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Electrical properties of high-dose (1.6X 10' at./cm') H+-implanted B-doped silicon have been investi-

gated using transient capacitance spectroscopy, capacitance-voltage, and spreading resistance profiling.
The role of hydrogen is twofold: to interact with the defects created by ion implantation, modifying

their electrical properties, and to neutralize the shallow-acceptor dopants. The evolution of the defects

responsible for the deep levels and the depth of the neutralized region have been investigated after iso-

chronal annealing at various temperatures up to 800'C. Deep-level transient spectroscopy spectra show

three hole traps; two of them, H(0.67), H(0.33), have been tentatively identified as vacancy-hydrogen

complexes (VH2, VH3) while the attribution of the third, H(0.23), detected in the samples annealed at
400-450'C, is uncertain. As a function of the heat treatment, the total number of defects is strongly re-

duced at 300'C, it increases for T )300 'C and at the highest temperatures, namely 800'C, the defects
disappear. The first decrease is attributed to the formation of neutral VH4 complexes and the disappear-
ance to complete decoration of point defects or their agglomeration. The thickness of the passivated re-

gion has a minimum at 300'C, which corresponds to the formation of the stable VH4. At lower tempera-
tures, the hydrogen necessary for the passivation is the unbonded one and presumably comes from the
implantation process itself. At higher temperature, H comes from the breaking of the VH4 or H„com-
plexes. These results are in good agreement with our previous studies concerning the role played by hy-

drogen in affecting the crystal properties of silicon.

I. INTRODUCTION

Implantation of light ions introduces defect states into
the energy gap of silicon. The primary point defects, pro-
duced by the slowing down of the ion, difFuse and react to
form complexes with impurity atoms or other defects. ' It
is important to distinguish between the role of the bom-
bardment itself and that of the implanted ion species, be-
cause both contribute to defects formation. The former
is present irrespective of the energy-transfer mechanism,
as illustrated by the fact that the first studies of vacancy-
related defects were conducted with electron- and @-
irradiated silicon. The latter is fundamental as far as hy-
drogen is concerned because hydrogen is a major reactant
with solids due to its high chemical activity and lat-
tice mobility. Its interactions with defects and
dopants ' cause strong changes in the electrical and
optical properties of crystalline silicon. Even though the
structure of the hydrogen-related defects is not yet clear
many studies have contributed to the knowledge of the
microscopic nature of the acceptor-H complex. '

This paper is a continuation of ongoing work which
has been devoted mostly to investigating the structure
and metallurgical properties of single-crystal silicon
heavily implanted with hydrogen. ' The results indicate
that in the region from the sample surface down to 120
nm (the hydrogen projected range is 200 nm) the initial
self-interstitial distribution remains unchanged after
treatments at T ~ 300 C, and is appreciably annealed at
400 C. The presence of hydrogen induces a displacernent

of the silicon atoms from the regular lattice; the total
number of displaced atoms first increases up to 400'C
and then decreases. This behavior is attributed to the
presence of hydrogen-related complexes, whose natures
change with annealing conditions, rather than to the loss
of hydrogen itself. Two kinds of hydrogen-related com-
plexes are identified as sources of displacement: one (re-
ferred to as H, ), responsible for a weak displacement
field, is formed in the defect-free wing of the distribution
(centered on a depth of about 230 nm) and disappears
after annealing at T)200'C; and the other (referred to as
H„), responsible for a strong displacement field, is
formed in the defective region of maximum hydrogen
concentration after heat treatments at T &200'C and is
stable up to at least 600'C.

In this paper we report on investigations of defects,
measured by deep-level transient spectroscopy (DLTS), in
p-doped crystalline silicon bombarded with high doses of
H+.

Sections II and III are devoted to the preparation of
samples, the measurement techniques, and the results ob-
tained.

