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Abstract

Aprototype In0.53Ga0.47As p
+-i-n+ x-ray photodiode, fabricated frommaterial grown bymetalor-

ganic vapour phase epitaxy, was investigated as a novel detector of x-rays. The detector was connected

to a custom low-noise charge sensitive preamplifier and standard readout electronics to produce an

x-ray spectrometer. The detector and preamplifier were operated at a temperature of 233 K (−40 °C).

An energy resolution of 1.18 keV±0.06 keV FullWidth atHalfMaximumat 5.9 keVwas achieved.

This is thefirst time InGaAs (GaInAs)has been shown to be capable of spectroscopic photon counting

x-ray detection.

The compound semiconductor InxGa1−xAs has found utility across awide number of applications; including,

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

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

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

At present, in environments where low temperature (< 300 K) operation is possible, Ge (bandgap,

Eg=0.66 eV at 300 K [11]) and Si (Eg=1.12 at 300 K [12]) x-ray detectors are commonplace [13]. Detectors of

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

maximum, FWHM, at 5.9 keV), but Ge has better (larger) linear x-ray absorption coefficients (841 cm−1 cf

356 cm−1 at 5.9 keV [16]). Consideration of alternative detectormaterials, with possibly even better properties,

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

capable of spectroscopic x-ray detection for the first time. The immediate attraction of thematerial is that its

linear x-ray absorption coefficients are better than those of bothGe and Si (e.g. 1530 cm−1 for In0.53Ga0.47As at

5.9 keV [16]). Another favourable indication for In0.53Ga0.47As is that devicesmade from thematerial have been

reportedwith very small leakage currents (≈ 10−14A) [18]; this is important because leakage currents in part

control the parallel white noise of x-ray spectrometers and therefore play a key role in setting the energy

resolution achievable in such spectrometers [19].

An In0.53Ga0.47As p
+-i-n+ structure (see table 1)was grownbymetalorganic vapour phase epitaxy on an

(100) InP n+ substrate. Circularmesa photodiodes (200 μmdiameter)were fabricated by a two-stepwet etching

in 1:1:1HBr:K2Cr2O7:CH3CO2Hand 1:8:80H2SO4:H2O2:H2Osolutions. A quasi-annular topmetal contact

(200 nmAu, 20 nmTi; covering 45%of the diode’s face)was evaporated onto the p+ side of eachmesa structure.

A rear planarmetal contact (200 nmAu, 20 nm InGe)was evaporated onto the rear of the substrate. A randomly

selected photodiodewas packaged in a TO-5 can and gold ball-wedgewirebonded.

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

(similar to [20]) and standard onwards readout electronics as per [21]. The detector and preamplifierwere

installedwithin a TASMicroMT environmental chamber, whichwas continually purgedwith dryN2 [22]. An
55Fe radioisotope x-ray (MnKα=5.9 keV;MnKβ=6.49 keV) source (activity≈164MBq)was placed atop

the In0.53Ga0.47As x-ray photodiodewith≈4 mmbetween the source and photodiode. A thermocouple was

positioned appropriately in order tomonitor the temperature of the detector and preamplifier. The internal

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

equilibrium at 233 K,measurements were started.
55Fe x-ray spectrawere acquiredwith the In0.53Ga0.47Asx-ray photodiodeoperated at applied reverse biases,

VAR, of 0 V, 0.1 V, 1 V, and5 V; the spectra accumulated can be seen infigure 1. A shaping time,τ, of 0.5 μs (the

shortest available on theOrtec 572 A shaping amplifier and thatwhich gave the best energy resolution of those

available) and a live time limit of 200 swere set for each accumulation. Adefinedphotopeak, the combinationof

thedetectedMnKα (5.9 keV) andMnKβ (6.49 keV) x-rays emitted from the 55Fe radioisotope x-ray source, was

detected at all investigated appliedbiases, as shown infigure 1. Since: (a) the emission characteristics of 55Fewere

well known [23] and thedetails of thematerial’s encapsulation into the laboratory sourcewere understood;

(b) the x-ray linear absorption and attenuation coefficients of In0.53Ga0.47Aswere readily calculable [24]; and (c) the

detector’s structurewas knowna priori, it was possible to deconvolve the detected peak into the respectiveMnKα

andMnKβ contributions inorder to establish theFWHM at 5.9 keV. Todo this, twoGaussians (one each for the

