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Mechanism of B diffusion in crystalline Ge under proton irradiation
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B diffusion in crystalline Ge is investigated by proton irradiation in thin layers with B delta doping under
different fluences (1 X 10"°-10X 10" H*/cm?), fluxes (6 X 10''-35x 10" H*/cm?s), and temperatures of
the implanted target (from —196 to 550 °C), both during and after irradiation. B migration is enhanced by
several orders of magnitude with respect to equilibrium. Moreover, B diffusion is shown to occur through a
point-defect-mediated mechanism, compatible with a kick-out process. The diffusion mechanism is discussed.
These results are a key point for a full comprehension of the B diffusion in Ge.
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Silicon and germanium, very similar from crystallo-
graphic and electronic points of view, appear to be quite
different as far as the dopant behavior is concerned. In Si
dopants of the III and V groups diffuse by a point-defect
(PD) mediated mechanism that can involve both vacancies
(Vs) and self-interstitials (Is), prevailing the former or the
latter mechanism depending on the considered dopant."? In
contrast, in Ge almost all dopants seem to diffuse by a
V-mediated mechanism. This is attributed to the determina-
tion that Vs in Ge play a dominant role with respect to Is
since Vs are characterized by a lower formation energy.’
However, while the dopant properties in Si are now well
assessed,! in Ge the picture is still controversial.* Germa-
nium has been the first semiconductor in the microelectronic
industry but was totally replaced by silicon in the 1960s and
since then was almost abandoned. Recently, it is acquiring a
strong renewed industrial and scientific interest>~!3 thanks to
its higher carrier mobility, together with its high compatibil-
ity with the already existing Si-based technology. Neverthe-
less, since knowledge on this semiconductor has remained
almost frozen for about 50 years, we still lack much basic
information.

Boron is the most used p-type dopant in both Si and Ge.
Nonetheless, if B diffusion in Si is deeply understood,'*!”
only a few data about B in Ge exist in the literature, most of
which were made many decades ago, often carried out under
poorly defined conditions and restricted to simple sheet re-
sistivity and junction depth measurements, thus resulting in
quite disagreeing diffusivity values.'®!° Recently, B diffusiv-
ity in Ge has been measured under controlled conditions and
a diffusion coefficient two orders of magnitude smaller than
the smallest earlier estimate was determined.’ B diffusivity
appeared to be much smaller than the diffusivity of all the
other dopants in Ge.*’ Indeed, its very high activation energy
of 4.65 eV,>* together with the theoretical instability of the
B-V pair? or the very high activation energy for V-mediated
B diffusion obtained by ab initio calculations,'® suggest that
B in Ge should diffuse by interacting with Is. This is sup-
ported indeed by the results of Carvalho et al.? pointing out
that Is in Ge are more stable than in Si and are positively
charged, thus favoring their interaction with the negatively
charged substitutional B.
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In addition, since B is such a slow diffuser, the experi-
mental study of its migration mechanism is limited to a re-
stricted range of very high temperatures and very long times.
Thus, up to now no experimental studies are available for
describing the B diffusion mechanism in Ge and the micro-
scopic mechanism has not been experimentally proven.
Hence, alternative approaches are in high demand in order to
clarify the B diffusion process in Ge and how point defects
can affect B diffusion itself.

In this Brief Report we present experimental investigation
of B diffusion in crystalline Ge (c-Ge) under and after proton
irradiation. The resulting radiation-enhanced diffusion of B
was, hence, systematically studied, clarifying the migration
mechanism of B in Ge.