Section IV is divided into two subsections. Section
IV A deals with the dependence of the amplitude of the
passivated region (xo) on temperature. The presence of a
maximum xo for T =400'C is explained by a model that
supposes the existence of surface H reservoirs, where hy-
drogen is embodied in complexes of the kind defect-H,
stable up to 400 C. This idea is supported by previously
quoted results' that show a maximum displacement field
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for the same temperature.
In Sec. IVB, the deep levels observed by DLTS and

their tentative identification are discussed. The defects'
evolution with temperature is analyzed, and an explana-
tion of the dependence on temperature of the relative
defect concentration, which shows a minimum for
T =300 C and increases for higher temperatures, is natu-
rally integrated into the model of Sec. IV A.

The Appendix is an attempt to answer the fundamental
question: why are we able to detect deep levels? This is
not a silly question. In fact, the levels we observe are as-
sociated with defects that are very close to the surface
(some thousands of A). DLTS on our samples should not
give any signal corresponding to these depths, for reasons
discussed below. If we depart from the DLTS standard
theory and, in particular, from the depletion approxima-
tion, the electrical properties of our devices can be ex-
plained. We propose a model which accounts for the
influence of the Debye carrier distribution tails on DLTS
spectra of highly compensated semiconductors. In these
conditions, in fact, it is not correct to assume that the
space-charge region of the Al-Si junction has no free car-
riers when reverse biased. This neglects the presence of a
transition zone, that is wide in the particular case stud-
ied, starting from the internal edge of the depleted region.

II. EXPERIMENT

Samples were prepared by implanting H2+ into single-
crystal silicon. The silicon slices were 6-in. diameter,
Czochralski grown, (100) oriented, and p type (B doped),
with a resistivity in the range 3-5 0 cm.

Samples were implanted with H2+ at an energy of 31
keV, and a dose of 8X10' at/cm . Because of the H2+

fragmentation at the surface, this implantation is
equivalent to the implantation of atomic hydrogen at
double fluence and an energy of 15.5 keV.

The implantation was carried out at room temperature,
by tilting the slices 7' with respect to the beam, in an Ea-
ton Nova 10/160 ion implanter, operating at a beam-
current density for which there is no appreciable sample
heating.

Isochronal annealing experiments were carried out by
treating the samples in vacuum in the temperature range
100-800 'C.

After annealing, aluminum contacts (0.2 pm thick)
were evaporated over the implanted wafer's surface to
produce rectifying devices suitable for capacitance tran-
sient analysis. Some samples, mostly the ones treated at
temperatures higher than 400 C, were heated again at
400'C for 20 min to stabilize the contacts' properties.

The samples were characterized by capacitance-voltage
(C-V) profiling, spreading resistance (SR) and deep level
transient spectroscopy (DLTS). For the purposes of our
research, C-V profiling and DLTS can be considered two
complementary techniques: the first, in fact, is very sen-
sitive to shallow dopants concentration, while the latter is
able to detect very low concentrations of deep levels.
Profiles of dopant atoms were obtained from C-V mea-
surements by the equation

1V(xd ) =— AC

ecEoA

—
1 «o~

with ed=

where E and co are the silicon and the vacuum dielectric
constants, respectively, e is the electron charge, 3 is the
device's area, and xd is the amplitude of the space-charge
region. It should be noted that C-V analysis is not able
to give information about the dopant's concentration in
the region between the surface and some micrometers in
depth. The minimum distance from the surface at which
a differential capacitance measurement can give informa-
tion is about 3LD, ' where LD is the Debye length:

E,EpkT
I.

e E~

Figure 1 shows the spreading resistance profiles of sam-

ples annealed at different temperatures. No attempt was
made to convert the SR profiles into carrier concentra-
tion profiles, because carrier mobility is not known in the
high-SR region.

