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ABSTRACT: The performance of Algs;Ing 43P avalanche photodiodes was assessed as soft X-ray
detectors at room temperature. The effect of the avalanche gain improved the energy resolution and
an energy resolution (FWHM) of 682 eV is reported for 5.9 keV X-rays.
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1. Introduction

Detectors without cryogenic cooling are desired in all application due to operational cost. Si based
detectors are widely used for X-ray spectroscopy but they have limitations that wide band gap de-
tectors are tackling. Wide band gap compound semiconductors can tolerate harsh environment,
particularly high temperature and radiation in some cases. Wide band gap compound semiconduc-
tors such as GaAs, SiC and AlGaAs have been investigated for room temperature X-ray detection
and comprehensive reviews can be found in [[ll, Bi]. Bertuccio et al. have reported SiC X-ray de-
tectors with sub-keV energy resolution operating in a wide temperature range [[] and some of the
best results were achieved with ultra-low noise electronics. SiC detectors with energy FWHM of
315 eV were demonstrated [[{], which were later improved to 113 eV [H].

Most of the III-V X-ray research detectors reported in literature are based on GaAs [J-[]].
GaAs offers lower leakage current than Ge for instance while providing a better absorption co-
efficient compared to Si. An energy resolution of 530 eV was reported by Yatsu et. al for a Si
reach-through Avalanche photodiode at room temperature [g].

The interaction of X-ray photons with a semiconductor detector leads to creation of charges
on the electrodes which then appear as current pulses at the detector terminal. For wide bandgap
semiconductors, the electron hole pair creation energy is relatively high, resulting into a small
amount of electron hole pairs for each absorbed X-ray photon [J]. The total charge created for
each absorbed photon can be low, making it challenging to measure. Ultra-low noise electronics,
usually a charge sensitive preamplifier, can be used to integrate and amplify the total created charge
into a voltage signal in X-ray spectroscopy. The noise performance of the electronics is however
improved at the expense of gain. Detecting X-ray less than 10 keV can still be challenging even
with low noise electronics as it can be difficult to resolve all the different detected energies or often
the detected energies peaks are too close to the noise floor to be resolved. In addition to using ultra-
low noise electronics, the internal gain of an Avalanche photodiode (APD) can be used to detect
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Figure 1. Details of the AlInP APD wafer

and to resolve the different energies peaks for low energy X-rays as the internal gain increases the
amount of charge created for each absorbed X-ray photon. The gain from an APD is the end result
of successive impact ionization events whereby an energetic electron (or a hole) gives up its energy
to create another electron and a hole. The combination of an APD and low noise electronics can,
in these cases, provide the gain and the noise performance desired to amplify and pull the detected
energies away from the noise floor, thus improving the signal-to-noise ratio.

Gomes et al. have reported a GaAs/Alg gGag 2 As Separate Absorption and Multiplication re-
gion Avalanche Photodiode (SAM-APD) with a resolution of 1.08 keV when exposed to >Fe
source [B]]. The effect of avalanche gain improved the resolution.

Alg 52Ing 48P is the widest band material that can be grown lattice-matched on a GaAs sub-
strate. Due to its wide bandgap, AlInP can offer reverse dark current of less than 2pA at gain of
100 for a 200um device, making it desirable for room temperature operation[[[(J]. This dark current
is limited by surface leakage. In this work, we reporta p* —i—p~ —n" AllnP APD coupled to an
in-house designed low noise charge sensitive amplifier and their characterisation for soft X-ray de-
tection at room temperature. The effects of avalanche gain on the energy resolution of the detected
X-ray peak and the noise of the system were experimentally obtained at room temperature.

2. APD Details

The APD used in this work were fabricated from a wafer which, whilst was intended to be a
pt
This resulted in the structure shown in figure [[l. The wafer was grown lattice-matched on a GaAs

—1i—p—1i—n" structure, actually transpired to have a non-uniform p~ doping in the 4th layer.

substrate by Metal Organic Vapour Phase Epitaxy. A highly doped thin 50 nm GaAs cap was grown
on the top of the p* AlInP cladding to ensure good ohmic contact. Standard photolithography pro-
cess and chemical wet-etched were used to fabricate circular mesa diodes with diameters ranging
from 50 to 400um. To ensure the incident X-ray photons are fully injected from the top AllnP
p* cladding layer only, the GaAs cap was etched off, with mesa walls being passivated by SU-8
photoresist. Au/Zn/Au annular contacts were deposited on the top GaAs p™ layer of the diode to
form ohmic p™ contact and the n* contacts were formed by using In/Ge/Au on the substrate. Metal
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Figure 2. Photograph of one of the 200 um diameter APDs with bond pad at the top

mask was deposited on the SU-8 to minimise absorption on the mesa side-wall and the bottom n
layer. One of the fabricated APDs is shown in figure [J.

