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 7 

A prototype In0.53Ga0.47As p+-i-n+ X-ray photodiode, fabricated from material grown by metalorganic vapour 8 

phase epitaxy, was investigated as a novel detector of X-rays.  The detector was connected to a custom low-noise 9 

charge sensitive preamplifier and standard readout electronics to produce an X-ray spectrometer.  The detector 10 

and preamplifier were operated at a temperature of 233 K (-40 °C).  An energy resolution of 1.18 keV ± 0.06 keV 11 

Full Width at Half Maximum at 5.9 keV was achieved.  This is the first time InGaAs (GaInAs) has been shown 12 

to be capable of spectroscopic photon counting X-ray detection. 13 

 14 
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 17 

The compound semiconductor InxGa1-xAs has found utility across a wide number of applications; including, but 18 

not limited to, laser diodes [1][2][3], single photon avalanche detectors [4][5], eye-safe 3-D laser scanning (Lidar) 19 

[6][7][8], and transistors [9][10].  However, to date, there has been no report of the suitability of InxGa1-xAs 20 

photodiodes as detectors for X-ray (or γ-ray) photon counting spectroscopy. 21 

 22 

At present, in environments where low temperature (< 300 K) operation is possible, Ge (bandgap, Eg, = 0.66 eV 23 

at 300 K [11]) and Si (Eg = 1.12 at 300 K [12]) X-ray detectors are commonplace [13].  Detectors of both materials 24 

can provide good Fano-limited energy resolutions (101 eV [14] and 120 eV [15] full width at half maximum, 25 

FWHM, at 5.9 keV), but Ge has better (larger) linear X-ray absorption coefficients (841 cm-1 cf. 356 cm-1 at 26 

5.9 keV [16]).  Consideration of alternative detector materials, with possibly even better properties, is also 27 

interesting.  In this letter, an In0.53Ga0.47As (Eg = 0.75 eV at 300 K [17]) photodiode is demonstrated to be capable 28 

of spectroscopic X-ray detection for the first time.  The immediate attraction of the material is that its linear X-ray 29 

absorption coefficients are better than those of both Ge and Si (e.g. 1530 cm-1 for In0.53Ga0.47As at 5.9 keV [16]).  30 

Another favourable indication for In0.53Ga0.47As is that devices made from the material have been reported with 31 

very small leakage currents (≈ 10-14 A) [18]; this is important because leakage currents in part control the parallel 32 

white noise of X-ray spectrometers and therefore play a key role in setting the energy resolution achievable in 33 

such spectrometers [19].   34 

 35 

An In0.53Ga0.47As p+-i-n+ structure (see Table 1) was grown by metalorganic vapour phase epitaxy on an (100) InP 36 

n+ substrate.  Circular mesa photodiodes (200 µm diameter) were fabricated by a two-step wet etching in 1:1:1 37 

HBr:K2Cr2O7:CH3CO2H and 1:8:80 H2SO4:H2O2:H2O solutions.  A quasi-annular top metal contact (200 nm Au, 38 

20 nm Ti; covering 45% of the diode’s face) was evaporated onto the p+ side of each mesa structure.  A rear planar 39 

metal contact (200 nm Au, 20 nm InGe) was evaporated onto the rear of the substrate.  A randomly selected 40 

photodiode was packaged in a TO-5 can and gold ball-wedge wirebonded.   41 

 42 
Table 1. Layer details of the In0.53Ga0.47As p+-i-n+ structure from which the device was fabricated. 43 

Material Dopant Dopant type Thickness (nm) Doping density (cm-3) 

InP Zn p+ 10 1×1019 

In0.53Ga0.47As Zn p+ 200 2×1018 

In0.53Ga0.47As   5000 Undoped 

In0.53Ga0.47As Si n+ 100 2×1018 

InP Si n+ 200 2×1018 

InP n+ substrate Si    

 44 

The packaged detector was connected to a custom-made feedback resistorless charge-sensitive preamplifier 45 

(similar to ref. [20]) and standard onwards readout electronics as per ref. [21].  The detector and preamplifier were 46 

installed within a TAS Micro MT environmental chamber, which was continually purged with dry N2 [22].  An 47 
55Fe radioisotope X-ray (Mn Kα = 5.9 keV; Mn Kβ = 6.49 keV) source (activity ≈ 164 MBq) was placed atop the 48 