These profiles show the presence of a region, extending
from the implanted surface to a depth of some microme-
ters, where the concentration of electrically active shal-
low impurities (which is inversely proportional to the SR
value) is much smaller than that of the bulk. This is due
to the well-known phenomenon of H dopant neutraliza-
tion. ' Similar results have been obtained with C-V mea-
surements; in particular, the depths of the neutralized re-

gion and the bulk value of the shallow impurities are

This general statement suggests that the electrically ac-
tive dopant concentration near the surface of our samples
has a value such that the carrier's Debye length becomes
of the order of micrometers. This can be achieved only if
the active boron concentration is about 10' cm

The spreading resistance measurements were per-
formed with a SSM-150 instrument. The samples were
lapped at angles in the range between 1' and 3'. Contacts
were made with two tungsten-rhodium tips, separated by
a distance of 100 pm.

The DLTS experiments were carried out using a stan-
dard experimental apparatus as described by Lang, ' the
Polaron S4600, working in the scanning temperature
mode (100(T & 400 K). The sample cryostat uses a hor-
izontal, continuous-flow, liquid-nitrogen design. The cry-
ostat is normally evacuated to remove moisture which
may interfere with the measurement. The sample is
mounted using an electrical insulator (mica) together
with thermal conduction paste on a metal stage. A plati-
num resistance thermometer and heating elements are at-
tached directly to the stage.

Filling pulses (+0.5 V) were applied on quiescent re-

verse bias (
—0.5 V) to produce capacitance transients.

The capacitance meter was a Boonton 72b, operating
with a 100-mV test signal and a 1-MHz frequency. Ener-

gy levels within the gap, due to carrier traps, were deter-
mined from Kissinger plot slope of ln(e /T ) vs 1/kT,
where e is the rate window, varying in the range 4—5000
—

1s

III. RESULTS
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comparable.
Figure 2 displays the maximum neutralization depth,

defined as the depth at which the profile begins to deviate
from the bulk's value, as a function of annealing tempera-
ture. Both SR and C-V data have been reported here,

showing a good agreement between the two techniques in

analyzing the dopant's neutralization effects. The pas-
sivated region has a maximum for samples annealed at
150'C, decreases until 300'C, increases again reaching a
new maximum for T =400'C, and diminishes, but does

~ % ~
I

~ ~
I

\ % ~ ~ I ~ ~ ~
I

~ ~ ~ ~ ~ ~ ~ ~ ~
f

~ ~ ~ ~
/

~ ~ ~ ~
/

~ ~ ~
I

~ ~ ~ ~
I

~ ~

1Pe IL~%~ ~ %%% ~ %% ~ ~ ~ %%%%~ %%% ~ lpe „

0

104
p treated 400 'C 2h

1O4,—
treated 450 'C 2h ~ a ~ ~ % ~ ~ a%a%a%%11

a

0
a a ~ I ~ a a a I a ~ a a I a

i 8 3
Depth

~ ~ ~ I ~ a a a I ~ a

4 5
[gm]

0
~ ~ ~ ~ I ~ a ~ ~ I ~ ~ ~ a I a

1 8 3
Depth

I

[p, m ]

~ ~ a I ~ a

~ ~ ~ I ~ ~ ~ ~
I

~ ~ ~ ~ I ~ ~ ~ ~ I ~ % ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~
I

~ ~ ~ ~

treated 500
lps I-

C 2h treated 800 C 2h
los

~10 I
O

M
00

~ 1OeO

M

1O'

0

%%%%%%%%%%%%%%~

~ ~ ~ I a ~ ~ ~ I ~ ~ ~ a I a a a ~ I ~ ~ a a

2 3 4 5
Depth Qm]

1O4 .-

0
~ a ~ ~ I ~ ~ ~ a I a ~ ~ ~ I a a a ~ I ~ ~ ~ a

i 2 3 4
Depth Qm]

FIG. I. Spreading resistance
profiles, as a function of the an-

nealing temperature.
~ ~ I ~ ~ ~ [ ~ ~ ~ ~ ) ~ ~ ~ I ~ ~ % ~ ~ ~ ~ ~ ) % % ~ ~ (

~ % ~ ~ I ~ ~ ~ ~
I

~ ~ ~ ~

1pe I-

treated 100 'C 2h treated 150 'C 2h
lps

104 1O4 .-

0
a ~ ~ I ~ ~ ~ ~ I a ~ a ~ I ~ ~ ~ ~

2 3
Depth Qm ]