Capacitance-Voltage (C-V) measurement was performed on a 200um diameter device, shown
in figure B. The minimum voltage required to fully deplete the APD (punch-through voltage) is
indicated by the sudden decrease in capacitance at ~41V. Between 0 and 41 V, the depletion
region exists in the bottom n* — p~ junction only. Information of the doping density and thickness
of the avalanche region can therefore be deduced from the slope of d(1/C?)/dV and the values of
C, respectively [[[T]]. Beyond this voltage range, the device ’punches-through’ with the depletion
reaching the top p™ contact layer. The final capacitance of ~ 4pF allows the total depletion width of
the i region and the avalanche region (1.5um) to be estimated.The doping density and thickness of
the avalanche region were estimated to be 5.4 x 10'%cm=> and 1.0um respectively. The thickness
and doping density of the i region was estimated to be 0.5um and 1.5 x 10"cm =3 respectively.

A breakdown voltage of 72 V was obtained in the dark reverse current-voltage (I-V) measure-
ment as illustrated in figure B. The measured dark current is mainly dominated by surface leakage
current prior to avalanche breakdown.

3. X-ray measurements

3.1 Experiment and method

The 200um diameter APDs were packaged into TO-5 headers using a gold wire bonder to facilitate
X-ray measurements. The TO-5 headers were housed with, and connected to, an in-house low
noise charge sensitive amplifier (CSA). The CSA, powered with a +15V linear power supply,
consists of a silicon JFET front-end with an input capacitance of 10 pF followed by a folded cascode
configuration. The CSA uses the gate-to-source path of the input JFET to discharge the feedback
capacitor, a technique first published by Bertuccio et al. [[J]. The CSA’s equivalent noise charge
is 67 electrons RMS without a detector at the input. The CSA output was connected to an Ortec
570 shaping amplifier (SA) with a shaping time of 0.5us. The shaping time of 0.5us was found
to achieve the lowest noise in the measurement. The shaping amplifier also provided some voltage
gain to the signal from the CSA. The amplified signal was then digitized with an Ortec EasyMCA-
8k multichannel analyzer (MCA) interfaced to a computer yielding pulse height spectra.
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diameter APD

The reverse bias for the APD was applied with a Keithley 2400 Source-Measure unit through
a a biasing resistor of 330MQ and a high voltage 10nF capacitor to ground. A 55 MBq > Fe
radioisotope source with characteristic Mn K and Kg peaks at 5.9 and 6.49 keV respectively was
placed 1 cm away from the APD. Pulse height spectra for different reverse bias voltages were
collected at room temperature. For each set of bias voltage, the spectra was collected for a duration
of 60 minutes.

3.2 X-ray spectra

Figure f (a) and fl] (b) shows the spectra for reverse bias voltage ranging from 15 to 45 V and 45 to
69 V, respectively. Increasing the reverse bias voltage causes the 5.9 keV peak to move away from
the noise floor and hence improving the signal-to-noise ratio. The shift of the 5.9 keV peak can
be observed more easily in Figure fl, which plots peak position versus reverse bias voltage. The
slope of the curve changes gradually with reverse bias voltage, from even the smallest voltage of
the data range because of increase in depletion region. For this type of p™ —i—p~ —n™ structure,
at low bias voltage, it is not possible to determine whether the shift of the >Fe spectral line is due
to avalanche gain, M, or increase in carrier collection efficiency.

The higher number of counts registered at bias voltage of 45V indicates that the APD is op-
erating after punch-through (~ 41V), when the depletion region has widened to include both the
0.5um i-layer and the 1um avalanche region and this increases the charge collection efficiency.
Although the increased reverse bias increases M, it also increases the APD leakage current which
can in some cases has a detrimental effect on the noise performance.

The Full Width Half Maximum (FWHM) energy resolution of a semiconductor X-ray APD
can be expressed as a semi empirical expression from the equations presented in [[[3, [[4], given by:
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(2.36e)* (f+F—1)E

. + (FWHMpgy)? (3.1

(FWHM,p101)* =

where f is the Fano factor [[[3], € is the electron-hole pair creation energy, E is the energy of the
incident X-ray, F is the excess noise factor that characterises the gain fluctuation in the APD and
FWHMFEy accounts for the noise due to the pre-amplifier, detector’s leakage current, capacitance
and the signal processing.

The total FWHM is usually degraded by FWHMEgy and the effect of gain distribution of the
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(F-

APD if the absorbed photons obey Poissonian statistics (represented by

(F-1)E
t

from equation

). For most modern semiconductor crystals, is small compared to FWHMEgy [H] and

(F-1)E

From figure [3, it can be observed that the leakage current of the detector is in the region of 40

when and FWHMgEgy are negligible, the spectral resolution is said to be Fano limited.
pA before breakdown and this is smaller than other research III-V devices presented in literature
[TG—-[MY]. Thus the contribution of the leakage current of the detector to the term FWHMpgy is
expected to be small. The contribution of the electronics to the term FWHMfEgy can be reduced
with careful circuit design and a comprehensive analysis of the noise contributions in spectroscopy
preamplifiers can be found in [Z{].