In0.53Ga0.47As X-ray photodiode with ≈ 4 mm between the source and photodiode.  A thermocouple was positioned 49 

appropriately in order to monitor the temperature of the detector and preamplifier.  The internal temperature of 50 

the environmental chamber was reduced to 233 K (-40 °C).  The remaining electronics chain was kept at room 51 
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temperature.  Once the detector, preamplifier, and chamber atmosphere had reached thermal equilibrium at 233 K, 52 

measurements were started. 53 

 54 
55Fe X-ray spectra were acquired with the In0.53Ga0.47As X-ray photodiode operated at applied reverse biases, VAR, 55 

of 0 V, 0.1 V, 1 V, and 5 V; the spectra accumulated can be seen in Fig. 1.  A shaping time, τ, of 0.5 µs (the 56 

shortest available on the Ortec 572A shaping amplifier and that which gave the best energy resolution of those 57 

available) and a live time limit of 200 s were set for each accumulation.  A defined photopeak, the combination 58 

of the detected Mn Kα (5.9 keV) and Mn Kβ (6.49 keV) X-rays emitted from the 55Fe radioisotope X-ray source, 59 

was detected at all investigated applied biases, as shown in Fig. 1.  Since: a) the emission characteristics of 55Fe 60 

were well known [23] and the details of the material’s encapsulation into the laboratory source were understood; 61 

b) the X-ray linear absorption and attenuation coefficients of In0.53Ga0.47As were readily calculable [24]; and c) 62 

the detector’s structure was known a priori, it was possible to deconvolve the detected peak into the respective 63 

Mn Kα and Mn Kβ contributions in order to establish the FWHM at 5.9 keV.  To do this, two Gaussians (one each 64 

for the Mn Kα and Mn Kβ contributions respectively, and taking into account the considerations above) were 65 

computed, where the summation of the two Gaussians fitted the measured photopeak.  In each spectrum, the peak 66 

centre of the single detected photopeak, which was the combination of the unresolved Mn Kα and Mn Kβ 67 

photopeaks, was 5.94 keV ± 0.02 keV.  The measured FWHM of the Mn Kα (5.9 keV) peak (FWHM at 5.9 keV) 68 

increased (degraded) as a function of increased applied detector reverse bias, from 1.18 keV ± 0.06 keV at 0 V to 69 

1.49 keV ± 0.06 keV at 5 V.  Detector self-fluorescence of the In L shell (Lα1 = 3.29 keV, Lα2 = 3.28 keV, Lβ1 = 70 

3.49 keV, Lβ2 = 3.71 keV, Lγ1 = 3.92 keV) caused the increased number of counts apparent in the spectra around 71 

those energies.  Partial collection of charge created in the non-active regions of the detector gave rise to the rest 72 

of the low energy tailing [25].  Whilst most of the zero energy noise peak was eliminated by setting a low energy 73 

discriminator threshold after establishing the zero energy peak’s position on the multi-channel analyser, a small 74 

portion of it can still be seen in each spectrum. 75 

 76 

 77 
Fig. 1. 55Fe X-ray spectra accumulated with the In0.53Ga0.47As p+-i-n+ X-ray photodiode based spectrometer operated at a 78 
temperature of 233 K (-40 °C) and a shaping time of 0.5 µs, with the detector at applied reverse biases, VAR, of: a) 0 V; b) 0.1 V; 79 
c) 1 V; and d) 5 V (black lines).  The fitted peaks of Mn Kα (5.9 keV, blue dashed lines) and Mn Kβ (6.49 keV, red dashed 80 
lines), together with the combination of those peaks (purple solid lines), are also shown.  The Mn Kα and Mn Kβ peaks were 81 
not resolved individually and so form a combined peak in the detected spectra.  The spectra were normalised into counts per 82 
keV in order to account for the differing multi-channel analyser channel widths of each spectrum. 83 
 84 

The leakage current and capacitance of the detector itself (i.e. with packaging effects subtracted) were measured 85 

at the same temperature at which spectra were accumulated using a Keithley 6487 picoammeter and an HP 4275A 86 

LCR meter (1 MHz frequency; 50 mV rms signal magnitude), respectively.  The results are summarised in Table 2, 87 
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along with the implied depletion width of the detector (calculated assuming a parallel plate capacitance [22]).  The 88 

package itself contributed an additional 0.79 pF ± 0.01 pF of capacitance.  The package leakage current was found 89 

to be negligible (≤ 0.02 pA) and fell well within the measurement uncertainty (± 0.4 pA) of the total leakage 90 

current.  The calculated depletion widths and the impact ionisation coefficients of In0.53Ga0.47As [26] indicated 91 

that the detector was operating in non-avalanche mode across the reverse bias range employed. 92 

