifetimes of tleder of 1us. Thecorresponding density of EL2



traps inthe substratematerial is estimated to tEbout 3x 101> cm3 (which is about
one tenth of the values normally obtairfed semi-insulating bulkmaterial)and the
total impurity concentration ~16 cnr3. Monte-Carlo modelingupportsthese values
(see section 3.4).

2.2 Detectors

Figure 1 shows aross-sectional view dhe detectorsTheir characteristics are
listed in Table 1. They are 1.5 mm in diameter (physical are@Z mn?) and consist
of a 40 or 40Qum thick epitaxial layer grown onto a 1t thick n+ GaAssubstrate.
A pin structure is then formed by depositing prb thick p+ layer directly onto the
epitaxial layer and then depositing a full ohmic contact (Ni/Au/Ge/Au) on theide:
The p+side is patterned by etching to defitiee detector (mesa) arglard ring
structure, which is intended to reduce surface leakage currents. The guard ring was
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Figure 1. Schematic cross-section of a detector.

not used inthe measurements describdeete. Boththe mesa and thguard ring are
metalisedwith alternatedepositions ofAu/Pt/Ti to form a Schottky contact. The
devices are operated as reverse biased diodes with tbenfact at negativpotential.



At the nominalbias, the detector iFound to befully depleted with a verysharp
boundary athe conductive n€3aAs substrate. This h&gen verified by comparing
experimentalesults with simulation. Frorthe 1/V characteristics, théypical current
densities at -100V were <0.04nA/rA@t room temperature, which is about a factor of
3-100lower than normally obtained witGVPD detectorsand a factor of 1®104
lower than bulk detectors. At nominal biases of -40 V for ther@levice and -300 V
for the 400 um device,the leakageurrents were 40pA antlO0 pA, respectively at

room temperature. It is believed that the relatively large value of the leakage current in

the 400 micron device, is due to low surface resistivity causebebsepeated etching
of the p+layer. This was necessaimle to a production error in whiche p+ layer
was allowed togrow to a thicknessnuch greater than the nominglr. It was
eventually etched back to a thickness of 45

Table 1. Device Characteristics. The performance figures quoted are for HASYLAB measurements.

Parameter 40 micron device 400 micron device
Diameter (physical) 1.5 mm 1.5 mm
Active area 2.22 mn? 2.22 mn?
Depletion depth 4Qm 400um
Dead layer thickness B 25um
Maximum operating bias -10V (T=17C) to -80V (T=-48C) -150V (T=3%C) to -400V (T=-45C)
Nominal Bias & operating temp -40V, -40°PC -300V, -4%C
RT Leakae current @nominal 40 pA 100 pA
bias

FWHM Enepy resolution @ 5.9 728 ev, 740 eV, 1.1keV @ -8€ 1.1 keV, 1.2 keV, 1.3 keV @ -85
keV, 20 keV, 60.0 keV

Detection efficieng @ 6.4 keV, 61%, 52%, 4.5% 61%, 86%, 33%
20 keV, 60.0 keV

The detectors are mounted tmo stage Peltier coolerahich are capable of
cooling the devices te-30°C. Couplingthe hotside ofthe Peltier to a water cooler
allows the detectors to be cooled by an addition®€l0 For the bulk of the
measurements describbdre,the detector temperatuveas set to ~-4€C for the 40
micron device and -#& for the 400 micron deviceThe signalfrom each detector is
extractedfrom the n+side by a modified Princeton Gamriach PGT P014TR-N
preamplifierwhose frontend FET is alsenaintained at the detector temperature. The
rest ofthe analog chaigonsists of arOrtec 671 spectroscopgmplifier thatshapes
and amplifies the signarior to digitization. Boththe signal amplitude andse time
are digitized by a pair of Canberra 8701 ADCs and processed and stored by a PC.



