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Dopant dependence on passivation and reactivation of carrier

after hydrogenation
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The formation of hydrogen (H)-related complexes and H effects on boron (B) and phosphorus (P)
dopants was investigated in B- or P-doped silicon (Si) crystal treated with high concentration of H.
The reactivation process of dopant carriers by annealing after hydrogenation was significantly
different between the p-type and n-type specimens. The difference is likely to be attributable to the
formation of H-related defects based on the stable sites of the H atoms, i.e., complicated H multiple
trapping centers are formed by bond breaking due to H atoms in only p-type B-doped Si. © 2007
American Institute of Physics. [DOI: 10.1063/1.2654831]

Hydrogen (H) is an important impurity in Si, so its prop-
erties have been extensively studied.' In particular, H passi-
vation of acceptors and donors is one of the most important
topics from both fundamental and technological points of
view." The structures and behaviors of the passivation cen-
ters are significantly different between p-type Si and n-type
Si.' % p-type B-doped silicon, a H atom is located at the
bond-centered (BC) site between B and a neighboring host Si
atom.” " This structure is a so-called H-B passivation cen-
ter. On the other hand, in n-type P-doped Si, the H atom is
located at the anitibonding (AB) site of the nearest Si neigh-
bor to a P atom, forming a P-Si—-H passivation center.” "

In addition to the passivation centers, hydrogen
molecules ™ and  extended planar defects called
plateletsm’17 are formed with increasing H concentration in-
troduced into Si. The formation of hydrogen molecules and
platelets also depends on the types of dopant impurities in
Si."!"° Furthermore, H multiple trapping centers are formed
in heavily H- and B-doped $i.20! Recently, some of them
have been assigned to B-H complexes in which multiple H
atoms are trapped, and at least one of them directly bonds to
the B in Si.”! The effect of the B-H complexes on B dopants
such as passivation has been investigated in our previous
work,”! whereas the recovery of B dopants by the dissocia-
tion of H atoms from the complexes has not yet been inves-
tigated. As for n-type Si, neither the formation of such H
multiple trapping centers nor their effect on n-type dopants
has been investigated.

In the present study, the formation of H-related com-
plexes and their influence on B or P dopants was investigated
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in hydrogenated p-type B-doped Si and hydrogenated n-type
P-doped Si, respectively. The reactivation of dopants by ther-
mal annealing was also investigated. The outcomes were sig-
nificantly different between p-type and n-type specimens.

Two types of specimens were used in this study. One
was n-type Czochralski (Cz)-Si (1.4-2.3 Q) cm) implanted
with 30 keV "B* ions at a dose of 1 X 10'5 cm™2. The other
was p-type Si (50 Q2 cm) implanted with 50 keV P* ions at a
dose of 110" cm™2. These implanted Si samples were an-
nealed in a N, gas atmosphere at 900 °C for 30 min to elec-
trically activate the dopants. Hereafter, we, respectively, term
these specimens p-type B-doped Si and n-type P-doped Si.
After the specimens were activated, they were hydrogenated
by hydrogen atom treatments (HATS) at temperatures ranging
from 100 to 330 °C. The details of the hydrogenation proce-
dure and conditions are reported elsewhere.**' Raman scat-
tering measurements were performed at RT with a 514.5 nm
excitation beam at a power of 100 mW. Resistivity measure-
ments were performed at RT using four-point probe measure-
ments. Electron spin resonance (ESR) measurements were
carried out at 4.2 K using an X-band spectrometer with a
magnetic field modulation of 100 kHz.

The representative Raman spectra observed in p-type
B-doped Si and n-type P-doped Si after hydrogenation at
190 °C for 30 min are shown in Fig. 1. Several peaks were
observed in the hydrogenated p-type B-doped Si. The peak at
1873 cm™! is due to the well-known H-B passivation center.
The peaks at 2283, 2376, 2387, and 2470 cm™! were as-
signed in our previous study21 to the B—H stretching mode of
B-H complexes in which H atoms directly bond with B
atoms.”! The other peaks at 1931, 2105, 2134, 2222, and
2241 cm™! are due to Si-H stretching modes of defects
formed by hydrogenation.ZI Notably, the peak at 2134 cm™!
is due to the Si—H stretching mode of plate,le,ts,16’17’22 which
are known as hydrogen-related planar defects in Si. Hereaf-

© 2007 American Institute of Physics

Downloaded 21 Dec 2009 to 130.158.56.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.2654831
http://dx.doi.org/10.1063/1.2654831
http://dx.doi.org/10.1063/1.2654831

046107-2 Fukata et al.

