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 

Abstract — This paper presents measurements of the 

luminescence and scintillation under X-ray of undoped, Si-doped, 

and Si, B co-doped GaAs samples at cryogenic temperature over a 

wide infrared (IR) region using Si and InGaAs photodetectors. 

The undoped GaAs has a narrow emission band at 838 nm 

(1.48 eV) and a low light output of about 2 ph/keV. The GaAs:Si 

has three broad luminescence bands at 830 nm (1.49 eV), 

1070 nm (1.16 eV), 1335 nm (0.93 eV) and a light output of about 

67 ph/keV. GaAs:(Si, B) has four luminescence bands at 

860 nm (1.44 eV), 930 nm (1.33 eV), 1070 nm (1.16 eV) and 

1335 nm (0.93 eV) with a light yield of approximately 119 ph/keV. 

With advances in photodetection, GaAs promises to be a useful 

cryogenic scintillator for the detection of electron recoils from 

MeV/c2 dark matter. 
 

Index Terms — Gallium Arsenide, Dark Matter, Inorganic 

Scintillators, Semiconductor Scintillators, Luminescence, 

Radioluminescence. 

 

I. INTRODUCTION 

arge-scale experimental searches using established 

scintillators (e.g. liquid xenon, liquid argon, NaI(Tl), 

CaWO4) to detect nuclear recoils from dark matter particles in 

the GeV/c2 mass range have not detected a universally accepted 

signal. This has motivated approaches for the detection of dark 

matter in the MeV/c2 mass range, using electron recoils in 

semiconductors and scintillators [1-4]. 

Gallium Arsenide (GaAs) was identified as a promising 

cryogenic scintillator for the detection of MeV/c2 mass dark 

matter and many of its scintillation characteristics were 

reported in [5]. These measurements showed that GaAs doped 

with silicon and boron has good scintillation luminosity (as high 

as 43 ph/keV), and potentially no afterglow. Two emission 

bands at 850 nm and 930 nm were observed using an emission 

spectrometer with a silicon image sensor sensitive from 250 nm 

to 970 nm. The work presented in this paper was motivated by 

the need to extend measurements of the scintillation emissions 

to include the 1050 nm and 1300 nm bands seen in 

photoluminescence experiments [6-7]. It presents the first 

measurements of the light yields and emission spectra of 
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undoped GaAs, GaAs(Si) and co-doped GaAs(Si,B) at low 

temperature over the entire range from 800 nm to 1700 nm 

using Si and InGaAs photodetectors. By extending the 

wavelength range, a luminosity of 119 photons/keV was 

measured for GaAs:(Si, B). 

GaAs has several advantages for the detection of electron 

recoils from light dark matter interactions: (1) it is 

commercially grown as kg-mass, high-quality crystals, (2) it is 

easily doped with silicon donor and boron acceptor atoms to 

produce a useful scintillator, (3) above 8 × 1015/cm3 the 

delocalized donor electrons necessary for radiative 

recombination do not freeze out [5], (4) metastable radiative 

states that could cause afterglow are annihilated by the 

delocalized electrons [5], and (5) the low band gap of 1.5 eV 

allows the detection of electron recoils from dark matter as light 

as a few MeV/c2 [4]. 

II. EXPERIMENTAL DETAILS 

A. GaAs Samples 

Table I lists the GaAs samples used in the measurements. All 

samples are 450-500 µm thick, cut from crystals grown by the 

vertical gradient freeze (VGF) method and polished on one 

side. 

B. Cryostat 

All measurements were performed at 10 K using a closed-

cycle Leybold-Heraeus helium cryostat. 
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TABLE I 

GALLIUM ARSENIDE SAMPLES USED IN THIS WORK 

Sample Supplier 
Si 

ppm 

B 

ppm 

free 

carriers/cm3 
Notes 

GaAs:(Si, B) AXT Inc 8.9 9.7 5.5  1017 

No 

13316 

see [5] 

GaAs:Si 

Wafer 

technology 

LTD 

6 - 2.5  1018  

GaAs (pure) 

Wafer 

technology 

LTD 

- - 3  107  
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C. X-ray Source 

X-rays were provided by a tungsten anode OCX/70-G tube 

(Compagnia Elettronica Italiana (C.E.I.)) operated at 65 kV 

from a HCP 70–65000 power supply (FuG Elektronik GmbH). 