3. Experimental

X-ray experiments were carried out ¢fme open bendingnagnet (BM5) high
energybeam line at th&uropean Synchrotron Reseafedcility (ESRF)and the X1
beamline at thédlamburg Synchrotron Laboratory (HASYLAB). Botleamlines use
double crystal monochromators to produce highly monochroatay beams. The
energy range covered at tB&SRF was 7-3%eV using a Si[11llJreflection and at
HASYLAB, 6-60 keV (X1) using both Si[311hnd Si[511] reflectionsThe intrinsic
energy resolution was typically ~1 eV at 10 keV rising to 20 eV at 35 keV. For Si[111]
reflections, it was possible extend some measurements up t200 keV by using
absorbers to amplify higher orders. Rbe majority of measurements descrilbegde,
the beamwas normally incident on the center at the detectors and hggi@al spot
size of 20x 20 micron3.
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Figure 2. The variation ipeak channel (solidata points) and fwhm energyresolution (operdata
points) for the 400 micron device measured at an incident energy of 20 kk¥ BSRF. The curves
for the 40um detector look similar, differing only in normalization.

3.1. Device characterization

Figure 2 shows the variation of the peak channel (a)hahoh (b) as dunction
of bias forthe 400 micron detector measured at an incident energy okeX0 at the
ESRF. For both detectors we see a small variation in the peak channgiasjtheing
lessthan20% forall biases above whicthe detectors arspectroscopic. Likewise,



above a certaibias (-250V forthe 400 micron device and -40Vor the 40 micron
device) there is little variation (i.e., < 6%) in the fwhm energy resolution.
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Figure 3. The shape of theeak measured at 6&eV in the 40 microndetector attwo biases at
HASYLAB. For comparison we alsdisplay the shape of thenergyloss peak inthe 400 micron
detector which was found to be very nearly gaussian in shape and independent of bias and energy.

Since thefwhm energy resolutioessentially describebe level ofnoise in the
system we haveised thisparameter as a figure ofierit and adjusted the detectors
operating conditions tainimize thefwhm. Although theshape ofthe noise curves
(i.e., energy resolution versus shaptimge) at each facilityvere similar,the noise at
the ESRF wasabout300 eVgreater than thaheasured at HASYLAB presumably
due toelectromagnetienterference However, the values ofshapingtime and bias
which gave the lowest fwhm wetke same at eadhcility, namely 2us and -300 V
for the 400 micron detector andu3 and -40 V foithe 40 micrordevice. Forthe 40
micron detectorthe shape ofthe photopeakwas found to be gaussian at X-ray
energies<20 keV.Above thisenergy,the peakshapebecameincreasinglyskewed.
Increasing thebias to -60 V resulted in emuch more symmetric peak shatbet
appeared tailed rather thakewed.This is illustrated irFigure 3 in which weshow
both profiles at two biases at an incident X-ray energy of 60 ke¥ comparison we
alsoshow the 400 micron device peakhape athe same energy and at its nominal
bias. Itspeak shapevas found to bendependent of both energy and bias and



thereforeall measurements were carried out at a nominal bias83@d V. For the
HASYLAB runs, the 40 micron device was operated at a bias of -60V.
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Figure 4. The measured energy resolution of both detectors as a function of shaping timeid&he
photon energy was 20 keV. For clarity, we only show data pointdA8YLAB data andbest-fits to
the ESRF data (assuming power law models). The statistical precision of both data sets is similar.

In Figure 4 we showhe measuredwhm energy resolutions as a function of
amplifier shapingtime for both devices measured at HASYLA&hd theESRF at an
incident energy of 2&eV. We note that theshape ofeach detectorsoise curve is
similar, irrespective of facilityFrom Figure 4, we seat thenoise curves of both
detectors display the characteristicO-tfall-off expected fromseries noise asmall
shaping times. Thisomponent resultprimarily from thermal voltage fluctuations at
the gate of the FET antbhnson noise frorthe equivalent resistance associated with
the FET transconductance ahihs resistors. Atlonger shaping timeshe response
risesquite slowly and is somewhdlatter than the expected®>® dependence of the
parallel noise arising from shot noise of the leakage current. Sindealtagecurrents
in GaAsare large and theitapacitance'sow, parallel noise dominateshe detector
noise response.
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Figure 5. Composite pulse heigbpectra taken at HASYLABvith the (a) 40 um and(b) 400 um
detector.