(@) p-Si

Normalized intensity

l I | l l ™ I(b)ﬂ—l.S}"

7800 71900 2000 2700 2200 2300 2400 2500
. -7
Haman sit cm )

FIG. 1. Raman spectra observed for (a) p-type B-doped Si and (b) n-type
P-doped Si after hydrogenation at 190 °C for 30 min. The frequencies of the
peaks related to B-H complexes are shadowed.

ter, we term these defects related to Si—H stretching modes
“Si—H defects” except for the platelet defects. On the other
hand, in the hydrogenated n-type P-doped Si, only the peak
due to the Si-H stretching mode of platelets was observed.
The observation of a H-stretching mode in the P-Si—H pas-
sivation centers is generally difficult because of background
phonon band. These results show that the formation of
H-related defects is markedly different between p-type Si
and n-type Si.

Figure 2(a) shows the dependence of the resistivity in
p-type and n-type specimens on hydrogenation temperature.
Figure 2(b) shows the hydrogenation temperature depen-
dence of the H-related Raman peaks in p-type B-doped Si.
The results for p-type specimens have been reported in our
previous paper.” Here, the increase in the hydrogenation
temperature causes the increase in the quantity of H atoms
introduced into specimens. The dependence is significantly
different between p-type and n-type specimens. In the p-type
specimen, the resistivity first increased with increasing hy-
drogenation temperature and then decreased as a result of
hydrogenation above 220 °C. As previously 1rep0rted,21 the
increase in the resistivity at 120 °C from the value before
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FIG. 2. (Color online) (a) Dependence of the resistivity of hydrogenated
p-type B-doped Si and n-type P-doped Si, respectively. The dotted lines
show the resistivity before HAT. (b) Raman spectra observed for p-type
B-doped Si hydrogenated at different temperatures. The frequencies of the
peaks related to B-H complexes are shadowed. (c) ESR signal of conduc-
tion electrons observed before and after HAT at 120 °C for n-type P-doped
Si.
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FIG. 3. (a) Isochronal annealing behaviors of the resistivity of p-type
B-doped Si and n-type P-doped Si hydrogenated at 120, 190, and 245 °C,
respectively. The isochronal annealing behaviors of (b) the peak intensities
of the H-related Raman peaks and (c) their H-related Raman peaks for
p-type B-doped Si hydrogenated at 190 °C.

hydrogenation is due to the passivation of B by H. The fur-
ther increase in the resistivity by hydrogenation at
190-220 °C is mainly explained by the formation of the
B-H complexes. The gradual decrease in the resistivity with
increasing hydrogenation temperature from 220 °C can be
explained by loss of H-B passivation centers and finally
B-H complexes. On the other hand, the dependence seen in
the n-type specimens was quite different. The increase at
120 °C from the value before HAT is due to the formation of
P-Si-H passivation centers, resulting in H passivation of P.
The decrease at 190 °C is due to the decreased formation of
P-Si-H passivation centers. The formation of the P-Si-H
passivation centers can be investigated by ESR measure-
ments, as shown in Fig. 2(c). The ESR signal with a g value
of 1.998 is due to conduction electrons in n-type P-doped
Si.¥* The width significantly depends on P
concentration.”** If the width would be decreased for the
heavily P-doped Si, it means the passivation of P. The result
in Fig. 2(c) clearly shows the decrease in the width by HAT,
indicating the H passivation of P by forming the P-Si-H
passivation centers. Considering the previous results, 2 it is
found that 50%—-60% of active P dopant was passivated by
HAT at 120 °C. This result is in good agreement with that in
Fig. 3 shown later. The increase from the temperature at
245 °C is probably due to the effect of the platelets, since
only the Raman spectrum of the platelets is observed in this
temperature range. This result suggests that the resistivity in
p-type specimen is also affected by the platelets.

