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We fabricated pn-junction diodes by thermal diffusion of Ag acceptor into n-type melt-grown Mg,Si
single-crystalline substrates (electron concentration=2 x 10'> cm~3) to investigate the infrared photo-
response of the material. The estimated hole concentration at the p-side of the diode diffused with Ag at
550 °C was 3 x 10'® cm~3. Current-voltage measurement of the diodes showed sound rectifying
characteristics even at 300 K. A clear photoresponsivity with a photon energy threshold of approxi-
mately 0.6 eV was observed from the diode, showing promise for application in infrared light detection
devices at wavelengths of 1.2-2 pum.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Infrared light detection using Si-VLSI-compatible, abundant,
and nontoxic materials is attracting increasing attention for
applications in Si-photonics, multi-junction solar cells, thermo-
photovoltaics, and molecular sensing [1-5]. Magnesium silicide
(Mg,Si) is one of the candidate materials for Si-based photode-
tectors operating at wavelengths in the infrared region, because it
has an energy gap of E;=0.6 eV, a small lattice mismatch with Si
(< 2%), an abundance of resources, and a potential for band gap
engineering in the narrow band gap range (0.3-0.6 eV) in the
form of alloy compounds with Mg,Ge and Mg,Sn [6-9].

There have been several authoritative works on the fundamental
electrical and optical properties of Mg,Si. Morris et al. precisely
investigated the electrical properties of single crystals at 77 K and
1000 K [10]. Koenig et al. reported the indirect-gap nature of Mg,Si
[11]. Stella et al. investigated the absorption spectrum under pressure
and reported that the most reliable indirect-gap energy is about
0.59-0.60 at 90 K [12]. Labotz et al. and Zaitsev et al. reported band
gap narrowing in Mg,Si,Ge,_, and Mg,Si,Sn; _, alloy compounds,
respectively.[9,13]. Furthermore, thin film layers of Mg,Si on Si
substrates grown by reactive deposition epitaxy (RDE), molecular
beam epitaxy (MBE), ion-beam synthesis (IBS), pulsed laser deposi-
tion (PLD), and sputtering have been investigated intensively [14-18].
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In contrast, there have been a limited number of reports on
the photoresponse of Mg,Si. Stella and Lynch demonstrated photo-
conductivity of Mg,Si and Mg,Ge at low temperatures ( <90 K) [7].
They observed a photon energy threshold of approximately 0.6 eV
for bulk Mg,Si. Kato et al. observed the change in conductivity of a
Mg,Si layer on a Si substrate under simulated AM1.5G illumination.
[18] However, the photoresponse from a Mg,Si pn-junction diode
has not been reported so far. Recently, we successfully grew a
high-purity Mg,Si bulk single crystal with an electron concentration
of 10" cm 3 using high-purity Mg and Si source materials and an
impervious graphite crucible [5] and also succeeded in obtaining
the Au/n-Mg,Si Schottky junction [19].

In the present study, we fabricated a Mg,Si pn-junction diode by
a thermal diffusion process and observed the photoresponsivity
with a photon energy threshold at approximately 0.6 eV.

2. Experimental

Single-crystalline n-type Mg,Si substrates (nsy,=2 x 10'> cm~3,
5-10 Qcm) were prepared from Mg,Si ingots grown by a modified
vertical Bridgman method using high-purity source materials of Si
(10 N-grade, Furuuchi Chemical Co.) and Mg (5 N-grade, Osaka
Asahi Co., Ltd.) and purified pyrolytic graphite (PG) crucibles
(Ibiden Co.) [5,19]. The (4-5)x (3-5)mm?, 1-mm-thick Mg,Si
substrates were polished on both sides by fumed silica (AKASEL,
water-free, 0.2 um). A diffusion source of Ag metal (3 N-grade,
Nilaco Co.) was evaporated onto the as-polished surface through a
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metal mask with 0.8-mm-diameter holes using a conventional
resistive heating evaporator. After this deposition of Ag, a thick Au
layer was evaporated on the Ag metal as a capping metal and an
ohmic electrode for p-Mg,Si. In order to diffuse the Ag-dopant and
form a p-type region on the n-Mg,Si substrate, the substrate was
annealed in an Ar gas flow atmosphere using a rapid thermal
annealing (RTA) furnace. The thermal annealing temperature was
varied at 450, 500, 550, and 600 °C. The diffusion depth of Ag was
evaluated by back-scattered electron imaging and X-ray analysis of
the polished surface at a 3° off-angle through scanning electron
microscopy combined with energy-dispersive X-ray spectroscopy
(SEM-EDX, JEOL JSM-5600LV). Quantitative depth profiles of Ag
were also analyzed through secondary ion mass spectroscopy
(SIMS). An ohmic contact was formed at the bottom side of the
n-Mg,Si substrate using Ag adhesive (DuPont 4922). The photo-
response properties of the Mg,Si pn-junction diodes were mea-
sured under a zero bias condition using a halogen lamp chopped
and passed through a 2-mm-thick Si filter and a single mono-
chromator (JASCO CT-50) with a focal length of 500 mm.