I a ~ ~ ~

5 0
~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~

i 8 3 4
Depth Qm ]

~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~

F

treated 200 C 2h
10

%%%%%%%%%%%

~ a ~
/

~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~
I

% ~ ~ ~ I
C

treated 300 C 2 h
lpe

~ ~ ~ % I ~ ~ ~ ~

000

A~ lpeO

I
1O'-

0
a ~ ~ ~ I

%%I

~ ~ ~ ~ I ~ ~ ~ a I ~ ~ ~ ~ I a ~ ~ ~

2 3 4 5
Depth Qm]

104

0
~ ~ ~ ~ I ~ ~

~+fjOII%%%%%%BR

a ~ I ~ a ~ a I a ~ ~ ~ I ~ ~ ~ ~

2 3 4 5
Depth [pm]



5294

V}

0o6—
2

C4
(D

4

0
(d

R

0 from SR data
from CV data

/
/

/

p /

100
I s t & i I

200 300
Thermal treat.

/ p

I I I I I I I I I

400 500
temp. ['c]

M. BRUNI et a

600

I I I I I I I I I

FIG. 2. Maximum neneutralization de thp
nc ion of the annnnealing temperature.

I I I

35
'

40 45

e (T)=A T exexp
Ej + A&T exp

E
kT

not disa earpp, for temperatures u
„-1DLTS.spectrum obtained

1 i ho i F' 3 It
o~di

1 li har s ape, requiring two 1'

n at the single eak
'

one.

ositio of t o ontributi

d h
than

asurements with a fillin r
h fo o (10

to be abl to f r ti 11 fillth
ms instead of 1

h
em is very intense, but

1 zed.
e, ut the other is too

r p ot relatin to
1 li (F' 4.

fi h
ig. 4). Startin

ea

issinger plot, assumi
u, we

ld bu e expressed b
sure

FIG. 4. Kissin er

l. /1 T
issinger plots relative to the sam

Th o o d
formed with a fillin

respon to the DLTS measurement

ing pulse of 1 ms' in th'
en per-

e TS eak c

tra i

a s. hen the filling pulse is

ef t lly fil d he, t e DLTS eak s

very intense and th
p its into two part

~ ~

e ot er nearl e
S

issinger plot corres d'respon ing to the more
'

y equal to zero), and th e

hl ( 1)a
' ' '

ng es, parallel to the fir
ea is

th t do tdb the y t e fastest trap. (1/kT' '
ein units of eV '

)

The value E hasas been determined from
e at it coincides w

0

implanted sam 1
'

p e s spectrum) the reex
'

rs
s with the value of th

p p
e activation ener

tained from the fitt iilg.
Repeating this procedure for ever g

1p ots, we found th d'6'
rresponding Kissinger

g ups of hnes (Ftg. 5).ree i erent ro
ine gives the energy level of the corre-

I I I I I I I I I I I I
I

I I I I
I

I I I I
I

I I I I

10

——5000 s—2000 s
-1000 s '
-400—200—80s'
-50 s'

y 08 -20=-10 8-1
4 -1

—2 8—0.8 s

I
I

I I I I I I
I

I I

—6—
C4

(D

—8—

—10—

$0 I I I

200 250 300
Temp. [K]

FIG. 3. The De DLTS spectrum of the sa
150.C h

350
I I

400

—12—

25 30 40
1/kT

45
I I I I I

50 55

FIG. 5. Kissin er
'

ger plots obtained from
}1 Th

three corresponding de ec
ex. ree grou s of lips o ines are evident. The

ing e ect levels are calcu
1 f h (1/kT in units of eV '

)



49 ELECTRICAL STUDIES ON H-IMPLANTED SILICON 5295

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I

1.0

S
0.8

tg4S
g 0.6

0

as imp.