The current was varied between 0 and 0.65 mA. 

D. Experimental Apparatus 

A schematic of the experimental apparatus is shown in Fig. 1. 

The 65 keVp X-ray beam passes through a thin Teflon plate (1), 

is collimated by an aluminum disk (2) and irradiates the GaAs 

sample (3). The sample (3) is mounted with the polished side 

facing the X-ray source between disk (2) and copper masks (4). 

A copper holder (5) with a 4.3 mm hole provides thermal 

contact with the refrigerator. Scintillation light from the sample 

exits the cryostat (6) as it passes through a sapphire window (7) 

5 mm thick and 25 mm in diameter. The scintillation light 

passes through a quartz light guide (8) wrapped with several 

layers of a reflective Teflon film and is detected by a 

photodetector (9) that is either a spectrometer (section II E) or 

a PIN photodiode (section II F). The optical components are 

dry-coupled. 

The quartz light guide (8) is 100 mm long and 10 mm in 

diameter. A 200 mm x 200 mm lead wall 25 mm thick was 

placed between the cryostat (6) and the photodetector (9), with 

a 10 mm diameter hole for the quartz light guide (8). These 

shielded the photodiodes from the X-ray source so no increase 

in photodiode current was detected when the X-ray source was 

turned on. 

E. X-ray Luminescence Spectrometer 

A Thorlabs CCS 175 spectrometer with a Silicon CCD 

detects scintillation photons from 500 to 1000 nm. An Ocean 

Optics NIRQuest 512 spectrometer with an InGaAs 512 

element linear array covers the range from 900 to 1700 nm. The 

spectral resolution of the two instruments are about 0.5 and 5 

nm for the Si CCD and the InGaAs array, respectively. 

Response curves provided by the manufacturers were used in 

data processing. 

F. Photodiodes and Light Yield Estimation 

A Hamamatsu S11499-01 Si PIN photodiode covers the 360-

1140 nm range and was operated at room temperature. A 

Hamamatsu G12180-250A InGaAs PIN diode covers the 900-

1700 nm range and has two-stages of thermoelectric cooling to 

reduce the dark current. The dark currents are 0.1 nA for the Si 

photodiode and 0.01 nA for the cooled InGaAs photodiode. 

Both photodiodes have 5 mm diameter photosensitive areas. 

Photodiode currents were measured with a KEITHLEY 485 

picoammeter and were used to estimate the charges that were 

created by the sample light emission in the PIN photodiodes. 

The equation for the light output calculation is: 

 

𝐿𝑌 =
4𝜋 𝑄

𝑒 𝜂𝜆 𝐸𝑅  ΔΩ 𝐹𝜆

=
4𝜋 𝑄 𝑑2

𝑒 𝜂𝜆 𝐸𝑅  𝐴 𝐹𝜆

 ,       (1) 

 

where 𝑄 is the charge produced in the PIN 

photodetector; 𝑒 is the elementary charge; 𝜂𝜆 – the 

photodetector quantum efficiency in the range of the 

wavelength 𝜆; 𝐸𝑅 is the amount of the energy released in the 

sample by ionizing radiation (𝐸𝑅=20keV); ΔΩ – the fraction of 

the solid angle subtended by detector of cross sectional area A 

located at distance 𝑑 from the sample (ΔΩ=0,055); 𝐹𝜆 is a factor 

which depends on the transparency (T) of the optical line 

(filters, window etc.) in the corresponding wavelength range, 

light collection etc. The last parameter is not fully known, for 

this reason the photodiode signals were calibrated using the 

previously studied GaAs:(Si, B) sample that was reported in 

Ref. [5] at 43 ph/keV in the 800-970 nm range. 

III. RESULTS AND DISCUSSION 

A. X-ray Excited Emission Spectra 

Fig. 2 shows the X-ray luminescence spectra for the three 

samples listed in Table I from 800 to 1700 nm. 