 93 
Table 2. Measured leakage current, capacitance, and depletion width of the In0.53Ga0.47As p+-i-n+ X-ray photodiode at 233 K 94 
(-40 °C). 95 

Applied reverse 

bias (V) 

Detector current 

(pA) 

Detector 

capacitance (pF) 

Depletion 

width (µm) 

0 4.9 ± 0.4 1.77 ± 0.02 2.19 ± 0.04 

1 255 ± 1 1.43 ± 0.02 2.70 ± 0.04 

2 344 ± 1 1.38 ± 0.02 2.81 ± 0.04 

3 391 ± 2 1.32 ± 0.02 2.88 ± 0.04 

4 420 ± 2 1.26 ± 0.02 2.95 ± 0.04 

5 441 ± 2 1.09 ± 0.02 3.07 ± 0.04 

 96 

 97 

The energy resolution (FWHM) of a non-avalanche semiconductor photodiode X-ray spectrometer is given by 98 

 99 

𝐹𝑊𝐻𝑀 [eV] = 𝜔 (
8 ln(2) 𝐹𝐸

𝜔
+ 𝑅2 + 𝐴2)

0.5

,      (1) 100 

  101 

where ω is the electron-hole pair creation energy, F is the Fano factor of the material, E is the incident photon 102 

energy, R is the total electronic noise of the spectrometer (the quadratic sum of all series white, parallel white, 1/f, 103 

dielectric, and induced gate drain current noises), and A is any incomplete charge collection noise arising from 104 

the detector.  When R and A are zero, eq. 1 reduces to the Fano limit of the energy resolution for a given material.  105 

Whilst F and ω have yet to be measured and reported for In0.53Ga0.47As, it is informative to make cautious 106 

estimations of these parameters in the context of considering the noise sources contributing to the overall achieved 107 

energy resolutions reported in Fig. 1.   108 

 109 

Considering the ternary nature of the detector material and the high atomic numbers of its constituent elements, 110 

the Fano factor of In0.53Ga0.47As is likely to be larger than those of Si and Ge; thus a highly cautious value of 0.14 111 

is assumed for the purposes of the estimation.  The relationship between Eg and ω is still a topic of investigation 112 

[27], but for present purposes, an estimate of ω = 3.05 eV ± 0.13 eV may be made for In0.53Ga0.47As at 300 K, 113 

given Eg = 0.75 eV at 300 K [17] and use of the Bertuccio-Maiocchi-Barnett (BMB) relationship [27].  Thus a 114 

Fano limit of 118 eV ± 6 eV FWHM at 5.9 keV may be estimated for In0.53Ga0.47As at 300 K which is comparable 115 

to those of Ge and Si.   116 

 117 

Given the leakage current and capacitance of the detector and its packaging, and a priori knowledge of the custom 118 

preamplifier, approximations of at least some of the white parallel, white series (including induced gate drain 119 

current noise), 1/f, and dielectric noise contributions from the preamplifier and the detector itself, could be 120 

calculated as per refs [28][29][30].  The calculated white parallel noise included the leakage current associated 121 

with the detector, the detector packaging, and the gate leakage current of the input JFET which was estimated to 122 

be 1 pA [31].  The calculated white series noise included the capacitance associated with the detector, the detector 123 

packaging, and the input JFET capacitance which was estimated to be 2 pF [31].  The calculated dielectric noise 124 

included the detector dielectric contribution (assuming a dielectric dissipation factor of 0.001 for In0.53Ga0.47As), 125 

the detector packaging dielectric contribution (assuming a dielectric dissipation factor of 0.01), and the input JFET 126 

dielectric contribution (assuming a dielectric dissipation factor of 0.0008 [32]).  Fig. 2 presents those calculated 127 

noise contributions, as well as the estimated Fano limit (118 eV ± 6 eV at 5.9 keV at 300 K).  Although the 128 

temperature dependence of ω and F for In0.53Ga0.47As are unknown at present, the difference in the Fano-limited 129 

energy resolution between 300 K and 233 K is unlikely to be significant compared with the large non-Fano noises 130 

present in the reported system. 131 

 132 
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 133 
Fig. 2. Measured energy resolution in equivalent noise charge (purple × symbols) as a function of applied detector reverse 134 
bias, at a shaping time of 0.5 µs and with the system operated at a temperature of 233 K (-40 °C).  The calculated dielectric 135 
noise (green empty circles), calculated series white noise including induced gate drain current noise (red empty squares), 136 
estimated Fano noise (orange filled diamonds), calculated parallel white noise (blue empty triangles), and calculated 1/f noise 137 
(black filled circles) are also plotted.  The dashed and dotted lines are guides for the eyes only. 138 
 139 