0 0 0 0

0 H 0.87
& H 0.33
0 H 0.23

0 0 0

0.4

o 0.2

P 0 I I

0
I I I I I I I I I I I I I I I I I I I I I I I I I

100 200 300 400 500
Thermal treat. temp. [ C]

) I I I

600

FIG. 6. Traps that are present in samples annealed at
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sponding trap. We determined the average slope in each
group, finding three different levels in the gap. They all
correspond to majority-carrier traps (holes), and we shall
refer to them hereafter as H(0.67), H(0.33), and H(0.23),
making use of the standard notation H(E, E„—) to indi-

cate a hole trap with energy level E„(E, E,—) being the
distance from the valence-band edge E„.

Figure 6 summarizes the DLTS results, showing which
are the active traps for every temperature. The values re-
ported are the averages, calculated as described above.
No values are shown for the temperature 300'C because
the signal was too weak to be analyzed.

Figure 7 shows the relative DLTS signal's amplitude
corresponding to the rate window 1000 s ' as a function
of the sample's annealing temperature. If we suppose
that the error affecting every measurement is the same,
and the capture cross section varies only slightly with an-
nealing temperature, Fig. 7 becomes a rough estimate of
the relative total concentration of the traps as a function
of temperature. ' After a maximum at about 200'C, the
defects' electrical activity sharply decreases up to 300'C,
to increase again for treatments at higher temperatures.

The strong surface compensation, and the consequent
high LD value, does not allow us to obtain the trap's con-
centration profile, ' as will be discussed in the Appendix.
Moreover we observed that probing a region near the sur-
face, but not including it, causes a drastic diminution of
the DLTS signal that cannot be explained simply by con-
sidering the trap's refilling due to leakage currents. We
can infer that the observed defects are localized near the
surface, where the damage produced by hydrogen ion im-
plantation is also present. Preliminary position trap-
ping experiments, performed in similar samples, show
that traps are located a few thousand A below the sample
surface.

It seems very reasonable to associate the deep levels
observed with the presence of implantation damage,
which consists mainly of vacancies at our implant energy,
and to their possible interaction with hydrogen atoms in-
troduced in the crystal.
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IV. DiSCUSSiON

The experimental results show that the implantation
produces defects, and the action of the hydrogen is two-
fold: to interact with the defects modifying their electri-
cal properties, and to compensate for the shallow donor
dopant. We recall again that C- V and SR techniques pro-
vide information about shallow dopant (boron) compen-
sation processes, and DLTS explains electrical behavior
of the defects created by implantation.

A. Hydrogen di6'usion and dopant neutralization profiles

In Sec. III, we pointed out that the amplitude of the
passivated region (xo) decreases with temperature up to
300'C, but displays an unexpected increasing at 400'C.
The following analysis is an attempt to explain the depen-
dence ofxo on T.

The secondary-ion-mass spectroscopy (SINS) profile of
the as-implanted sample, which does not exhibit substan-
tial differences for treatments up to 400'C, shows that
the hydrogen peak concentration is about six orders of
magnitude greater than the bulk boron concentration.
Furthermore, if we suppose the implanted dose to be dis-
tributed so that the hydrogen concentration profile be-
comes constant and equal to that of boron (5X10's
cm ), we find that the silicon wafer thickness is not
enough to accommodate all the implanted H. If we con-
sider the high diffusivity of H in silicon at room tempera-
ture and neglect the outgoing H fraction during thermal
annealing, we would expect xo of a boron-doped silicon
perfect crystal to be equal to the wafer's thickness after
hydrogenation, if several features, that we shall describe
in the following, did not inhuence the H distribution.

It is well known that the implanted hydrogen can be
trapped by boron atoms and silicon dangling bonds, at
temperature below 200 C. Recently it has been shown
that two H complexes, called H, and H„,' which form
in implanted samples are stable in temperature. In par-
ticular, H, is stable up to 200 C, whereas H„ is stable

up to higher temperatures and is present in samples an-
nealed at 600'C for 2 h.

For the purposes of this paper, we now define two
different regions within our samples: region 1 extends
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from the surface down to 0.5 pm, and region 2 starts from 0.5 pm and ends at a depth of 5 pm. The two regions are
distinguished by different H concentrations and different H bonding states within the silicon lattice. We compare their
main features below.

