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Results characterising the performance of thin (2 pm i-lay 0.52Ing.4sP p'-i-n" mesa

photodiodes for X-ray photon counting gpectro are reported at room

OQQO @ diameter Al syIng45P p+-i-n+
mesa photodiodes were studied. Dark cugrent ul‘t"s"'as a function of applied reverse
bias are shown; dark current densities . %ﬁ@z were observed at 30 V (150 kV/cm)

for all the devices analysed. Cap&&?a{r:measurements as a function of applied
reverse bias are also reported. M

temperature. Two 200 pm diameter and

ectra were collected using 10 us shaping time,
~

xssFe radioisotope X-ray source. Experimental
ener

with the device illuminate&\g
results showed that the @.\P resolution (FWHM) achieved at 5.9 keV was
930 eV for the 200 pm Al s3lng4sP diameter devices, when reverse biased at 15 V.

System noise an simﬁalso carried out and the different noise contributions were

computed.

£

/ £
L. INTR DBQT\IO

Wi }gap photodetectors may play a very important role in aerospace and

ilitapy applications; since they present lower leakage currents [1, 2] than alternative
narro andgap materials, such as silicon or germanium, they can operate at room

mp(;ature and above without cooling system [3, 4]. Consequently, they potentially

—,
k(ﬁfer cheaper and more compact technologies that may be useful in space missions [5]

nd terrestrial applications outside the laboratory environment [6] requiring X-ray
spectroscopy. X-ray photon counting spectroscopy has been demonstrated using

different wide bandgap semiconductors: high-resolution X-ray spectra have already

a) Corresponding author. Electronic mail: S.Butera@sussex.ac.uk.
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been achieved, even at high temperature, using SiC, GaAs and AlGaAs detectors.
Bertuccio et al. [3] reported X-ray spectroscopy, over the temperature range 30 °C to
100 °C, using a SiC X-ray detector. Energy resolutions (FWHM) at 5.9 keV of
196 eV and 233 eV were observed at 30 °C and 100 °C, respectively. Another
material that can be used in X-ray spectroscopy is GaAs. Barnett et al. demonstrated
2 um thick GaAs p'-i-n" mesa X-ray photodiodes, at temperatz

W -30 °C to
80 °C, with energy resolutions at 5.9 keV of 800 eV and 1.5 Q\zo °Crand 80 °C,
As'p. -i-

respectively [4]; whilst Lioliou et al. reported 7 um thick"Ga
photodiodes with energy resolutions at 5.9 keV of 750, V'?’t 20°°C [2]. At 23 °C, an

.+
-1-n° mesa X-ray

energy resolution as low as 266 eV was achieved ysing s détectors by Owens et

al. [7]. AlpgGag,As photodiodes have been also d onstréied y Barnett et al. [8] to

operate as photon counting spectroscopy X-r detectors-ever the temperature ranges

-30 °C to 90 °C, energy resolutions at S\Q;VL? 1.07 keV and 2.2 keV were
C, res

(o)

observed at room temperature and at 9 ctively, limited by the noise of the

preamplifier used.

e
Another material usually used t uce efficient detection systems for soft and hard
X-rays, as well as y-rays, is m&ﬁ"e and its related compounds (e.g. CdZnTe,
CdMnTe) can be used for S:\%Adetection at different temperatures. At -60 C°,
energy resolutions (FWH of 310 eV and 600 eV at 5.9 keV and 59 keV,
respectively, wer re;ﬁﬂiusing CdTe detector [10]; at -37 °C, FWHM of 311 eV
and 824 eV at/5.9 ke and 59 keV, respectively, were demonstrated for a CdZnTe

detector zﬂ e/s',e ()ampounds can also operate at increased temperatures, albeit
with deg Nr resolution: for example, 53 keV (FWHM) at 122 keV was
observied for CdTe at 92 °C [12], whilst a 9.4 keV (FWHM) at 32 keV was reported
f Cd/Zn at 70 °C [13]. CdTe and CdZnTe are attractive choices for producing
large rea/fadiation detectors and for this reason they have received considerable

reseaf¢h attention [14]; spectroscopic CdZnTe and CdTe detector imaging arrays, for

