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Abstract. The work shows the possibility of doping gallium arsenide with bismuth during
ion implantation and the effect of rapid thermal and pulsed laser annealing on these structures.
The results of a study of bismuth depth distribution profiles are presented in comparison with
theoretical calculations. The influence of bismuth on the optical properties of gallium arsenide
was investigated using transmittance and reflection spectroscopy methods. It has been shown
that the introduction of bismuth leads to a decrease in the band gap of gallium arsenide.

Keywords: gallium arsenide, bismuth doping, ion implantation, pulsed laser annealing, rapid
thermal annealing

Funding: This work was supported by the Russian Science Foundation (project No. 23-29-
00312).

Citation: Zdoroveyshchev D.A., Vikhrova O.V., Danilov Yu.A., Dudin Yu.A., Zdoroveysh-
chev A.V., Parafin A.E., Drozdov M.N., Features of isovalent doping of gallium arsenide with
bismuth ions, St. Petersburg State Polytechnical University Journal. Physics and Mathematics.
17 (1.1) (2024) 20—24. DOI: https://doi.org/10.18721/JPM.171.103

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTtepuanbl KOHdepeHUnm
YK 621.315.592
DOI: https://doi.org/10.18721/IPM.171.103

OCO6eHHOCTH M30BaJIGHTHOrO JIerMPOBaHMUSA
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AnHoranuga. B paGoTe mokazaHa BO3MOXKHOCTb JISTUPOBAaHUSI apCceHUIA Tajjivusi BUCMYTOM
METOZOM MOHHOW WMIUIAHTALIMU, a TAKXKE BIUSHUE OBICTPOTO TEPMUYECKOTO M UMITYJIBCHOTO
JIa3epHOro OTXUTa Ha 3TU CTPYKTYphl. [IpencTaBaeHbl pe3yabTaThl UCCIeIoBaHUs Mpoduiei
pacrpeeseHrus BUCMYTa T10 TJyOMHE B CPABHEHUM C TEOPETUUYECKUMMU pacuyeTaMu. BiusHue
BUMCMYTa Ha ONTUYECKUE CBOMCTBA APCEHUAA TALUIMS UCCIEA0BAHO METOLAMM CIIEKTPOCKOIMU

nponyckaHus U oTpaxeHus. [lokaszaHo, UTO BBeIEGHHE BUCMYTa MPUBOIUT K YMEHBIICHUIO
LIMPUHBI 3alIpellleHHO 30Hbl apCeHMUAA Taslusl.

KnoueBbie cioBa: apceHUJ Taliusl, JIETUPOBAHWE BUCMYTOM, WMOHHAs WMILJIAHTALIUS,
VMITYJIbCHBIA JIA3€PHBINA OTXUT, OBICTPBIA TEPMUYECKUNA OTKHUT
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Introduction

Bismuth is an element of Group V of the Periodic Table and, accordingly, is isovalent to
arsenic atoms. The introduction of Bi atoms into the crystal lattice of gallium arsenide leads to
the formation of a substitutional solid solution GaAs, Bi. Due to the fact that Bi is heavier than
arsenic (209 and 75 a.m.u., respectively), doping GaAs with it leads to a significant change in the
properties of this semiconductor.

Thus, the introduction of bismuth leads to a decrease in the band gap (Eg) of this material. It
was shown in [1] that the value of Eg at room temperature decreases monotonically from 1.42 eV
for gallium arsenide to 0.8 eV for GaAs with = 11 at.% of bismuth.

Also, in GaAs:Bi, even at low concentrations of bismuth, the energy of spin-orbit splitting
(Ay,) increases. It was shown in [2] that Ay increased from 0.34 eV for GaAs to ~ 0.46 eV in
GaAs:Bi with a bismuth content of about 1.8 at.%.