The FWHM of the 5.9 keV energy peak in the collected spectra, with the APD exposed to the
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3Fe, is used to quantify the energy resolution of the detector spectroscopy system. The channel
number information from raw X-ray spectra was converted into energy by using the noise peak
and the detected 5.9 keV X-ray peak as references. A Gaussian fitting was then used on 5.9 keV
peak in order to determine the FWHM as shown in figure §. The counts for the energy peak was
normalised to facilitate its Gaussian fitting. Secondary peaks is also observed at that bias and their
origin is discussed in the next section. Figure [] shows the experimental FWHM as a function of
reverse bias voltage for the collected spectra. The FWHM decreases with increasing reverse bias
voltage up to 65 V whereby increasing the bias voltage beyond, leads to an increase of leakage
current and hence contributes to an increase in the FWHM.

The noise performance of the system used in this work was assessed using the setup illustrated
in figure fl. A pulse generator together with a test capacitor C;.; Was used to simulate charges at
the input of the CSA. The pulser line was acquired after the MCA was calibrated using the >Fe 5.9
keV line obtained for a given bias voltage. The FWHM of the peak produced by the pulse generator
was measured to determine the noise contribution of the APD and the electronics, excluding the
noise contribution due to fluctuation of the charge generated by absorbed photons since the APD
is not exposed to the > Fe source under those measurements. The measured pulser line FWHM,
which includes contribution from the APD leakage current, the CSA, SA and any stray capacitances
between the diode and the CSA input, versus bias is presented in figure [].

The best FWHM from the 5.9 keV X-ray detection was 682 eV at 65V, presented in figure .
A Gaussian fitting with a standard deviation, &, of 0.29 is shown.

4. Discussion

The APD internal gain can help to pull the signal away from the electronic noise floor level allow-
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ing improvement in the measured FWHM energy resolution. Carriers created by absorbed X-ray
photons experience avalanche gain, improving the overall signal-to-noise ratio of the system.

Linear absorption coefficient, calculated using data from [P]]] (weighted average of linear ab-
sorption coefficients for each element), was used to define the X-ray photon absorption profile
within the device. The absorption of 6 keV X-ray for a total device thickness of 2.8 um was calcu-
lated and it was estimated that 32% of the incident X-ray photons will be absorbed.

When an X-ray photon is absorbed in the diode, a number of electron-hole pairs, dependant
on the initial energy of the absorbed photon, are created. The position at which the electron-hole
pair is created and the electron (o) and hole () ionisation coefficients determines the avalanche
multiplication factor M. Photons absorbed in the low field i layer will lead to pure electron initiated
multiplication, M,. For photons absorbed in the n™ layer, pure hole initiated multiplication, M,
will occur. Photons absorbed within the p~ (avalanche) region will produce mixed injection. If
o is greater than f3, electron initiated multiplication will lead to a higher gain than hole initiated
multiplication. Hence, holes in the n™ layer that do undergo impact ionisation, will experience a
lower avalanche gain. This will result in two peaks in the spectrum, which moves up the MCA
channel number at a different rate with increasing reverse bias.

For bias voltage greater than 50V, a secondary peak is observed in the lower channel numbers.
This peak is attributed to X-ray photons that are absorbed in the n™ cladding or the substrate. Such
photons will experience the lower avalanche gain of M}, instead of the higher gain of M, (the main
peak). As the n™ layer is much thinner than the combined thickness of all the layer above it, fewer
electron-hole pairs will be created in that layer making the secondary peak smaller in magnitude
compared to the primary peak. As the reverse bias increases, the seperation between the two peaks
is seen to increase as illustrated in figure [, because of the increasing difference between the pure
electron and pure hole multiplication factors. The relative height of the secondary peak can be
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reduced by increasing the thickness of the i layer, which will also reduce the device capacitance.
Dependence of avalanche gain on the carrier injection position for X-ray detectors was clearly
illustrated in [P7], which pointed out that the secondary peaks are present if electrons and holes
have unequal impact ionisation coefficient. The origins of secondary peak for X-ray detectors were
also illustrated in [B] for AlGaAs devices.

5. Conclusion

Alp 52Ing 43P APDs were demonstrated as soft X-ray photon detector at room temperature. The
avalanche gain was shown to move the energy peak away from the noise floor and hence provided
higher energy resolution. The best energy resolution (FWHM) of 682 eV was achieved for the
5.9 keV peak. A thicker absorber region would not only reduce the significance of the unwanted
secondary peaks in the low channel numbers but also leads to higher detection efficiency.
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