A {001) Ge sample containing a 3-nm-thick B delta doped
layer at a concentration level of 2X 10'® B/cm?® and placed
at a depth of 550 nm was grown by molecular beam epitaxy
(MBE). The B delta was used as a marker for B diffusion, as
previously done in Si crystals.!”?! All samples were prean-
nealed at 600 °C for 1 h under N, atmosphere to eliminate
any possible postgrowth defects. Then, samples were im-
planted with H* at 300 keV [projected range R, of ~2.5 um
(Ref. 22)] at different fluences (1X10-10
X 10 H*/cm?), fluxes (6x10'"-35x 10" H*/cm?s),
and at various temperatures [from the liquid-nitrogen tem-
perature (LN,T) up to 550 °C]. B chemical profiling was
obtained by secondary-ion-mass spectrometry (SIMS) analy-
ses performed at room temperature (RT) with a Cameca
IMS-4 f instrument (3 keV O3 analyzing beam). Some mea-
surements were repeated in selected samples at —70 °C
showing that, contrary to what was observed in Si,” sputter-
ing by SIMS induces no significant migration of B at RT.
This can be ascribed to the larger ion damage occurring in
Ge with respect to Si, causing a complete amorphization of
the Ge surface during the SIMS analyses, which hampers the
injection of PDs.?* In addition, scanning electron microscopy
(SEM) analyses of selected crater bottoms (not shown) have
excluded the onset of pits during SIMS measurements of our
samples. Such pits, inducing significant distortion of SIMS
profiles, have been observed during sputtering of Ge samples
previously irradiated with proton beams at higher energies
and fluxes than in our case.'?
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FIG. 1. Boron SIMS profiles in the starting sample (i.e., the
as-grown sample after 600 °C for 1 h, dashed line), and after irra-
diation at RT (open triangles) and 350 °C (open circles) with H*
300 keV, 1.9 X 10'2 H*/cm? s and 1 X 10'® H/cm?. A reference for
thermal diffusion at 350 °C is also plotted (closed circles). Solid
lines are simulations of the data based on the kick-out model.

In Fig. 1 we report the starting profile (i.e., the as-grown
sample after 1 h of 600 °C annealing, dashed line), and the
one after irradiation at RT (open triangles) and 350 °C (open
circles) with the 300 keV H* ion beam, at an ion flux of
1.9 10> H*/cm? s with a fluence of 1X10'® H*/cm?. A
not-implanted sample but annealed for the same total time at
350 °C is also plotted as a reference for the thermal diffu-
sion at 350 °C (closed circles). It is evident how at high-T
irradiation strongly enhances the B diffusion with respect to
the negligible thermal diffusion. Surprisingly, even at RT bo-
ron strongly diffuses under irradiation (open triangles) well
over the thermal diffusion at 350 °C. It is worth noting that,
in contrast, when implanted at the LN,T the B delta profile
does not broaden at all (not shown), meaning that ion-
assisted B diffusion needs to be thermally activated.

The diffused B profiles show a non-Gaussian shape, far
away from those typical of the diffusion phenomena driven
by the Fick’s diffusion laws. Indeed, the exponential diffu-
sion tails unambiguously demonstrate that the B diffusion
mechanism in Ge is mediated by the formation of an inter-
mediate mobile B complex, formed through the interaction
of substitutional B atoms (B,) with the PDs generated by the
incident ion beam, in a fashion somewhat similar to what
was observed in Si.!*!> We thus propose in Ge a similar
mechanism, where B, becomes mobile (B,,) with a rate g by
interacting with PDs (kick-out mechanism) and then B,,
moves for a mean length A before returning substitutional
(i.e., immobile) with a rate r (kick-in mechanism). Thus, the
B diffusivity can be expressed as Dp=g\>.

In order to quantitatively study the B diffusion phenom-
enon, we fitted the experimental profiles at different implant
fluences, ion fluxes, and temperatures by means of a y? op-
timization of simulations numerically generated according to
a g-\ diffusion model as described in Refs. 14 and 15. The
continuous lines in Fig. 1 accounts for the quality of all the
fits obtained by the model. As an example, the values of g
and A obtained for the sample irradiated at 350 °C in Fig. 1
are of (1.5+0.2) X 10 s~ and 28 =4 nm, respectively.

In Fig. 2 g (closed squares), A (closed circles), and gt
(closed diamonds) are reported (where 7 is the diffusion time)
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FIG. 2. Values of g (closed squares), \ (closed circles), and gr
(closed diamonds, where 7 is the diffusion time) are reported as a
function of the H* flux [Figs. 2(a)-2(c)] and * fluence [Figs.
2(d)-2(f)] for samples implanted at 350 °C, by fixing the fluence at
1X10' H*/cm? or the flux at 1.9 10'2 H*/cm? s, respectively.
The dashed lines are guidelines for the eye.

as a function of the H* flux [Figs. 2(a)-2(c)] and of the H*
fluence [Figs. 2(d)-2(f)] for samples implanted at 350 °C,
by fixing the H* fluence at 1 X 10'® H*/cm? or the flux at
1.9X10'2 H*/cm? s, respectively. The dashed lines are
guidelines for the eye. Figures 2(a) and 2(d) show that the
B,, generation rate g linearly increases with the ion flux
while it remains substantially constant by increasing the H*
fluence. Instead, the migration path N\ of B,, is unaffected by
both the H* flux [Fig. 2(b)] and fluence [Fig. 2(e)].