The influence of bismuth on electric transport properties is also noted in the literature. The
addition of bismuth to nominally undoped gallium arsenide leads to the formation of the hole
conductivity associated with the appearance of a shallow acceptor level at 26.8 meV, and, as
shown in [3] and [4], an increase in the bismuth concentration in the GaAs, Bi_solid solution
leads to an increase in the hole concentration. The effect on electric transport in doped GaAs:Bi
layers is shown in [5]. Thus, at bismuth concentrations up to 1.6 at.%, the electron mobility
changes insignificantly, while the hole mobility decreases by more than an order of magnitude.
Moreover, a decrease in the hole concentration in acceptor GaAs:Bi was observed, which the
authors associate with the formation of bismuth clusters in GaAs, leading to the appearance of
hole trap states.

As an alternative to the epitaxial methods usually described in the literature for obtaining
GaAs:Bi, this work uses bismuth doping by ion implantation.

Materials and Methods

Bismuth ions were implanted into i-GaAs(001) substrates at the Raduga-3M accelerator, while
the accelerating voltage (30 or 80 kV) and the dose of implanted ions were varied. The main
feature of the accelerator is a vacuum arc source, which makes it possible to create intense ion
beams using solid precursors. The source operates in a pulse-periodic mode with a pulse duration
of = 200 ps and a repetition rate of 50 pulses/s. Another feature of the accelerator is that the ion
beam contains several charge fractions, and the distribution among the fractions depends on the
specific metal. In particular, for Bi, the beam contains, according to [6], 83% Bi* and 17% Bi**
fractions. The implantation dose was chosen in such a way that, according to calculations using the
SRIM 2013 code, the average bismuth content in the implanted layer varied from 0.5 to 1.0 and
1.5 at. %. For an accelerating voltage of 30 kV, these doses were 7-10'%, 1.4-10" and 2.1-10" cm™2,
respectively. For an accelerating voltage of 80 kV, the implantation doses were 8-10'4, 1.6-10"
and 2.4-10" cm™. Since the ion mass is large (M, = 209 a.m.u.), the large sputtering coefficient
(S = 16.0 atoms/ion for a Bi ion energy of 80 keV) must be taken into account when calculating
distribution profiles.

After implantation, one part of the samples was subjected to pulsed laser annealing (PLA)
with a KrF excimer laser with a pulse duration of 30 ns at different energy densities (P) per pulse
(240 mJ/cm? for structures irradiated at 30 kV; 250, 300 and 400 mJ/cm? for 80 kV), and for
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comparison, the other part of the samples was subjected to rapid thermal annealing (RTA) in
ultra-pure argon at 7, = 800 °C for 20 s. At this process the working surface of the samples was
placed on a Si substrate plate, which prevented the evaporation of As atoms from the surface layer.
The distribution of bismuth in the resulting layers was studied using the method of secondary
ion mass spectrometry (SIMS) on the TOF.SIMS 5 installation during sputtering of GaAs with
a beam of Cs ions. For comparison with experimental profiles, theoretical profiles of bismuth
distribution were calculated using the SRIM 2013 code, taking into account ion sputtering of the
structure surface in accordance with [7]. The properties of the resulting structures were studied
using transmission and reflection spectroscopy in the wavelength range from 0.18 to 1.8 pum using
a Cary 6000i dual-beam spectrophotometer (Varian).

Results and Discussion

The profiles of the distribution of bismuth atoms over the depth of the structures obtained by
the SIMS method are shown in Fig. 1. For comparison, the calculated profiles are also given
there. Note that for the Bi ion energy of 80 keV, the maximum of the distribution is located
outside the boundary of the figure (the average projected range was 24 nm). It can be seen that,
in comparison with the calculation, the profiles of Bi atoms after implantation are pulled towards
the surface (see curves 2 in Fig. 1, a and Fig. 1, b). After thermal (curve 3 in Fig. 1, b) and laser
annealing (profile 3 in Fig. 1, a and profiles 4 and 5 in Fig. 1, ), an increase of the bismuth
concentration is observed in the near-surface region and a decrease in deeper regions. This
suggests that during annealing, bismuth atoms move from the bulk to the surface. It is interesting
that during laser annealing with P < 300 mJ/cm? of samples irradiated with both accelerating
voltages of 30 and 80 kV, a second maximum is observed at a depth of about 5 nm, which
disappears during annealing with a higher PLA energy. The height of the surface peak of bismuth
atoms increases with increasing energy density of pulsed laser annealing.
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Fig. 1. Calculated (curves /) and experimentally determined bismuth depth distribution profiles: (a)

