J103bl MMIUIAHTUPOBAHHbIX HOHOB KCEHOHa, MCMONbL3yeMbIX B KayecTBe Mapkepa. KoHueh-
Tpalus B MakCUMyMe Npoduiis CMELIEHHbIX M3 Y3JIOB aTOMOB KPEMHHs, MOJTy4YeHHas Mpy
MMIJIAaHTalMHd HOHOB KCEHOHA, YMEHbLIAETCs B Npolecce MOHHO-aCCHCTUPOBAHHOTO OCaX-
JEHHsI TUTAHOBBIX U KOOANbTOBbIX NMOKPbITHi. [IpK 3TOM MposBNseTCS TEHACHLMS CHUXe-
HMs clnoeBod KOHLEHTpaUMH pagvalMoHHbIx AedekToB. [1peanonaraercs, uro Habmonae-
Mbl€ SIBJIEHUS CBSA3aHbl C aKTUBaLKUeH NMPOLECCOB MPOHUKHOBEHHUS KOMIOHEHTOB MOKPbITHS
B M1yOb KpEMHHUS, a TaKXkKe MPoLEeccCOoB MUrpauuu aedekToB Ha Gonbline rnyOHHbI U B MO-
KpbITHs Nof Bo3aeiicTBUEM o0syueHHUs GOpMHUpPYEMbIX CTPYKTYP aCCUCTHPYIOLIMMH MOHa-
MH. YCTaHOBJIEHO, YTO B MpOLIECCE MOHHO-ACCUCTUPOBAHHOTO HAHECEHHs TOHKHX MMIIEHOK
TUTaHa U kobalbTa B X COCTAB BXOASAT, KPOME aTOMOB OCaXJaeMOro MeTaslla, aTOMbI yT-
Jepoja, KUCIopoJa v BOJOPOJa, a TAKKe aTOMbI MOJIOKKH.
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It is found that shallow hydrogen-related donors are formed in the proton-implanted dilute
Ge,,Si, alloys (0 <x <0.031) as well as in Si-free Ge samples upon heat-treatments in the
temperature range 225 - 300 °C. The maximum concentration of the donors is about
1.510' cm” for a H” implantation dose of 1-10"* cm™ Formation and annihilation
temperatures of the proton-implantation-induced donors do not depend on the Si
concentration in Ge,.Si, samples. However, the increase in Si content has resulted in a
decrease of the concentration of the H-related donors. The possible origin of the H-related
donors and mechanisms of Si-induced suppression of their formation are discussed.

1. INTRODUCTION

Hydrogen is a ubiquitous impurity in semiconductors. It is introduced inadvertently
during plasma processing, wet etching, polishing and some cleaning processes [1, 2].

Previously [3] we found that heat-treatments of the proton-implanted Ge samples in the
temperature range 200-300 °C result in the formation of shallow hydrogen-related donors.
The maximum concentration of the donors is about 2 10" cm™ for a H' implantation dose
of 1-10" cm™. An analysis of changes in the spatial distribution of the H-related donors
upon isothermal and isochronal anneals has shown that the donors appear in a region whict
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is close to the projected depth of implanted protons at the initial stages of heat-treatments

in the temperature range 200 — 300 °C and spread out of this region upon an increase in
annealing time or annealing temperature.

Results of a study of defects induced by proton implantations followed by anneals in
Ge-rich SiGe alloys are reported in this paper.

2. EXPERIMENTAL DETAILS

Samples for this study were prepared from dilute Ge,.,Si, (0 <x <0.031) alloy crystals,
which were grown by the Czochralski technique. The crystals were doped with phosphorus
during growth. The phosphorus concentration was in the range 1-10" to 3-10" cm”,
Schottky diodes for capacitance measurements were fabricated by thermal evaporation of
Au on polished surfaces. The thickness of deposited Au layers was about 200 nm. The
samples were implanted with 300 keV protons (H') through the Au layers at room
temperature. The fluence of implantation was 110" sm™. The mean projected depth of
300 keV H' ions in germanium was calculated to be about 3 um. 20 minute isochronal
annealing of the samples was carried out in the temperature range 50 — 300 °C in a dry
nitrogen ambient.