During ion implantation, PDs in excess with respect to the
equilibrium are generated within each collision cascade. The
I and V concentrations are then limited by their diffusion and
subsequent annihilation, returning to the equilibrium value
after a certain transient time. Since the defect-B interaction
rate g is proportional to the PDs population, the linear trend
of g in Fig. 2(a) can be ascribed to the action of uncorrelated
collision cascades, each of which extinguishes before being
spatially superimposed to another cascade. Indeed, this indi-
cates that a steady state for PD population is never reached.
In fact, under pure athermal beam-induced / and V genera-
tions, and diffusion-limited annihilation, the PD populations
(and as a consequence g) in steady-state conditions should
have increased with a square-root trend.'> Thus, the total
observed diffusion of the B delta is the sum of many uncor-
related transient phenomena due to the fraction of PDs that
can interact with B before annihilating. Therefore, the total
number g¢ of migration events per B atom in the diffusion
time 7 (i.e., the implant time) only depends on the implanted
fluence [Fig. 2(f)] while the ion flux simply changes the fre-
quency of migration events [Fig. 2(c)].
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Under the above picture, the measured A is the projection
of the mean-free path perpendicularly to sample surface
made by a B atom under the effect of many independent
collision cascades. It is straightforward that at a given tem-
perature X must be constant, independent of both fluxes and
fluences, as clearly evidenced by the experimental data in
Figs. 2(b) and 2(e). Moreover, the constant trend of \ for all
the H"-implanted fluences also demonstrates that the B dif-
fusion process is not affected by the presence of H atoms. In
fact, if any H diffusion from its R, region occurred, different
amount of H would be present around the B delta affecting
\. This is not the case.

It is worth noting that the observed B diffusion is cer-
tainly not due to a direct knock-on phenomenon on B atoms
generated by the impinging ion beam. In fact, at 350 °C the
threshold fluence to have each B atom involved in at least
one migration event (i.e., to have gr~1) is ~1
X 10'® H*/cm? [Fig. 2(f)]. On the other hand, if we calcu-
late the displacements per Ge atom in Ge after a 300 keV
1 X 10' H*/cm? implantation at the depth of the B delta, we
obtain ~1X 1072 (Ref. 22). Indeed, the displaced B atoms
for the same H* implant would be even much lower because
the knock on inversely depends on the square of the atomic
number. Thus, such calculations confirm our assumption that
the observed broad B profiles are due to B diffusion indi-
rectly caused by the interaction of B with the PDs generated
by the implant.

Other fundamental information comes by investigation of
diffusion parameters as a function of 7. In Figs. 3(a)-3(c) the
Arrhenius plots of the B diffusivity Dy (closed triangles), the
migration rate g (closed squares), and the migration path A
(closed circles) are, respectively, reported for the samples
implanted with 1X10'® H*/cm? and 1.9X10'> H*/cm? s
versus 7. Continuous lines are fits to the data. It is well
evident from Fig. 3(a) that under H* irradiation B diffusivity
is many orders of magnitude higher than the equilibrium one
extracted by Uppal and co-workers® at T higher than 800 °C
and here extrapolated at lower T [dashed line in Fig. 3(a)].
We also measured on these samples a thermal equilibrium
Dy value at 755 °C (open triangle) in good agreement with
Ref. 5. Note that, to obtain this point, annealing with times as
long as 90 h were necessary. Under irradiation Dy shows a
weak dependence on the T, characterized by a very low (al-
most athermal) activation energy of E;,=0.10%=0.01 eV.
This can be understood considering the different diffusion
steps by which B moves under the assumption that its diffu-
sion is defect mediated and, hence, Dg=g\>.

The migration rate g [Fig. 3(b)] shows a single Arrhenius
slope  with a very low activation energy (E,
=0.06£0.01 eV). The essentially athermal behavior of g
can be explained considering that it results as a balance
among different phenomena. Under the assumption that B
diffuses by interacting with Is, g is a measure of the prob-
ability of /-B interaction forming the B-/ pair and, therefore,
it depends on the amount and diffusivity of /s. Interstitials
are athermally generated by the ion beam while resulting
more mobile at higher 7. This increases the kick-out prob-
ability. On the other hand, it also favors the annihilation pro-
cess I+V— @, reducing the I concentration and, hence, the g
value. Moreover, we cannot exclude that a small barrier for
the formation of the B-/ pair exists.
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FIG. 3. Arrhenius plots of (a) Dy (closed triangles), (b) g
(closed squares), and (c) N (closed circles) for samples implanted
with 1 X100 H*/cm? and 1.9 X 10'> H*/cm? s. Open symbols are
relative to thermal diffusion. Stars are relative to diffusion under
postimplant (1 X 10'® H*/cm? and 1.9 10'> H*/cm? s at RT) an-
nealing. Dashed line in (a) is the thermal diffusivity extracted from
Ref. 5. Dotted line in (c) is an eye guide. Continuous lines are fits of
the experimental data. The activation energies obtained by the fit-
ting process are reported.