Only one narrow emission band at 838 nm (A band) is 

observed in the undoped GaAs crystals at 10K. Three emission 

bands at 830 nm (A band), 1070 nm (band C) and weak band at 

~1300 nm (band D) are observed in GaAs:Si. Band A is 

considerably wider and asymmetrical in this case. Four 

luminescence bands at 830 nm (band A), 930 nm (band B), 

1070 nm (band C), 1335 nm (band D) are clearly seen in co-

doped GaAs:(Si, B). The intensity of the A band is very low 

compared to other samples. The obtained data are consistent 

with those reported in the literature [5-13]. The emission center 

parameters and their supposed nature are shown in Table II. In 

undoped GaAs the short wavelength emission peaking at 817 

nm is attributed to the band-to-band transition, exciton 

relaxation or shallow levels (defects). In doped GaAs band-to-

acceptor (~835 nm) and donor-to-acceptor (~870 nm) 

transitions have been observed. For simplicity, these emission 

peaks were collected in one group – band A. The nature and 

specific of these short wavelength emissions can explains the 

position and asymmetric shape of band A in GaAs:Si and 

GaAs:(Si, B) (Fig. 2). As can be seen from the experimental 

and literature data, the shape, intensity and peak position of the 

 
Fig. 1. The scheme of experimental equipment for light yield estimation. 

The description is in the text. 
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bands in 800-900 nm region in GaAs crystals drastically 

depends on purity, type of dopants and defects [6-10], as well 

as the type of conductivity [8]. The transitions from shallow 

silicon donors to boron acceptors on an arsenic site leads to 

emissions at 930 nm (band B) [5, 11, 12]. 

The energy relaxation on gallium vacancy-donor center leads 

to emission at ~1070 nm [13]. This center (band C) is a gallium 

vacancy (VGa) bound to a donor (like Si, Ge, Sn, C, S, Se, Te). 

The peak position of band C depends on the type of activator 

impurity. 

The nature of the broad band D at ~1335 nm is associated 

with defects or complex centers like (SiGa + VGa + SiGa) or 

(SiGa + SiAs) and others [6, 7]. It is important to note that the 

formation of long-wavelength centers at ~1377 nm is observed 

in undoped GaAs crystals with neutron dose. The intensity of 

band D increases with increasing neutron dose rate, which 

indicates the important role of vacancies in the formation of this 

emission center [7]. 

B. Light Yield Estimation 

The photodiode signals were calibrated using the previously 

studied GaAs:(Si,B) sample that was reported in Ref. [5] at 

43 ph/keV in the 800-970 nm range. This calibration (see 

section II F) was used in the following sections to estimate the 

light output in the different emission bands for the different 

samples in Table I. Thorlabs shortpass (FES) and longpass 

(FEL) filters were used to measure the photoresponse 

selectively at different wavelength ranges. This makes it 

possible to segregate regions of a spectrum and estimate the 

fraction of emission bands separately in a wide range. 

Fig. 3 shows the InGaAs and Si photodiode currents of the 

two doped samples as a function of X-ray intensity with and 

without filters. Table III compiles the total light output and the 

contribution of each emission band separately. 

The results indicate a very high scintillation luminosity in 

activated crystals. The light yield of the GaAs:(Si, B) is 

119 ph/keV. The light yield of the Si doped GaAs crystal is 

LY=67 ph/keV. About 60% of the total output from doped 

GaAs is contained in the region of 1000-1700 nm, i.e. bands C 

and D. This feature is dictated by the specificity of the radiative 

relaxation of energy in the co-doped GaAs crystal. Boron is 

necessary for the band B emission and this contributes to the 

total light output. 

The output of all emission bands can vary with the dopants 

concentrations, for this reason the selection of a photodetector 

with optimal parameters is extremely important. Photodetectors 

that are sensitive to wavelengths above 1000 nm (e.g. Ge, 

InGaAs) have a clear advantage over silicon-based photodiodes 

that cannot detect 35 to 60% of the light emitted by 

GaAs:(Si, B) and GaAs:Si respectively. 

GaAs has a refractive index of 3.55 at 930 nm and 3.4 at 

1300 nm. Since the scintillation light is emitted isotropically, 

only a small fraction is able to exit the crystal directly. In this 

experiment, scattering within the crystal or on the roughened 

surface allowed a large fraction of the light to exit. 

Unfortunately, it is difficult to evaluate the error magnitude that 

 
Fig. 2. The X-ray luminescence spectra at 10 K of undoped GaAs, GaAs:Si 

and GaAs:(Si, B) crystals obtained by Si (left column) and InGaAs (right 

column). 