MnKα andMnKβ contributions respectively, and taking into account the considerations above)were computed,

where the summationof the twoGaussiansfitted themeasuredphotopeak. In each spectrum, the peak centre of

the single detected photopeak,whichwas the combinationof theunresolvedMnKα andMnKβphotopeaks,was

5.94 keV±0.02 keV. ThemeasuredFWHMof theMnKα (5.9 keV)peak (FWHM at 5.9 keV) increased

(degraded) as a function of increased applied detector reverse bias, from1.18 keV±0.06 keV at 0 V to

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

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

Figure 1. 55Fe x-ray spectra accumulatedwith the In0.53Ga0.47As p
+-i-n+ x-ray photodiode based spectrometer operated at a

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;
(c) 1 V; and (d) 5 V (black lines). The fitted peaks ofMnKα (5.9 keV, blue dashed lines) andMnKβ (6.49 keV, red dashed lines),
together with the combination of those peaks (purple solid lines), are also shown. TheMnKα andMnKβ peakswere not resolved
individually and so form a combined peak in the detected spectra. The spectrawere normalised into counts per keV in order to
account for the differingmulti-channel analyser channel widths of each spectrum.
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1.49 keV±0.06 keV at 5 V.Detector self-fluorescenceof the InL shell (Lα1=3.29 keV, Lα2=3.28 keV,
Lβ1=3.49 keV, Lβ2=3.71 keV, Lγ1=3.92 keV) caused the increased number of counts apparent in the spectra

around those energies. Partial collection of charge created in thenon-active regions of thedetector gave rise to the

rest of the low energy tailing [25].Whilstmost of the zero energynoise peakwas eliminatedby setting a low energy

discriminator threshold after establishing the zero energypeak’s position on themulti-channel analyser, a small

portion of it can still be seen in each spectrum.

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

measured at the same temperature at which spectra were accumulated using aKeithley 6487 picoammeter and

anHP 4275 ALCRmeter (1MHz frequency; 50 mV rms signalmagnitude), respectively. The results are

summarised in table 2, alongwith the implied depletionwidth of the detector (calculated assuming a parallel

plate capacitance [22]). The package itself contributed an additional 0.79 pF±0.01 pF of capacitance. The

package leakage current was found to be negligible (�0.02 pA) and fell well within themeasurement uncertainty

(± 0.4 pA) of the total leakage current. The calculated depletionwidths and the impact ionisation coefficients of

In0.53Ga0.47As [26] indicated that the detector was operating in non-avalanchemode across the reverse bias

range employed.

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

by

w
w

= + +FWHM
FE

R AeV
8 ln 2

, 12 2

0.5

⎜ ⎟
⎛

⎝

⎞

⎠
[ ]
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whereω is the electron-hole pair creation energy, F is the Fano factor of thematerial, E is the incident photon

energy,R is the total electronic noise of the spectrometer (the quadratic sumof all series white, parallel white,

1/f, dielectric, and induced gate drain current noises), andA is any incomplete charge collection noise arising

from the detector.WhenR andA are zero, equation (1) reduces to the Fano limit of the energy resolution for a

givenmaterial.Whilst F andω have yet to bemeasured and reported for In0.53Ga0.47As, it is informative tomake

cautious estimations of these parameters in the context of considering the noise sources contributing to the

overall achieved energy resolutions reported infigure 1.

Considering the ternary nature of the detectormaterial and the high atomic numbers of its constituent

elements, the Fano factor of In0.53Ga0.47As is likely to be larger than those of Si andGe; thus a highly cautious

value of 0.14 is assumed for the purposes of the estimation. The relationship between Eg andω is still a topic of

investigation [27], but for present purposes, an estimate ofω=3.05 eV±0.13 eVmay bemade for

In0.53Ga0.47As at 300 K, given Eg=0.75 eV at 300 K [17] and use of the Bertuccio-Maiocchi-Barnett (BMB)

relationship [27]. Thus a Fano limit of 118 eV±6 eV FWHM at 5.9 keVmay be estimated for In0.53Ga0.47As at

300 Kwhich is comparable to those ofGe and Si.

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

custompreamplifier, approximations of at least some of thewhite parallel, white series (including induced gate

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

be calculated as per [28–30]. The calculatedwhite parallel noise included the leakage current associatedwith the

detector, the detector packaging, and the gate leakage current of the input JFETwhichwas estimated to be 1 pA

[31]. The calculatedwhite series noise included the capacitance associatedwith the detector, the detector

packaging, and the input JFET capacitancewhichwas estimated to be 2 pF [31]. The calculated dielectric noise

included the detector dielectric contribution (assuming a dielectric dissipation factor of 0.001 for