Q§ le, have been proven by Wilson et al. [15].

w

T,

A TII-V wide bandgap ternary compound that could be very useful for radiation
detection at high temperatures is AlgsyIng4sP [16]. AlgszIngasP can be beneficial in

many applications (e.g space missions) since it allows the detection of wide range of
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Publishing X-ray energies: AllnP structures, with an appropriate thick charge collection layer,
can be used to detect hard X-rays, as well as soft X-ray photons. The use of
Al s5Ing 43P for X-ray spectroscopy is a new research field that can provide innovative
X-ray systems with high-energy resolution [17]. AlgszIng4sP has an indirect bandgap
of 2.31 eV [18], and it is nearly lattice matched with GaAs. slzoﬂlno/;gP is widely

oP\Rpiarly lattice
nﬁades, and I1-VI

compounds of a similar bandgap. The doping in Al s,Ing4sR is alsg easier to control

used in semiconductor optoelectronics and the crystalline quali

matched Algs,Ing4sP can be very high in comparison to III-

than in some II-VI semiconductors. This paper rep nitial“¢haracterisation of

72}

Algs2Ing4sP p'-i-n” mesa photodiodes for X-ray photon ‘equnting spectroscopy. For

the first time, a non-avalanche Al s»Ing4sP photodiade was%xsed in a spectrometer and

a system energy resolution of 930 eV at 5.9 kéV for a pum device observed; these
significant results have been achieved b&gause ﬁ)le high performances of the
oise charge sensitive preamplifier

Alp 5soIng 4gP detector used and the cu_sfaxl:m
electronics developed at our 1ab0ratorN s7Ing 43P device is the thickest i-layer

mesa Al s»Ing4sP detector producé\@highlighting the advanced growth and
fabrication technologies used. \ ~

IL. DEVICE STRUCT K\\

The AlpsaIngasP epilayer of device was grown by metalorganic vapour phase
epitaxy (MOVPE on%nmercial (100) n-GaAs: Si substrate with a misorientation
of 10 degree OW}rdS I>A to suppress the CuPt-like ordered phase. The doping
concentra?éns of'the Mo,szInOASP p and n layers were 5 x 10”7 em™ and 2 x 10" em™,

respecti aLg layers’ thicknesses were 0.2 pm for the p'-region, 2 um for the i-

region and/0.1 um for the n'-region. After growth, the wafer was processed to form

a structures using 1:1:1 H3PO4: H,O,: H,O solution followed by 10 s in 1:8:80

H5SO,: ﬁ{)z: H,O solution. Unpassivated 200 um and 400 um diameter Alg syIng4sP

esabhotodiodes were produced. An Ohmic rear contact consisting of 20 nm of InGe

d 200 nm of Au was evaporated onto the rear of the substrate and an Ohmic top

w ontact consisting of 20 nm of Ti and 200 nm of Au was evaporated on the p-side of
T,

the mesa device. The top Ohmic contact had an annular shape; it covered 33% and

45% of the surface of the 400 pm and 200 um diameter photodiodes, respectively.
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The device layers, their relative thicknesses and materials are summarised in

TABLE L

TABLE 1. Layer details of the Alys;Ing4sP photodiode.

Layer  Material Thickness Dopant Dopant Doping density
(pm) Type  /f(em™)

1 Ti 0.02 y

2 Au 0.2 \

3 GaAs 0.01 Zn p' 3 1 x 10"

4 A10_521n0_4gP 0.2 /n p 5% 1017

5 A10.521n0.4gP 2 undoped

6 A10_521n0_4gP 0.1 Sl Ib 2 x 1018

7 Substrate n” GaAs . -

8 Au 0.2

9 InGe 0.02 K 3

T —
Using the Beer-Lambert law and assuming Qorgfabte T:harge collection in the p-, i- and

n- layers, X-ray quantum efficiencies (Qlﬂ\ﬂioL h'the device optical window (region

not covered by contacts) were calculated,as aunction of photon energy up to 10 keV