TABLE II 

THE PARAMETERS OF RADIATIVE CENTERS IN GAAS CRYSTALS 

Band λ, nm E, eV Comments 

A 800-870 1.42-1.54 

Transition from CB to 

VB, exciton and shallow 

levels (defects) 

B 933 1.33 
The boron in arsenide site 

(BAs center) 

C 1050-1090 1.14-1.18 Center like (SiGa + VGa) 

D 1305-1335 0.93-0.95 

Complex center like 

(SiGa + VGa + SiGa) or 

(SiGa + SiAs) 

 

 
Fig. 3. The InGaAs (Top) and Si (Bottom) PIN photodiodes current 

dependence on X-ray filament current with/without the different shortpass 

(FES) and longpass (FEL) optical filters obtained on the GaAs:(Si, B) (Left) 

and GaAs:Si (Right) sample at 10 K. 
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arises, regardless of experimental methods of the LY 

estimation. A coating with a graded index of refraction will 

allow essentially all of the scintillation photons to escape 

directly [14]. 

IV. DISCUSSION AND CONCLUSIONS 

We have measured X-ray excited scintillation light yields of 

119 ph/keV and 67 ph/keV for GaAs:(Si, B) and GaAs:Si, 

respectively at 10K. The average ionization energy to produce 

an electron-hole pair is 4.2 eV [15]. If every pair recombined 

radiatively, the light yield would be 238 photons/keV. This 

limit could be approached by reducing the non-radiative hole 

traps, by optimizing the levels of Si and B, and by using 

antireflective coatings. 

According to Ref. 5 no thermoluminescence has been 

detected in GaAs:(Si, B) in region 800-970 nm, indicating a 

likely lack of afterglow. However, the afterglow measurement 

in the range from 800 to 1800 nm is planned for the near future 

and is important for proving the complete absence of afterglow. 

For detecting low-energy electron recoils from dark matter 

interactions, a photodetector able to detect individual IR 

photons with high efficiency and low dark current will be 

necessary. One possibility is a photon absorber (e.g. Si, Ge) that 

converts IR photons into athermal phonons that are detected by 

surface mounted superconducting transition edge sensors. This 

technology has been developed in the CRESST [16] and 

SuperCDMS [17] experiments for detecting phonons produced 

by dark matter interactions. Another possibility is arrays of 

superconducting nanowire single photon detectors that have a 

high quantum efficiency for IR photons. Custom lithography 

will be necessary to increase the photodetector area from mm2 

to cm2. 
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TABLE III 
THE LIGHT YIELD (LY) OF GALLIUM ARSENIDE SAMPLES FOR DIFFERENT SPECTRAL REGIONS AND PHOTODETECTORS 

The terms correspond to equality (1): λ – wavelength, I – current, Q – charge, η – quantum efficiency, T – transparency 

GaAs:(Si, B) 

PD λ (nm) I (nA) Q (fC) η T Output F LY (ph/keV)  Band LY (ph/keV) 

Si 

800-950 0.48 9.9 0.87 0.87 925 

0,029 

32  A 3 

800-900 0.046 0.9 0.88 0.85 89 3  B 40 

1000-1800 0.9 18.6 0.70 0.86 2193 76  C 76 

                 Total 119 

            

InGaAs 

800-900 2.5 60.3 0.20 0.9 23335 

2,36 

10  A 10 

800-950 20.5 494.3 0.53 0.87 75600 32  B 33 

1000-1800 52.1 1256.2 0.66 0.86 149894 63  C 21 

1150-1800 40 964.4 0.79 0.87 100332 42  D 42 

                 Total 106 

            

GaAs:Si 

PD λ (nm) I (nA) Q (fC) η T Output F LY (ph/keV)  Band LY (ph/keV) 

Si 

800-950 0.535 11.0 0.87 0.87 1032 

0.029 

36  A 36 

800-900 0.448 9.2 0.88 0,85 870 30  C 24 

950-1800 0.297 6.1 0.70 0.9 692 24  Total 60 
            

InGaAs 

800-950 18.3 441.2 0.53 0.87 67487 

2.36 

29  A 29 

950-1800 31.2 752.3 0,66 0,9 89764 38  C 30 

1150-1800 7.3 176.0 0.79 0.88 17894 8  D 8 

                 Total 67 
            

GaAs (pure) 

PD λ (nm) I (nA) Q (fC) η T Output F LY (ph/keV)  Band LY (ph/keV) 

Si 
800-950 0.032 0.66 0.88 0.85 62 0.029 2  A 2 

                  Total 2 
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