3. Results and discussion

Fig. 1(a) shows a typical Mg,Si substrate cut out with a
diamond blade saw from the bulk crystal (12 mm in diameter).
The surface was mirror-like, and the typical surface roughness, in
terms of the arithmetic average of the absolute values of R,, was
30 nm. After deposition of the Ag source and Au capping layer, the
substrate was annealed in the RTA furnace. Fig. 1(b) shows the
surface of a pn-junction diode fabricated by RTA at 550 °C for

a

30 min. The surface of the Mg,Si substrate and Au ohmic
electrode had a mirror-like face even after annealing. Above the
annealing temperature of 600 °C, the substrate surface became
hazy with a dark grayish color, suggesting the vaporization of Mg
and surface oxidation with residual gas.

Fig. 2(a) and (b) shows the current-voltage (J-V) character-
istics of the Mg,Si pn-junction diode prepared by RTA between
450 and 550 °C for 30 min and a schematic illustration of the
measurement system, respectively. A clear rectifying behavior of
the Mg,Si diode annealed at 550 °C indicates the formation of a
potential barrier and a depletion region at the pn-junction of
Mg,Si. In contrast, below the annealing temperature of 500 °C,
clear rectifying behavior was not observed due to the difficulty of
the reliable Ag-diffusion.

Fig. 3 plots the relationship between the annealing period and
the Ag diffusion depth of the pn-junction diodes at a constant
annealing temperature of 550 °C. The diffusion depth was deter-
mined through SEM-EDX observations of the polished pn-junc-
tion at a 3° off-angle. The detection limit of the Ag contrast was
approximately 1 x 10'® cm~2 (inset of Fig. 3). The diffusion depth
increased as a square root of the annealing period. If we assume
that Ag diffusion occurs under a constant surface concentration
condition with the saturation concentration Ny, the diffusion
depth W is given by [20]

W = 2Dt x erfc™! (NN—'ZC> (1)

where D is the diffusion coefficient; t, the annealing period; and
Ngc, the Ag concentration at the contrast edge. From the SIMS
analysis (described later) and the detection limit of the Ag contrast,

Fig. 1. (a) Microphotograph of typical Mg,Si substrate prepared from a Bridgmann grown single crystalline ingot and (b) top view of a pn-junction Mg,Si diode after RTA at

550 °C for 30 min. Diameter of the gold electrode is 0.8 mm.
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Fig. 2. (a) Current-voltage characteristics of pn-junction Mg,Si diodes prepared by RTA between 450 and 550 °C for 30 min. The measurement was carried out at 300 K and

(b) cross-sectional schematic illustration of pn-junction Mg,Si diode.
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we obtained No=2 x 10'® cm~2 and Ngc=1 x 10'® cm~3, respec-
tively. The Ag-diffusion coefficient of Dag was estimated to be
5x 102 cm?/s by fitting the diffusion depth data to Eq. (1) as
plotted in Fig. 2. This value is comparable with the interdiffusion
coefficients reported for the Mg,Si growth on Si (3 x 10~ 1% cm?/s)
and the Mg,Ge growth on Ge (2 x 10~ 1% cm?/s) [21].

Fig. 4(a) shows the SIMS depth profiles of the diffused Ag
acceptor in the Mg,Si diode annealed at 550 °C for 10 min. The
concentration of only the Ag level was calibrated using Ag-doped
bulk Mg,Si crystals grown from the melt. The ion intensities of the
main components of Mg and Si were kept constant in the
measurement region, indicating that the composition of Mg/Si
was unchanged from the bulk composition after the RTA process.
The concentration of Ag was 2.0 x 10'° cm~3 at the surface and
1.7 x 10" cm 2 at a depth of 10 pm, which is in agreement with
the calculated Ag diffusion profiles using the obtained Dag (dashed
line in Fig. 4(a)). According to our electrical measurements of the
Ag-doped melt-grown Mg,Si bulk crystals [22], the activation ratio
of Ag was almost constant at approximately 0.15 between the Ag
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Fig. 3. Relationship between the annealing period and the Ag-diffusion depth of
the pn-junction diodes at a constant annealing temperature of 550 °C. The fitting
curve was calculated using Eq. (1), and the obtained diffusion constant
Dpg=5 x 10~2 cm?/s. The inset is the typical back scattered electron image of
the pn-junction polished at 3° off-angle.
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concentration of 1 x 10'” and 1 x 10%° cm~2 (Fig. 4(b)). Thus, we
can estimate that the hole concentration in the Ag diffusion region
in Fig. 4(a) was approximately 3 x 10’8 cm 3.