100
9 |
80 |
7

=)
=

50

G 30l\
0 4
A= ot
/ 0
\ 0.5 1.5 2.5 3.5 45 55 65 7.5 85 9.5

5 Energy (keV)

1. Caleulated quantum efficiency of AlysyIng4sP p-i-n” mesa photodiodes as a
funetidh of photon energy. The discontinuities shown correspond to the Aluminium
pl(orus K X-ray edges and Indium L X-ray edge.

fficiency (%)

ant

Qu

keV and 6.49 keV photons, respectively. The AlgsoIng 4sP attenuation coefficients

q;u
( quantum efficiencies (OF) of 22% and 18% were calculated for the device for
5

w

at 5.9 keV and 6.49 keV were estimated [19, 20] to be 0.1109 um™" and 0.0856 pm.
The attenuation coefficients at 5.9 keV and 6.49 keV in AlyszIng4sP are higher than
GaAs (0.0837 pm™ and 0.0645 pm™, respectively [19]), Si (0.0346 pm™ and 0.0263
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um™', respectively [21]) and AlosGag,As (0.0788 pm™ and 0.0604 pm™, respectively
[20]).

ITII. EXPERIMENTAL RESULTS

A. Electrical characterisation: Current-Voltage and Capacitance-Voltage
measurements (

Two 200 pm diameter (D1 and D2) and two 400 pm @9 and D4)
G

AlpspIng 43P photodiodes were investigated at room tempegaturewin a dry nitrogen
€

atmosphere (relative humidity <5%). The devices s dia)w
T

< &)

Dark current characteristics as functions of a@d bia re measured. Reverse bias

andomly selected

from those available and were unpassivated. —

measurements from 0 V to 30 V were made in @increments using a computer
controlled Keithley 6487 picoammeter/vgltage“source. The uncertainty associated
with the current readings was 0.3% ,of t&%{s\és plus 400 fA, while the uncertainty
associated with the applied biases w m%‘of their values plus 1 mV [22]. Dark

current densities < 3 nA/cm? we&i?eqe at 30 V (150 kV/cm) for all the devices
-

analysed. These values at&ﬁ parable with previously reported high quality
aving 1.03 um i-layer thickness [23]. The reported

Alys2Ing4sP p'-i-n” phot%

leakage current was lower than'GaAs (1.08 nA/cm? at 22 kV/cm) [2] and AlpsGagoAs
(4.72 nA/em® at 29 kV/cm) [24] detectors at similar electric fields and temperatures.
The Al szIng d}rk ent density was greater than for some previously reported
SiC detec%s (~ Alofn® at 103 kV/cm) [3] at similar electric field and temperatures.
Fig. 2 a$s the,dark current density as a function of reverse bias for the presently

reporte 0.52Ing 43P photodiodes. The different sized devices had different leakage

ent'density, indicating that surface leakage current was significant in the analysed

photodi

ontribution, which is proportional to the mesa area, and the surface leakage

des. In a mesa photodiode, the dark current consists of a bulk leakage

egntribution, which is proportional to the mesa perimeter [25, 26]. If the surface
akage current is negligible, the current density for different sized devices should be
constant; consequently if current densities don’t match across diodes of different size,

this means that the surface contribution is significant.
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Fig. 2. Dark current density as a function of applied r
for AlgsxIng4sP devices. Empty rhombuses (black) and e
data taken on the two 200 um diameter device
circles (blue) and empty triangles (green) referred
diameter devices, D3 and D4, respectively
version.

The depletion depths and the dopin
devices were calculated from cap

capacitance was measured as
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of applied reverse bias, between 0 V and

20 V, using an HP 4275A Multi }eﬁqy CR meter. The test signal was sinusoidal

with a 50 mV rms magnitud

empty package was als

1 MHz frequency. The capacitance of an identical

red, 0.77 pF = 0.02 pF, and subtracted from the

measured capacitance of the packaged photodiodes to determine the capacitance of
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Fig. 3. Capacitance as a function of applied reverse bias at room temperature (a) for
the 200 um diameter AlgsyIng4sP devices, D1 (blue empty rhombuses) and D2 (red
empty squares), and (b) for the 400 um diameter Al s»Ing4sP devices, D3 (blue empty
circles) and D4 (red empty triangles). Colour only available in the online version.