3.2 Linearity

In Figures 5(a) and 5(b) wshow acomposite of the energy spectra recorded by the
40 and 400micron detectors imesponse tanonoenergetic radiation at a range of
energies from 15 keV to 60 keV. The smaller peaks which appear at an energy of ~11
keV below the photopeaks are due to Ga and As fluoresperates. Notethatdue to

its somewhat better energy resolution, these are just resoltleel 40 micrordevice.

The noise threshold (defined to be the lowest energy where low energy noise attains an
amplitude of0.5 ofthe photopeakjvas 0.7keV and1.2 keV for the 40 micron and

400 micron devices, respectivelihe response of botdetectors is remarkably linear

with the regression coefficients for the best-fit peak channel number versus incident X-
ray energies generally in excess of 99.99 for the energy range 1k&y 60 figure

6, we show the linearity curver the 400 um device measured at tBe&SRF over the



extended energy range 7 1G5 keV. In this casehe averagems non-linearity is
worse at 0.8% but this is probably largely due tbe inherent non-linearity in the
monochromator when operated over such a large enangy.Only in the vicinity of
the Ga and AK-absorption edgesan significant deviations bgeen whichmay be
attributed to the abrupt changeahsorption deptlacrossthe edges.This results in a
slight change in peak shape, which under a gaussian approximation, results in an error
in determining the centroid of thmeak. Fromthe graph ofthe residuals, weseethat
this error is small, amounting to a peak shift of only ~2%hefexpected peakalue.
However,ignoring data takeraroundthe Ga and Agdgesthe average non-linearity
on data pointgor both detectors is typically-0.2% rms ovethe energy rang&0-60
keV.
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Figure 6. The linearity of the 400 micralevice measured &ahe ESRFover theenergy range 7 keV
to 175 keV. The lower panels shows the residuas(measuredcnergy - energy)/ energy 100%.
The vertical dotted lines show the location of the Ga and As K-edges

3.3 Energy resolution

The noise environment dhe ESRF was worseéhan for HASYLAB, which is
reflected in broadefwhm's. This canalso be seen ithe noise curves (Figure 4)



which show that the devices were dominatedsallelnoise - mostikely pickup on
the FETinput. For example, ahe ESRFthe 40 micron devicehowed arenergy
resolution of 880 eV at 1&eV slowly rising to ~1.25 keV at 35keV. The
corresponding resolution fdine 400 micron devicerises froml1.5 keV at 10 keV to
~1.6 keV at 35 keVand1.8 keV at175 keV.The noise environment ddASYLAB
was more benign, witthe shape othe noise curves more closely approximating the
expected #0-5 and t0-5 dependenciefor series andparallel noise. The 40 micron
device had a fwhm energy resolution of ~700 eV at 10 keV rising slovllyltkeV at

60 keV. The 400 micron device exhibited a similatependence, with an energy
resolution of 1.1 keV at 10 keV rising to 1.3 keV at 60 keV.
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Figure 7. The energglependenfwhm energyresolution of bothdevices measured &ASYLAB and
the ESRF under pencil beam illumination. For clarity we only showd#tepoints for HASYLAB,
although the statistical uncertainties on EfeRF data aresimilar. Theadditional broadeninground
10 keV is due to the Ga and As K-edges at 10.4 keV and 11.9 keV (shadattdlines) and isalso
seen in the ESRF data.

Figure 7 showshe energy dependefwhm energy resolutions of bottevices
measured at HASYLAB and the ESRF under pencil beanx (20 um?) illumination.
For comparison we also show the limiting energy resolution assuming a Fano factor of
0.18 [5]. For clarity we only show the HASYLAB data points and repraberiSRF
data bybest-fits. The statistical precision dpoth datasets is similarThe additional
broadening around 10 keV is due to peak distortion by the Ga and As K{stiges
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by the vertical dottedines). All curvesare well represented by simpt®werlaws,
varying as ~E:3 for the 40 micron device and 2 for the 400 micron device. The
horizontal extension of the dotted asdlid lines below ~ 1keV represents the
electronicnoise ofthe system, which fothe 40 micron devicevas determined to be

690 eV fwhm atHASYLAB and 880 eV fwhm athe ESRF. Forthe 400 micron
device, the corresponding figures were 1.5 keV fwhm at the ESRF and 1.1 keV fwhm
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Figure 8. Theenergyloss spectra at 30 ke\dnd 60keV measured aHASYLAB. The dotted lines
show the results of Monte-Carlo simulations.

at HASYLAB. The energy resolutions of both detectors were also measuredfulhder
area illumination at the ESRF using al@¥radioactivesource. Fothe principal lines
at 22, 25and 88 keV, we find ncstatistically significant difference with those
measured under pencil beam illumination.