The degradation in energy resolution (FWHM at 5.9 keV) of the spectrometer as a function of increased applied 140 

detector reverse bias (1.18 keV ± 0.06 keV at 0 V cf. 1.49 keV ± 0.06 keV at 5 V) was explained, in part, by the 141 

increase in calculated parallel white noise (contributing 41 eV ± 3 eV at 0 V cf. 360 eV ± 2 eV at 5 V).  However, 142 

it should be noted that the values calculated for the various noise components when combined in quadrature with 143 

the likely Fano noise did not amount to the entirety of the noise observed to be present in the system; the remaining 144 

noise contribution, calculated by subtracting in quadrature the calculated noise contributions (including the 145 

estimated Fano limit) from the measured energy resolution, remained significant, increasing from a contribution 146 

of 1.06 keV ± 0.07 keV at 0 V to 1.36 keV ± 0.07 keV at 5 V.  This remaining noise contribution included 147 

additional stray electronic noises, which remained unaccounted in the approximation employed to estimate the 148 

electronic noise contributions, likely originating from lossy dielectrics in proximity to the gate of the input JFET, 149 

as well as parasitic components of white parallel and stray white series noise arising within the system; incomplete 150 

charge collection noise may also have played a part. 151 

 152 

Since the depletion width of the In0.53Ga0.47As X-ray photodiode did not extend across the 5 µm i layer (see Table 153 

2) within the investigated applied reverse bias range, incomplete charge collection noise may have been present, 154 

particularly from the non-depleted region of the i layer, but this cannot be quantified from the present results.  In 155 

addition, the large leakage current of the In0.53Ga0.47As detector (e.g. 441 pA ± 5 pA at 5 V applied reverse bias) 156 

may have adjusted the operating bias condition of the preamplifier input JFET, which is in part set by the leakage 157 

current of the detector in feedback resistorless designs such as the one used here [20]; this may have increased the 158 

leakage current and consequently the parallel white noise contribution of the JFET.  Although the JFET leakage 159 

current was estimated to be 1 pA at the optimal operating bias condition (equivalent to 17 eV parallel white noise), 160 

this can increase to > 10 nA when it is operated in suboptimal bias conditions (equivalent to > 1.71 keV parallel 161 

white noise) [31].  The increase in noise brought by modification of the bias point of the JFET was included in 162 

the quantity of noise classified as stray, and likely explains, in part, the variation of the stay noise contribution 163 

with detector bias. 164 

 165 

In summary, InGaAs has been shown to be capable of photon counting X-ray spectroscopy for the first time.  An 166 

energy resolution of 1.18 keV ± 0.06 keV FWHM at 5.9 keV at a temperature of 233 K (-40 °C) was achieved 167 

using a prototype In0.53Ga0.47As p+-i-n+ photodiode coupled to a charge-sensitive preamplifier and standard 168 

onwards readout electronics.  Although the energy resolution achieved was modest compared to current gold-169 

standard cooled spectrometers using Ge or Si detectors, as well as other uncooled prototype detectors such as 170 

AlGaAs (630 eV FWHM at 5.9 keV at 20 °C [27]), CdZnTe (270 eV FWHM at 5.9 keV at room temperature 171 

[33]), GaAs (250 eV FWHM at 5.9 keV at -5 °C [34]), and InGaP (770 eV FWHM at 5.9 keV at 20 °C [35]), 172 

further development of InGaAs X-ray detectors is likely to improve the performance attainable.  In addition, recent 173 

work on superlattice structures [36][37][38] may help to improve the FWHM of future InGaAs X-ray detector 174 

designs.  This promise, together with the results already obtained, as well as the large X-ray absorption coefficients 175 

of InGaAs and the possibility of developing spectroscopic In0.53Ga0.47As-InP hetrojunction X-ray avalanche 176 

photodiodes, provides motivation for further work on X-ray detectors made from the material in future.  In order 177 

to inform future development of InGaAs X-ray spectrometers, investigation of their performance as a function of 178 

temperature and in response to illumination with different energy X-rays and γ-rays (e.g. those from 241Am and 179 
109Cd radioisotope X-ray/γ-ray sources) would be valuable.  180 
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