For each diode analysed, the depletion depth () was calculated by:

_ &&A
- C

where ¢ is the permittivity of the vacuum, ¢, is the

(11.25 [23]), and A4 is the device area [28].

Fig. 4a and Fig. 4b show the depletion depth Q‘i func of applied reverse bias for
the 200 pm and 400 pm diameter devices, ec IVEI-}.’

(a) _ (b)
2_0(}..r.r.w.r.r.'...'..*.IL 200 FrT T T T T T T T T T T T3
[ 200 pm diameter devices i H AaBBR

E

= | -~ = 2868888

ﬁ 1.95 [ \\“\ L 8 a b a8 8

=) i ] |

B 190 7 ° I

5

= o© - 400 pm diameter devices

2 185 ———— —

0 0 5 10 15 20
Reverse Bias (V)

Fig. 4. Depletio function of applied reverse bias at room temperature (a)
for the 200 um dia 1 /Algs2Ing 4sP devices, D1 (red empty rhombuses) and D2
(blue empty, (b) for the 400 um diameter AlgsyIng 4P devices, D3 (red
empty cir D4 (blue empty triangles). Colour only available in the online
version,

Thesap Qtion of the reverse bias to the diode increased the depth of the depletion
régiond At reverse bias bigger than 5 V, the depletion region approached the n-layer
and incrgdsed more slowly due to the higher doping concentration in the doped

gimh. The measured discrepancy in depletion depth at 20 V between the 200 um

d 400 um devices was smaller than its uncertainty, which was calculated to be

.08 +0.17) pm.
\ <

The doping concentration, N, at a certain depletion depth, W, was determined by,
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av
o o[ ]

N(W) = (2)

where ¢ is the permittivity of the vacuum, ¢, is the Alpsalng4sP dielectric constant

(11.25 [23]), and 4 is the device area [28]. Fig. 5 is an examplé of the determined
doping carrier concentration calculated as a function of d bﬁkﬂgth, in this
particular case the results from one of the 400 pm diameter ices are presented;

similar results, as expected, were obtained for the oth ‘%m characterised. The

doping density in the i-layer was found to be (4.3 “%.10'® cm™ this value
increased to (3.5 = 0.4) x 10" ¢cm™ at i-n interface. - 3

4x10'7

3x]0IT [

i oo ]
2x10'7 | N 00 ]
4 o° ]

1x1%1 |
‘;; 1.97 1.99
\ Depleted Depth (um)
Fig. 5. Doping/Concentration below the p'-i junction as a function of depletion depth
twre f(}

at room te? 0 wm diameter Al syIng4sP device (D3).

B. X-ray %opy and noise analysis

pplied biases, X-ray spectra were collected using the 200 pm and 400

Carrier Concentration
(cm™)

dif?re

W metér devices. An >Fe radioisotope X-ray source (Mn Ka = 5.9 keV,
m =6.49 keV) was positioned 5 mm above the top of the AlgsyIng4sP mesa

iodes. Each diode in turn was connected to a custom-made, single channel,

—-_—
Y
&: arge sensitive preamplifier of feedback resistorless design [29]. The output from the

\J

preamplifier was connected to an Ortec 572a shaping amplifier and then to a
multichannel analyser (MCA). The shaping time was 10 ps and the live time limit for
each accumulated spectrum was 1000 s. The experiment was performed at room

temperature in a dry nitrogen atmosphere (relative humidity <5%). Spectra were
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accumulated with each diode reverse biased at 0 V, 5 V, 10 V and 15 V. As the
applied reverse bias was increased, an improvement in energy resolution (as
quantified by the FWHM at 5.9 keV) was observed, this was attributed to less charge
trapping noise at greater electric field strengths as the effects of reduced capacitance
were negligible. Fig. 6 shows an X-ray spectrum obtained at 1 using a 200 pm
diameter device. The counts of the zero energy noise peak of t plifier were
limited by setting the MCA’s low energy threshold to ap oprlm gy cut-off
values (2.67 keV) after the position of the zero energy peak h. been established.
The *Fe photopeak observed was the combination of e d Mn K@ lines at
5.9 keV and 6.49 keV, respectively. In Fig. 6, thefitte a.@ans representing the
Mn Ko and Mn Kf3 peaks are shown: the fittings togk 1nto?ccount the relative X-ray
emission rates of the >Fe radioisotope X- ray source at 5:9 keV and 6.49 keV in the
appropriate ratio [30] and the relative difference in e‘hcwncy of the detector at these

\\
' §

X-ray energies.