3.4 Spectral response

In Figure 8, we show twadletailedenergyloss spectra measured by the 400
micron detector at HASYLAB. The incident beam energy was 30 keV and 60 keV. For
comparison we alsshow the simulated spectrurhased onthe Monte-Carlo code
described in Short [2]Therise in continuum dbw energies is due to@mbination
of chargeloss resulting from field distortion athe detectoredges andoreferential
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electron trapping in the low field region near the ohaantact.The peak at ~ 10 keV
is due to a combination of Ga and As fluorescent lines fhap+ layer. Likewise,
the peakslocated ~ 10 ke\below the photopeaksare due to the Ga and As escape
peaks. Notehat while thesgeaksare unresolved irthe 400 micron device, they are
just resolved irthe 40 micrordevice.We note fromthe Figure that the level of the
continuum is extremely low, being only0% onaverage of the photopeak at 30 keV
falling to ~0.2% at 60 keVThe corresponding peak total ratios are84% and95%,
respectively, although most tfe non-photopeak eventme contained ifines. The
large differences between the simulated and measured spdowaeatergies is due to
model limitations. Specifically, modeling the charge loss which results from a build up
of space charge near the Schottky contact and non-uniformitiesefettec field near
the detector edges. By compariing simulated and measured endagsesand then
iteratively fine-tuning the modgbarameters, we findhat the cross section-density
products ¢N) for electrons and holemre essentially zero indicating that thaterial
used to fabricate these detectors is of excellent quality.
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Figure 9. Energy spectrumeasured athe ESRF with the 40 microdetector. Up to 5 harmonics
(P3-P8) and their escape peaks (E3-E8) are clearly resolved. Theshmes indetail the energy-loss
spectrum around the primary photopeak and its escape peaks.

Finally, in Figure 9 we show a 4@icron detector measurement of a 20 keV
monochromatized synchrotron beam at the ESRF. Several mm of Al and Sn absorbers
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have been inserted into the beam to enhanchidgimerorders. Here, P1 refers to the
photopeak and Pn to the rtarmonic. En refers tthe corresponding escapgeeaks.

Up to 5 harmonics and their escapeaksare clearlyresolvedNote, for Si[111]
reflections, both the second and sixth harmoaregorbidden. The peaks designated,
P2 and E2 araectuallydue to pile-up(i.e., two P1 or E1 events arriving within the
resolvingtime of theelectronics).The good energy resolution and sensitivity over
such a widedynamic range are clearlgemonstrated, illustratinghe diagnostic

potential of GaAs detectors at synchrotron radiation (SR) facilities.

2.0
2.0
| & R
o 1.0- . .. ]
© 1.5 - -
c r g.
o M . .
Q *e 0.0
0 e * -1.10 -1.00 -0.90 .
8 ';.‘. 00000000 C) L e o .o.
o 1.0 ! wssmesscanerste S— 1
2 :
I : .
¢ S
0.5 - . i
]
0.0 O E O B
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

Position (mm)

Figure 10. The variation in counate acrosshe 400 micrordetector.The incidentphotonenergy is
10 keVandthe beam spot size 010 pm?2. The spatial resolution is 25m. The inset shows a
detailed scan of the left hand edge atdresolution.