The concentration profiles of shallow donors in the implanted and annealed samples
were measured with the use of capacitance-voltage (C-V) technique at room temperature.

Deep electronic levels were characterized with conventional deep level transient
spectroscopy (DLTS).

3. EXPERIMENTAL RESULTS

Figure 1 shows changes in depth profiles of uncompensated shallow donors upon iso-
chronal anneals of proton-implanted Ge;.,Si, samples with different Si content. The donor
profiles for as-grown non-irradiated samples are also shown. The proton implantation has
resulted in a non-uniform decrease in the concentration of shallow donors in near-surface
regions of the samples. The positions of the minima in the donor concentration profiles

correspond to the projected depth of implanted protons. According to a combined analysis
of the donor concentration profiles and con-

centrations of deep level defects deduced

from DLTS spectra, the decrease in the donor .
concentration is related to the removal of the
donor activity of phosphorus atoms. Isochro- '-
nal anneals of the implanted samples in the S :
temperature range 50 — 200 °C have not in- < '
duced essential changes in the donor concen- .
tration profiles in all the implanted samples.

However, the concentration profiles have

been changed drastically upon further anneals

at 250 and 275 °C. Anneals at these tempera-

tures have resulted in the substantial increase

in the donor concentration in all the samples. lig l. 'I)L";Sl‘f’fc"lazi“;"'a'g;" A
The peaks in the donor concentration profiles Elc.;c;r.()l; emission 2000 s
occur at the projected depth of implanted pro-
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tons. Figure 1 shows that the concentrations of the introduced donors significantly exceed
the concentrations of shallow donor impurity atoms, which were introduced during growth.
It can be seen that the concentrations of donors induced by the proton implantation and the
subsequent heat-treatment depend on the silicon content in the Ge;,Si, samples. The
maximum donor concentration of about 1.5:10" cm™ has been observed in the crystals
with the lowest Si content (0.08 at. %). The increase in the concentration of silicon atoms
in the GeSi alloy samples results in a decrease in the concentration of the proton-
implantation-induced donors. In a GeSi crystal containing 3.1 at. % Si atoms the maximum
donor concentration is about 510" cm”™.

4. DISCUSSION AND SUMMARY

The introduction of shallow donor centers into Si crystals as a result of proton
implantation followed by annealing in the temperature range 300 — 400 °C is a well-
documented fact {1, 2]. It was suggested that these donors are related to complexes of
hydrogen atoms with intrinsic interstitial-related defects induced by the implantation,
however the microscopic structure of the proton-implantation-induced donors is still not
well understood.

The results of the present study show that shallow donor centers are introduced also in
dilute Ge;.Si; alloy crystals subjected to a proton implantation followed by heat-treatments
in the temperature range 225 — 275 °C. It appears that the formation and annihilation
temperatures of the proton-implantation-induced donors do not depend on the Si
concentration in the Ge,,Si, samples. However, the increase in the Si content has resulted
in a decrease in the concentration of the H-related donors (Fig. 1). According to results of a
recent infrared absorption study [4], Si impurity atoms in Ge-rich SiGe alloys can serve as
effective traps for mobile hydrogen atoms and some of the observed Si-H complexes are
found to be stable up to 200 °C. Taking into account these findings, it can be suggested that
the observed decrease in the concentration of proton-implantation-induced shallow donors
with the increase in the Si content in the Ge).,Si, samples is related to interactions of
mobile hydrogen atoms with Si impurity atoms. On the other hand it leads to the decrease
in the efficacy of hydrogen passivation in consequence of which the concentration of
radiative defects increase when the content of Si in allow increases. Thus, a reduced
amount of implanted hydrogen atoms can be involved in defect reactions with intrinsic Ge
centers, which result in the formation of complexes exhibiting shallow donor properties in
germanium.
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