4

fitted Mn Ko (blue dashed hne) and Mn Kf (red dashed- dot line)
oléur only available in the online version.

n elbrgy resolution (FWHM) at 5.9 keV of 930 eV was measured for both the 200
diameter Aly.s2Ing4sP devices studied. The FWHM at 5.9 keV was 1.2 keV for

\ oth the 400 um diameter Al s,Ing 4P devices.
T

The energy resolution (FWHM) of non-avalanche X-ray photodiode spectrometers is

broadened by three classes of noise: Fano noise, charge trapping noise and electronic
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noise [31]. The Fano noise is due to the statistical nature of the impact ionisation
process. If the electron-hole pair creation energy (w) in AlgsyIng4sP was 5.8 eV (2.5
times the bandgap) and the Fano factor (¥, using a conservative assumption, 0.12, the
likely Fano noise was estimated to be 151 eV FWHM at 5.9 keV. It should be noted
that measurements of the electron-hole pair creation energy and the Fano factor are
yet to be reported for AlgsyIngssP. Knowledge of w and F aze ir temperature
dependences is important because they in part determine mﬂy limited
spectral resolution of an X-ray detector. The electronic nois&%‘s of parallel white
33

noise, series white noise, 1/f noise and dielectric noi

he parallel white
noise takes into account the leakage currents of the.det or and input JFET of the
preamplifier, whilst the series white noise takes i accot)nt he capacitances of the
detector and input JFET of the preampliﬁer.Qﬁae par: white noise, series white
noise, 1/f noise were calculated for the d‘actors The series white noise
contribution was adjusted for induced i\c‘urre n01se [34]. Each noise contribution

was found to be similar for devices wi diameter, Fig. 7 shows the parallel

white noise, series white noise and I/fnoise alues as a function of reverse bias for

200 um diameter (a) and 400 um %;e@
0 (b)

~
o
Q
<
=
(@]
O
w2

o 15 B L e S

a0 I 200 pm dia LES oo

g i = 20 f ° -

= [ =

O 10 ®) -

.aé & ¥ % =7 f

z E 1 ZEuw

E 2 E o . f ‘s a

T; T; : 400 pm diameter devices

g g g SR iR S

S 5 . S 0 5 Rl 15
) verse Bias (V) Reverse Bias (V)

. 74 Equiyalent noise charge as a function of applied reverse bias at room
aturg’ using (a) 200 pm diameter Algs2Ing4sP device, D1, and (b) 400 pm
evice D3. In both graphs, the parallel white noise (red empty squares), the
series&white noise (blue empty circles) and the 1/f noise (green empty triangles)
ibutions are shown. Colour only available in the online version.

At every applied reverse bias, the parallel white noise values were very similar
between all the diodes under analysis; this was due to similar leakage currents
(maximum 0.3 pA at 15 V). In both the 400 um diameter devices the series white
noise and the 1/f noise values, instead, were bigger with respect to the 200 pum

diameter devices, resulting in FWHM broadening at 5.9 keV; this was due to the

10
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higher device capacitance. Charge trapping noise is due to incomplete charge
collection. The combined contribution of the dielectric noise and charge trapping
noise at 5.9 keV was calculated by subtracting in quadrature the Fano noise, parallel
white noise, series white noise and 1/f noise contributions at 5.9 keV from the
measured FWHM at 5.9 keV. The computed combined dielectri(7nd trapping noise

contributions at 5.9 keV are reported in Fig. 8.