Region 1

H conc. ))B conc.
Defects conc. is very high
H is bound to:
(a) boron
(b) H~ and H~+ complexes
(Defect-H) conc. )&{B-H) conc.

Region 2

H conc. —B conc.
No defects
H is bound mainly to boron atoms

(B-H) conc. &&{defect-H) conc.

Starting from these observations we propose the follow-
ing model.

When the temperature is below 150'C, the B-H bond-
ing is stable, and xo increases because of the neutraliza-
tion efficiency's rise with temperature.

When 200 & T &400'C, the H fraction bound to boron
in region 2 debonds and diffuses, while the H concentra-
tion in region 1 does not suffer any change. Thus the H
atoms freed from B-H bonds of region 2 are not replaced.

For temperatures higher than 400'C (Fig. 8), the hy-
drogen embodied in complexes of the kind defect-H,
which can be regarded as surface H reservoirs, debonds
and diffuses with a typical Gaussian profile. ' At the
end of the annealing process, when temperature has
moved below 150 'C, the diffused H neutralizes the
dopant atoms. With increasing temperature, the hydro-
gen Gaussian profile broadens and lowers, while its inter-
section with the line y = 5 X 10' cm (B concentration),
which we can consider as an estimation of xo, moves to-
ward the sample's surface.
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we found can be due either to interfacial states produced
by aluminum contact evaporation or to H-ion implanta-
tion and subsequent thermal treatments. In addition, the
diodes made on unimplanted silicon show hole trap
H(0.37). To discover if this level originates from interfa-
cial states, we annealed the diode at 400' C for 20 min. It
is well known that such a treatment removes the thin ox-
ide layer between the metal and the semiconductor, and
is strong enough to eliminate most of interfacial states.

The result of the DLTS measurement on the annealed

B. Hydrogen eÃect on deep levels

In Sec. III we stressed that observed deep levels could
be associated with the interaction between hydrogen and
the implantation damage. On the other hand, the traps
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FIG. 8. Schematic view of the H-diffusion process suggested
in the text, undetectable by means of analysis techniques. A
portion of the hydrogen stored in the surface "reservoir"
loosens and diffuses in region 2.

FIG. 9. DLTS spectra of the unimplanted sample (a) and of
the implanted 500 C annealed sample {b), before and after the
"interfacial treatment. " Solid curves and dashed curves
represent unimplanted samples, and samples annealed at 400'C
for 20 min, respectively.
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sample is shown in Fig. 9(a). Level H(0.37) has almost
disappeared after annealing, confirming that it was due to
surface states. A similar treatment was performed on H-
implanted samples, previously annealed at temperatures
higher than 400 C (in samples of this kind, the "interfa-
cial treatment" has little effect on the H distribution). In
this case [Fig. 9(b)], the DLTS spectrum has not changed
substantially, showing that deep levels of implanted sam-

ples are not correlated to interfacial states.
%e now observe that the dependence of the relative

concentration of deep levels derived from DLTS experi-
ments on temperature, mentioned in Sec. III is very simi-
lar to the one concerning the dopant's passivation dis-
cussed in the previous paragraph. In the following we
will try to correlate these two effects.

We hypothesize that the presence of deep levels is due
to the interaction between vacancies produced by
ion implantation and hydrogen introduced into the semi-
conductor. This conjecture appears to be reasonable if
we observe the following.

(1) The implanted samples reveal very high concentra-
tions of vacancies and hydrogen.

(2) The silicon dangling bonds tend to capture hydro-
gen atoms even when temperature is low.

(3) Deep levels associated with complexes composed of
a vacancy and n (n =1,2, 3) hydrogen atoms have been
theoretically calculated.

To the best of our knowledge, none of the levels ob-
served in the literature have been ascribed to a vacancy-
H„complex for certain, even if many reasonable attribu-
tions have been attempted. ' Moreover, the number
of electrical studies carried out on high fluence
hydrogen-implanted silicon is too small to allow a direct
comparison of literature data with our results.