It is worth noting that the absolute values of Dy and g in
Figs. 3(a) and 3(b) could be scaled up and down by modify-
ing the defect generation rate through the ion flux. In fact g,
depending linearly on the ion flux [Fig. 2(a)], gives an ion-
assisted diffusivity Dy, which is also a linear function of the
flux (Dg=g\?).

Under proton irradiation, the migration length N also
shows a negligible dependence on T up to 550 °C [Fig. 3(c),
the dotted line is an eye guide]. On the other hand, under
equilibrium condition, at 755 °C we measured a value of A
[open circle in Fig. 3(c)], which is more than ten times lower
than that observed under irradiation. The very high migration
paths observed during the implants could be due to an
ionization-enhanced diffusion of B occurring under irradia-
tion through a more diffusive-charged mobile species, re-
minding that N=(Dg /r)""?, as proposed in Si.*> In fact, re-
cently a charge-state-dependent diffusion has been also
evidenced for Ga in Ge.?® In order to ascertain if irradiation
affects the B migration also through the free carrier genera-
tion, we studied the postimplant diffusion of B. In particular,
the sample previously implanted at RT (1 X 10'® H*/cm?
and 1.9X 10'> H*/cm? s) was further annealed at 350 and
550 °C for 1 h. We clearly observed a postimplant-enhanced
diffusion (not shown), similar to the well-known transient-
enhanced diffusion of B in Si.?’ The observed enhanced dif-
fusion can be ascribed to the PDs generated during the pro-
ton irradiation at RT and made mobile under the subsequent
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annealing. However, since diffusion is now occurring with-
out irradiation, ionization effects are absent. Indeed, the re-
lated migration paths [stars in Fig. 3(c)] are very close to
those found under irradiation. This demonstrates that N\ in-
creases significantly by decreasing the 7, independent of the
presence of ionization effects. Moreover, the gr values mea-
sured at 550 and 350 °C after postimplant annealing (0.4
and 0.2, respectively) are a quarter of those under irradiation
(1.7 and 0.8, respectively). Being gr the average number of
migration events per B atom, this suggests that not all the
PDs generated by the implant participate to the transient-
enhanced B diffusion during the postimplant annealing, be-
ing partially annihilated during the implant itself or even
during the annealing ramp.

The main point is that B migration path seems to increase
noticeably by decreasing 7. Similarly to what happens for B
in Si,!>1725 we can assume that B diffusion stops through a
dissociation process, for which N\ increases by decreasing T
with a similar mechanism in both equilibrium and nonequi-
librium conditions. By fitting the data in the temperature
range of 550—-755 °C [continuous line in Fig. 3(c)], we ob-
tain a negative activation energy for the kick-in process of
~—0.8 eV, very similar to the —0.5 eV observed for B in
Si.15 Nonetheless, at lower 7, N\ saturates at a value of
~20 nm. The peculiar quite constant behavior of N\ over a
very large range of the reciprocal temperature (1/kT goes
from 15 to 40 eV~') can be due to the presence of some kind
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of traps in the sample. We remind that all samples were
preannealed at 600 °C to eliminate any possible postgrowth
defects. Indeed, the observed values of the B migration path
around 20 nm correspond to an average distance between
traps having a concentration of ~10'” ¢cm™, a value compa-
rable to the concentration of impurities such as O or C
present in our MBE germanium sample. Thus, the presence
of O and C could be a limiting factor for B migration when
the distances covered by the mobile species overcomes the
average distance among traps in the sample.

In conclusion, we demonstrated that under and after pro-
ton irradiation B suffers an enhanced diffusivity in c-Ge,
many orders of magnitude higher than under equilibrium. B
strongly diffuses even at RT under irradiation. Moreover, we
demonstrated that B diffusion occurs through a mechanism
mediated by PDs, through a kick-out mechanism followed by
a subsequent thermally activated dissociation step of the mo-
bile species (kick-in mechanism). The reported data are ex-
plained on the basis of an independent collision-cascade
model. These results represent a fundamental point to
achieve the elaboration of predictive atomistic diffusion
models of B in c-Ge.
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