
дозы имплантированных ионов ксенона, используемых в качестве маркера. Концен-
трация в максимуме профиля смещенных из узлов атомов кремния, полученная при 
имплантации ионов ксенона, уменьшается в процессе ионно-ассистированного осаж-
дения титановых и кобальтовых покрытий. При этом проявляется тенденция сниже-
ния слоевой концентрации радиационных дефектов. Предполагается, что наблюдае-
мые явления связаны с активацией процессов проникновения компонентов покрытия 
в глубь кремния, а также процессов миграции дефектов на большие глубины и в по-
крытия под воздействием облучения формируемых структур ассистирующими иона-
ми. Установлено, что в процессе ионно-ассистированного нанесения тонких пленок 
титана и кобальта в их состав входят, кроме атомов осаждаемого металла, атомы уг-
лерода, кислорода и водорода, а также атомы подложки. 
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It is found that shallow hydrogen-related donors are formed in the proton-implanted dilute 
Gei.^Si, alloys (0 < дг < 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 
1.5 lO'® cm"' for a H^ implantation dose of MO'^ cm"̂ . Formation and annihilation 
temperatures of the proton-implantation-induced donors do not depend on the Si 
concentration in Gei.rSi^ 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. I N T R O D U C T I O N 

H y d r o g e n is a ub iqu i tous impur i ty in s emiconduc to r s . It is in t roduced inadvertently 
du r ing p l a s m a p rocess ing , w e t e t ch ing , po l i sh ing and s o m e c l ean ing p r o c e s s e s [1, 2]. 

Prev ious ly [3] w e f o u n d that hea t - t r ea tmen t s of the p ro ton - implan ted G e s a m p l e s in the 
t e m p e r a t u r e r ange 2 0 0 - 3 0 0 °C resul t in the fo rma t ion of sha l low hydrogen- re l a t ed donors . 
T h e m a x i m u m concen t r a t ion of the d o n o r s is abou t 2 1 0 ' ^ cm"^ for a H ' imp lan ta t ion dose 
of M O ' ^ cm"^. A n ana lys i s of c h a n g e s in the spat ia l d is t r ibut ion of the H- re l a t ed d o n o n 
u p o n i so the rma l and i sochrona l a n n e a l s h a s s h o w n that the d o n o r s a p p e a r in a reg ion whicV 
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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. E X P E R I M E N T A L DETAILS 

Samples for this study were prepared from dilute Gei.^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 I-IO'"'' to 3 - lO '^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 I-IO'^ sm'^. The mean projected depth of 
300 keV H^ ions in germanium was calculated to be about 3 ц т . 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-F) technique at room temperature. 
Deep electronic levels were characterized with conventional deep level transient 
spectroscopy (DLTS). 

3. E X P E R I M E N T A L RESULTS 

Figure 1 shows changes in depth profiles of uncompensated shallow donors upon iso-
chronal anneals of proton-implanted Gei.^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 ^ 
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-
lures have resulted in the substantial increase 
in the donor concentration in all the samples. 
The peaks in the donor concentration profiles 
occur at the projected depth of implanted pro-

Hp I. DLTS speclra in Gc, Л. 
/ 3.1,.' 1.2, i 0.08. 
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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 Gei.^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 b l U " 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 Gei-jSij 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 Gei.^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 Gei-^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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