The relationships between the annihilation of H-related
centers and the reactivation rate of carrier were investigated
by isochronal annealing, as shown in Fig. 3. The annealing
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behavior for the specimen hydrogenated at 120 °C showed a
similar dependence between p-type and n-type specimens.
The increases in active carrier concentration are due to the
dissociation of the H-B passivation center and that of the
P-Si—H passivation center, respectively, resulting in the re-
activation of the dopants. On the other hand, the annealing
behaviors for the specimen hydrogenated at 190 and 245 °C
are significantly different between p-type and n-type speci-
mens. In the case of n-type specimens, the annealing behav-
iors can be explained by the annihilation of platelets, since
only platelets are formed in the hydrogenation temperature
range. In the case of p-type specimens, the behaviors are
complicated, and annealing at around 900 °C is necessary to
almost perfectly reactivate B dopants.

To explain the complicated behavior, the annealing be-
haviors of H-related Raman peaks were investigated for p-Si
(HAT of 190 °C). The results are shown in Figs. 3(b) and
3(c). The activation process of the dopant carrier is roughly
divided into three parts, the first being 100—250 °C, the sec-
ond 250-500 °C, and the third 500—900 °C. The first part
can be satisfactorily explained by the presence of H-B pas-
sivation centers. The effect of the H-B passivation centers is
evident in the difference between p-Si (HAT of 190 °C) and
p-Si (HAT of 245 °C). The active carrier concentration in
the first part of p-Si (HAT of 245 °C) is virtually constant
because the H-B passivation center is not formed at 245 °C.
On the other hand, the case of p-Si (HAT of 190 °C) showed
a similar dependence to that of p-Si (HAT of 120 °C), mean-
ing that the annealing behavior in this part can be satisfacto-
rily explained by the dissociation of H atoms from the H-B
passivation centers. In the second part, the behaviors are
closely similar between p-Si (HAT of 245 °C) and p-Si
(HAT of 190 °C). This is because the same H-related com-
plexes are formed in their specimens. The annealing behav-
iors of the active carrier concentration showed inverse corre-
lations with those of the Raman intensities of platelets, B-H
complexes, and Si—H defects, suggesting that they can be
explained by the annihilation of these defects, resulting in
reactivation of the dopant carriers. In the third part, the re-
activation rate is not still perfect, even after no H-related
Raman peaks were observed, suggesting the existence of re-
sidual defects.

The difference between p-type and n-type specimens is
mainly attributable to the difference in the stable site of the
H atom within, and thereby the formation of H-related de-
fects. As already described, a H atom is stable at the BC site
between B and a neighboring host Si atom in p-type B-doped
Si.> The H bonds primary to the Si, while the B moves
away from this Si almost into the plane of the other three Si
neighbors, meaning the Si—B bond is broken. As already re-
ported, such bond breaking is stepped up by introducing high
concentrations of H atoms, with, ultimately, complicated H
multiple trapping centers such as B-H complexes being
formed in p-type B-doped Si.2' These complicated H mul-
tiple trapping centers are considered to act as residual defects
even after the H atoms have dissociated from the defect cen-
ters, retarding the reactivation of the dopants. On the other
hand, the most stable site for a H atom in n-type P-doped Si
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is the AB site of the nearest Si neighbor to a P atom.” "’ In

this case, the Si—P bond is not broken. Hence, complicated H
multiple trapping centers such as those seen in p-type
B-doped Si are not formed in n-type P-doped Si, resulting in
reactivation at lower temperatures. Finally, a problem re-
mains: P dopants were not perfectly activated in n-type Si
(HATs of 190 and 245 °C). To clarify the cause, we checked
the effect of the metal probes used in resistivity measure-
ments. The problem is, however, not solved. The change in
the P dopant profile resulting from annealing might also be
one possibility.

In conclusion, the formation of H-related complexes and
their effects on B and P dopants were investigated in B- or
P-doped Si treated with high concentrations of H. The de-
pendence of the resistivity on hydrogenation temperature and
the reactivation process of the dopant carrier were markedly
different in p-type and n-type specimens. The difference is
likely to be due to the stable sites of the H atom within them
and thereby the formation of H-related defects, i.e., compli-
cated H multiple trapping centers are easily formed by bond
breaking due to H atoms in only p-type specimens.
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