3.5 Spatial uniformity

Using a series of slityoth before and aftehe monochromatorthe incident beam
could be adjustedown to a sposize of 10x 10 um?2 at thedetector.The detectors
were mounted on a 2-axis X-{éble capable gbositioningeach device to a precision
of a few microns. Scans wecarried out in X and Yacrossthe detector to map its
uniformity. For both the 40 and 400 micron detectts, uniformity inresponse was
in excess of 99% level. In Figure 10 we showcan acrosshe y-axis of the 400
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device at an incident energy of k&V which corresponds to penetration depth of

~50 microns. The spatial resolution is 25 microns. It is fahatl theresponsewithin

the central 1 mm of the detector is constant within a percent and is consistent with both
the statisticalerrors andthe expected variation due to the non-uniformities in the
thickness othe p+ layer (£0.2um). However,the response within-0.2 mm of the

edge begins to rise and is enhanced % atthe edge. This isnuch greater than

the error of individual measurement§<1%). The inset shows in detail the
enhancement near the left hand edge at 4 microns resolution. Its rise andrshdye

to transmission through the 1 mm wide etch ring in the dead layer separating the mesa
and guard ring (see Figuflg, convolved withthe beansize. The responsehen falls

off linearly at theedge. This is consistent withe expected vignetting of the incident
beam if the activaegion extends ~10@um beyondthe mesa.The width of the
distribution to the edge enhancement4.51+0.03 mmwhich isthe diameter of the
mesa. However, we define the true active area to have a diameter equdirtonthef

the distribution (excluding the edgeeaks) which isl.680.03 mm - significantly

larger than the physical diameter of the mesa. Surprisingly, this width was found to be
independent of bias or energy. Resultstfer 40 micron device atkeV (penetration

depth 4um) have been presented elsewHéjeand are essentially the same these
described above. A scan at 60 keV (penetration depth ~1 mm) is very sinfiigute

9 except that there are no longer enhancements neaddies.This demonstratethat

the enhancements are indeed due to the etahgdbetweerthe mesa anduard-ring,

since the p+ layer is transparent to X-rayshefseenergies. Assuminthat additional
charge loss mechanisms acting immediately at the detector boundasghgéle, we

can deduce thehickness ofthe dead layer by the difference tmansmission
immediatelybefore and after thenesa. Forthe 40 micron detector we calculate a
thickness 0f(6.1+0.3) um and forthe 400 micron detector(25.4:0.1) um. Both
values are very consistent with metrology.

4. Discussion and conclusions

These detectors yield some of the best performance figatesportedor both
full and pencilbeam illuminatione.g. 3,4]. Although there is alrder ofmagnitude
difference in the thickness of the epi-layers of the two detectors, thelatigely little
difference in energy resolutions. For example, ake\d thefwhm energy resolutions
were 700 eV inthe 40 micron detector arid2 keV in the 400 micron detector, at
modest detector temperatures-d6 °C. At 60 keV,the corresponding resolutions
were 1.0 and1.3 keV.Theseshould becompared to the calculatéehno resolutions
[5] of ~220 eV and 525 eV #he sameenergies. Athe lower energiesthe measured
resolution is dominated bigakage current anelectromagnetipick-up. However, at
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medium andhigh energies, Fano noideecomes an appreciably fraction of the
resolution function.

With the ability toproduce 400micron epitaxiallayers wenow have detectors
with a sizeable efficiency extending intioe hard X-rayband. This is illustrated in
Figure 11, in which we show the calculated efficiencies of the two deteatmss the
energy rangd-1000 keV. For comparison, we alsbow the efficiency of anew 1
mm detector, which is at present being fabricakéate, wehave not included edge
losses in thigalculation, which will be severe at 1 MeV. Thisbiscausegventually
we intend to fabricate an array and the curve is solely to illustratsuch detectors
offer the potential of bridging the gap between soft X- and gamma-ray energies.
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Figure 11.Calculated detection efficiencies thfe 40 micronrand400 microndevices.The poor low
energy response of the 400 micron device is due to is anomalous p-thiakaess. For comparison,

we also show the predicted efficiency of a new 1 mm thick epitaxial detector which is at present being
fabricated.

Lastly, work is now being carried out to reduce pick-up noise, whicleasly a
dominant component of the systemise. Measurements carried out aur laboratory
show that potentially the 400 micron detector is capable of a limiting reso8deV
fwhm at 60 keV. This compares favorably with the Fano noise of 525 eV fwhm.
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