In0.53Ga0.47As), the detector packaging dielectric contribution (assuming a dielectric dissipation factor of 0.01),

and the input JFET dielectric contribution (assuming a dielectric dissipation factor of 0.0008 [32]). Figure 2

presents those calculated noise contributions, as well as the estimated Fano limit (118 eV±6 eV at 5.9 keV at

300 K). Although the temperature dependence ofω and F for In0.53Ga0.47As are unknown at present, the

Table 2.Measured leakage current, capacitance, and depletionwidth of the
In0.53Ga0.47As p

+-i-n+ x-ray photodiode at 233 K (−40 °C).

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
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difference in the Fano-limited energy resolution between 300 K and 233 K is unlikely to be significant compared

with the large non-Fano noises present in the reported system.

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

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

However, it should be noted that the values calculated for the various noise components when combined in

quadraturewith the likely Fano noise did not amount to the entirety of the noise observed to be present in the

system; the remaining noise contribution, calculated by subtracting in quadrature the calculated noise

contributions (including the estimated Fano limit) from themeasured energy resolution, remained significant,

increasing from a contribution 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 additional stray electronic noises, which remained unaccounted in the

approximation employed to estimate the electronic noise contributions, likely originating from lossy dielectrics

in proximity to the gate of the input JFET, as well as parasitic components of white parallel and stray white series

noise arisingwithin the system; incomplete charge collection noisemay also have played a part.

Since the depletionwidth of the In0.53Ga0.47As x-ray photodiode did not extend across the 5 μm i layer (see

table 2)within the investigated applied reverse bias range, incomplete charge collection noisemay have been

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

results. In addition, the large leakage current of the In0.53Ga0.47As detector (e.g. 441 pA±5 pA at 5 V applied

reverse bias)may have adjusted the operating bias condition of the preamplifier input JFET, which is in part set

by the leakage current of the detector in feedback resistorless designs such as the one used here [20]; thismay

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

the JFET leakage current was estimated to be 1 pA at the optimal operating bias condition (equivalent to 17 eV

parallel white noise), this can increase to>10 nAwhen it is operated in suboptimal bias conditions (equivalent

to>1.71 keVparallel white noise) [31]. The increase in noise brought bymodification of the bias point of the

JFETwas included in the quantity of noise classified as stray, and likely explains, in part, the variation of the stay

noise contributionwith detector bias.

In summary, InGaAs has been shown to be capable of photon counting x-ray spectroscopy for thefirst time.

An energy resolution of 1.18 keV±0.06 keV FWHM at 5.9 keV at a temperature of 233 K (−40 °C)was

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

standard onwards readout electronics. Although the energy resolution achievedwasmodest compared to

current gold-standard cooled spectrometers usingGe or Si detectors, as well as other uncooled prototype

detectors such as AlGaAs (630 eV FWHM at 5.9 keV at 20 °C [27]), CdZnTe (270 eV FWHM at 5.9 keV at room

temperature [33]), GaAs (250 eV FWHM at 5.9 keV at−5 °C [34]), and InGaP (770 eV FWHMat 5.9 keV at

20 °C [35]), further development of InGaAs x-ray detectors is likely to improve the performance attainable. In

addition, recent work on superlattice structures [36–38]mayhelp to improve the FWHM of future InGaAs x-ray

detector designs. This promise, together with the results already obtained, as well as the large x-ray absorption

coefficients of InGaAs and the possibility of developing spectroscopic In0.53Ga0.47As-InP hetrojunction x-ray

avalanche photodiodes, providesmotivation for furtherwork on x-ray detectorsmade from thematerial in

Figure 2.Measured energy resolution in equivalent noise charge (purple×symbols) as a function of applied detector reverse bias, at a
shaping time of 0.5 μs andwith the system operated at a temperature of 233 K (−40 °C). The calculated dielectric noise (green empty
circles), calculated series white noise including induced gate drain current noise (red empty squares), estimated Fano noise (orange
filled diamonds), calculated parallel white noise (blue empty triangles), and calculated 1/fnoise (blackfilled circles) are also plotted.
The dashed and dotted lines are guides for the eyes only.
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future. In order to inform future development of InGaAs x-ray spectrometers, investigation of their

performance as a function of temperature and in response to illuminationwith different energy x-rays and

γ-rays (e.g. those from 241Amand 109Cd radioisotope x-ray/γ-ray sources)would be valuable.
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