Since the substrate has a low electron concentration and the
thermally diffused Ag-dopant shows a gradient profile, the actual
pn-junction would locate below the observed contrast edge in
Fig. 3. The pn-junction depth where the hole concentration
becomes equal to the electron concentration of the substrate
was estimated at approximately 83 pm for the diode annealed at
550 °C for 10 min by using the calculated Ag-diffusion profile and
the dopant activation ratio. For better understanding the junction
property, we also calculated the width of depletion region
assuming the step junction (p*=3x10'® n=2x10" cm~3)
and a linearly graded junction. The values were approximately
1 um and 2 pm for a step junction and linearly graded junction,
respectively.

Fig. 5 shows the low temperature J-V characteristics of the
Mg,Si pn-junction diode prepared by RTA at 550 °C for 10 min. In
a forward bias, the J-V characteristics at low levels of injection
(V< ~0.5V) exhibited an exponential behavior. The diode ide-
ality factors n were 2.8 at 300K, 2.7 at 180K, and 2.4 at 100 K.
These values of n do not fall within the range that results when
the diffusion current (n=1) or the recombination current (n=2)
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Fig. 5. Low temperature current-voltage characteristics of a pn-junction Mg,Si
diode prepared by RTA at 550 °C for 10 min. The measurement temperature was
varied between 100 and 300 K.
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Fig. 4. (a) SIMS depth profiles of Mg, Si, and Ag concentrations from the substrate surface of the pn-junction diode prepared by RTA at 550 °C for 10 min. Only the Ag
concentration was calibrated using an Ag-doped bulk standard and (b) Relationship between Ag-dopant concentration and hole concentration of Mg,Si crystal at 300 K.
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Fig. 6. (a) Spectral responsivity of a pn-junction Mg,Si diode under a 0-V bias and (b) measurement circuit of spectral responsivity of the diode. Photocurrent Iy, was

detected as a voltage between the fixed resistor of R=1 kQ.

dominates the forward bias current conduction. At high voltages
(V > ~0.5V), the series resistance effect appears to dominate.

In a reverse bias, saturation behavior of current density was
observed below the bias voltage of V~ —1V. The reverse bias
current density at V=—4V was 0.06 A/cm? at 300K and it
decreased to 2x1073A/cm? at 180K and 5x 107> A/cm? at
100 K. The decrease of reverse bias current density is mainly
due to decrease in the minority carrier concentration in n-Mg,Si,
since the electron concentration of Mg,Si substrate (ngu,=
2 x 10" cm~3) was almost constant between 300 K and 100 K.

Fig. 6(a) shows a typical photoresponse spectrum of a
pn-junction Mg,Si diode measured under a non-bias condition at
300 K. Incident monochromatic light was mainly detected at the
side edge of p-Mg,Si region because the Au-electrode was
nontransparent (Fig. 6(b)). The photocurrent I,;, was observed for
a photon energy greater than approximately 0.6 eV, and it increased
sharply with the increase in the photon energy. These results
indicate that the strong electric field in depletion layer at the pn-
junction effectively separates the electron-hole pairs that are
generated by the photo-incidence.

The photon energy threshold at approximately 0.6 eV is the
same as that observed for photoconductivity (0.6 eV at 90 K) by
Stella and Lynch [7] and is also close to the fundamental
absorption edge (0.615eV at 300K) determined by Tamura
et al. through optical absorption measurements using high-
purity Mg,Si bulk single crystal [6]. In Mg,Si, the exact band-
gap energy at room temperature is still controversial since clear
phonon structures (phonon emission and absorption) have not
been observed in its absorption spectra. The reports so far have
shown that the energy gap at room temperature varies between
0.59eV and 0.67 eV [5,7,9-12]. Our results showing a clear
photoresponse above 0.6 eV in pn-junction diodes using the
high-purity bulk Mg,Si lead to the following definitive conclu-
sion: a photodiode of Mg,Si is useful to detect light at wave-
lengths of 1.2-2 pm.

4. Conclusions

We have demonstrated infrared optical detection at wave-
lengths of 1.2-2 um using a pn-junction diode fabricated by
thermal diffusion of an Ag acceptor into n-type melt-grown Mg,Si
single-crystalline substrates (electron concentration=2 x 10'> cm~3).
The hole concentration estimated using the activation coefficient of

Ag-doped bulk Mg,Si (0.15) and solid solubility of Ag in Mg,Si at
550 °C (2 x 10" cm~3) was 3 x 10'® cm~3. The current-voltage (J-V)
characteristics of the Mg,Si pn-junction diode showed a clear rectify-
ing behavior. Photoresponsivity measurements revealed that the
photon energy threshold of the pn-junction Mg,Si diode was
approximately 0.6 eV at 300 K, showing promise for application in
infrared light detection devices.
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