implantation with an accelerating voltage of 30 kV, a dose of 1.4x10' cm™ before annealing (curve 2)

and after PLA with P = 240 mJ/cm2 ( curve 3); (b) implantation with an accelerating voltage of 80 kV,

a dose of 1.6x10'> cm™ before annealing (curve 2), after RTA (curve 3) and after PLA with an energy
density of 250 (curve 4) and 400 mJ/cm? (curve 5)

The optical properties of GaAs samples irradiated with Bi ions were studied. Reflection spectra
for structures implanted at 30 kV are shown in Fig. 2.

The reflection spectra of single-crystal GaAs contain characteristic features in the form of
a doublet maximum at photon energies of 2.90 and 3.14 ¢V and a maximum at ~ 5 eV. After
implantation, the reflection spectrum is a structureless dependence on the quantum energy,
which indicates a complete loss of long-range order (amorphization) in the near-surface region of
irradiated GaAs. After both thermal and laser annealing, the crystal structure is almost restored;
only insufficient resolution of peaks near 3 eV indicates residual radiation defects.
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Fig. 2. Reflection spectra: single-crystal GaAs (curve /) and GaAs samples irradiated with Bi ions with
an accelerating voltage of 30 kV: after ion implantation (curve 2), RTA (curve 3) and PLA (curve 4)
with P = 240 mJ/cm?
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Fig. 3. Transmission spectra of single-crystal GaAs (curve /) and GaAs samples irradiated with Bi ions
with an accelerating voltage of 80 kV: doses of 8-10* cm™? (curve 2) and 2.4-105 cm™2 (curve 3) after
RTA, a dose of 2.4-10"° cm™? after PLA with P = 250 mJ/cm? (curve 4) and P = 400 mJ/cm? (curve 5)

Fig. 3 shows the transmission spectra of GaAs(001) irradiated with Bi ions. Double-sided
polished substrates of GaAs were used in these experiments.

It can be concluded that when bismuth is introduced, the absorption edge shifts to longer
wavelengths. The band gap values for GaAs with bismuth estimated from the spectra give
E ~ 1.398 eV at room temperature, which is less than 1.42 eV for single-crystal GaAs. An estimate
based on data from [1] of the effective bismuth concentration, which affects the absorption edge,
gives a value of ~ 1 at.%. This value coincides well with the average concentration of bismuth
atoms in the layer up to approximately 15 nm, excluding the near-surface region with a thickness
of 3 nm (see Fig. 1).

When discussing the presented results, it is first necessary to understand the reasons for the
deviation of the implanted Bi profiles from the calculated ones. Let us pay attention to the
similarity in the behavior of the impurity (pulling the Bi profile to the surface) during annealing
and during the implantation process. This may indicate that, during pulsed ion irradiation,
melting of the near-surface layer occurs, followed by recrystallization from the single-crystal
substrate when the sample is cooled. In this case, the recrystallization front moves from single-
crystal GaAs to the surface, leading to segregation and accumulation of bismuth near the
surface. A similar process can occur during PLA. It is unlikely that Bi atoms in the subsurface
layer 3 nm thick after implantation occupy GaAs lattice sites. Apparently, they enter into a
chemical interaction with atmospheric oxygen and are included in the form of oxides in the
transparent native oxide GaAs.
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Conclusion

The work experimentally demonstrated the possibility of doping gallium arsenide with bismuth
in the process of ion implantation. The effectiveness of using pulsed laser and rapid thermal
annealing for restoring the crystal structure of the obtained samples has been shown, as evidenced
by the reflection spectra. In a study of transmission spectra, it was experimentally shown that
bismuth reduces the band gap of GaAs. In this case, the effective concentration of bismuth, which
affects the shift of the absorption edge, is about 1 at.%. This may be due to heating processes
occurring during implantation, which is a feature of the ion source which we used, as confirmed
by secondary ion mass spectrometry data.
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