Equivalent Noise Charge
(e” rms)
2

‘\}N se Bias (V)
Fig. 8. Equivalent noise charge T*:%e ectric and trapping noise contribution at
5.9keV as a function of applied ‘we¥erse bias at room temperature. Empty circles
(blue) and empty triangles (ﬁm o the calculated dielectric and trapping noise at
5.9 keV on the two 2Q0«um“diameter devices, D1 and D2 respectively; empty
rhombuses (green) andde}ls%‘ ares (black) refer to the calculated dielectric and

trapping noise at 5.9 keV the two 400 pm diameter devices, D3 and D4
respectively. Cololir onlysavailable in the online version.

For all the otogjode nalysed, the dielectric and trapping noise contribution at
5.9 keV iyégger 0 Jf than at higher voltages. This is due to the great trapping noise
at 0V A.}inc sed reverse bias, the charge transport improved resulting in less

1se. Since the dielectric noise is expected to be independent of reverse bias

tion in equivalent noise charge (ENC) shown in Fig. 8 can be attributed
to'reduetions in charge trapping noise as a consequence of improved charge transport

t hig‘er electric fields. For the 200 pm and 400 pm diameter diodes, when the

Iﬁ)verse bias was increased from 10 V to 15 V., the charge trapping noise reduced by

8 ¢ rms ENC and 34 ¢ rms ENC, respectively. These contributions were small

compared with the other noise sources.

At room temperature, the spectral resolutions at 5.9 keV reported here for Alg sxIng 43P

11
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photodiodes is worse than the spectral resolutions at 5.9 keV observed by Bertuccio et
al. [3] for SiC detectors (196 eV) and Owens et al. [7] for GaAs detectors (266 eV),
largely this can be attributed to the lower electronic noise associated with their
device’ readout electronics and also the extremely high quality materials used. In the
presently reported AlgsxIng4sP study, device readout electronics similar to Lioliou et
al. [2] and Barnett et al. [8] were used. The energy resolutiorzm ieved with the
present AlgsaIng4gP detectors are slightly poorer than tho@ith GaAs
(750 eV) by Lioliou et al. [2] but better than those reportedsywith AlysGagorAs
(1.07 eV) by Barnett et al. for AlysGag,As [8]. Algsal 0.4§l)dete rs are performing
'shteresting since the
optimum bandgap for the room temperature oper: [35, 36]) is closer to
the AlypsGag,As bandgap (2.09 eV) than that@lo.sz 43P (2.31 eV). This may be
an indication of a lower than expecte%(?rill)ole pair creation energy in

Al s2Ing 43P or smaller charge trapping noiges in Al s»Ing 4gP.

I1I. CONCLUSION ‘\S\

In this paper, results characterisin totype non-avalanche AlgsyIng4sP p -i-n” mesa
X-ray photodiodes wer &\‘Qt as detectors for X-ray photon counting
spectroscopy at room t% using an “°Fe radioisotope X-ray source. Initial

dark current and ¢

better than AlygGagAs detectors at room temper:

pacitance measurements as functions of applied reverse bias are

reported for 400 pmdiameter and 200 um diameter devices. Dark current densities <
3 nA/cm’ wefe obsérved'at 30 V for all the Alp.s2Ing 43P devices. At 0 V, capacitances
of 6.5 pF‘Zc 1.7 {vere observed for the 400 um diameter and 200 pm diameter

, T . ®Fe X-ray spectra were collected using the devices. The results

t the best energy resolution at 5.9 keV, 930 eV FWHM, was achieved at a
re sé biz}} of 15V for the 200 um diameter devices. The FWHM at 5.9 keV was 1.2
—

keV

S‘r oth the 400 um diameter Algs)Ing4gP devices under the same conditions.
ste

noise analyses showed that the series white and the 1/f noises were bigger in
tf)e 400 um diameter devices with respect to the 200 pum diameter devices, this was

ue to the higher capacitance. The parallel white noise was also computed and it was
similar between all the diodes under analysis; this was due to similar leakage currents.
The main source of noise limiting the energy resolution of the reported system was

the combined contribution of the dielectric noise and charge trapping noise. At

12
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reverse biases > 0 V, the charge transport improved resulting in less trapping noise

and corresponding better energy resolution.
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