From a theoretical point of view, many papers have
been published concerning the calculation of energy lev-
els related to an isolated vacancy and a vacancy decorat-
ed with one or more hydrogen atoms. The values
obtained are very different and too model dependent to be
considered conclusive for deep-level identification. Nev-
ertheless all these papers agree on two assertions.

(a) When the number n of H atoms belonging to the
same vacancy increases, the electronic level associated
with the complex VH„moves toward the valence band.

(b) The completely decorated vacancy is not electrical-
ly active.

We now assume that the concentration of undecorated
vacancies is negligible, because of the high H concentra-
tion, the high H mobility, and the facility of H to bind to
silicon dangling bonds. Ruling out the possibility of the
presence of traps due to undecorated vacancies, we tenta-
tively attribute level H(0.67}to the complex VH2, because
of its relatively high activation energy, that could be as-
cribed to the binding of the two unsaturated orbitals, giv-
ing a distorted orbital, which needs an energy expense to
be broken (Fig. 10).

Level H(0.33) is identified with a complex VH„, with
odd n. In fact both VH& and VH3 have a single dangling
bond which cannot bind with other silicon bonds. This
circumstance could account for the lower energy corn-
pared with the H(0.67) center. In order to discriminate

:—Si —H

III

Si
I

H

Si
III

gSi = =Si —H

III
Si

I

H

H
I

Si
III

a) b)

FIG. 10. Representation of a two- (a) and three- (b}
hydrogen-decorated vacancy.

V. CONCLUSIONS

Defect levels of high-dose H-ion-implanted silicon
were studied by transient capacitance spectroscopy,
capacitance-voltage, and spreading resistance profiling.
The hydrogen diffusion and the dopant's neutralization
were also studied, showing that the amplitude of the pas-
sivated region decreases with temperature up to 300'C
but displays an increase at 400'C. An interpretation of
the dependence on temperature of the passivated region's
amplitude was given. Three hole traps have been ob-
served. The H(0.67) and H(0.33) levels are considered to
be hydrogen related, and tentatively identified as VH2
and VH3 complexes, respectively. We believe that level
H(0.23) could be connected with defect clustering, that is,
a hydrogen-related phenomenon occurring at 400 C.
The fact that it is very close to the level ascribed to the
divacancy complex in the literature makes this attribu-
tion uncertain.

between VH, and VH3, we note that this level appears
after a 100'C annealing (Fig. 6), whereas the H(0.67} level
is already active in as-implanted samples; moreover, it is
clear that increasing the number of H atoms requires an
energy expense. Thus we identify level H(0.33) with the
center VH3.

The origin of the lowest level H(0.23), appearing at
400'C, is uncertain. In fact, it is very close to the level
ascribed to the divacancy complex in the literature. On
the other hand, we observe that this level arises when the
lattice displacement field is maximum. ' Therefore, we
could also attribute it to the accumulation of microscopic
bubbles connected with defect clustering. This attribu-
tion would be in agreement with the general picture of
the observed phenomenology.

%e conclude that for thermal annealings up to 300'C,
hydrogen decorates the vacancies, forming complexes
with increasing thermal stability. This gives rise to the
levels H(0.67) and H(0.33), whose concentrations increase
up to 250'C. %e believe that at 300'C most vacancies
are completely decorated with H atoms. Since the corn-
plex VH4 is not electrically active, the DLTS signal drops
out at this temperature. When T~400 C, the vacancy-
hydrogen bonds begin to break (this is confirmed by C-V
and SR measurements), inducing a partial vacancy de-
pletion, which restores the VH„electronic levels.
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V=VR

APPENDIX

CV and SR analyses have pointed out the role of H-ion
implantation in the formation of a strongly compensated
region lying below the crystal's surface.

We expect that if a Schottky rectifying junction is
made on this material, the amplitude of the resulting
space-charge region xd must turn out to be very
similar to the compensated one. In fact, for a metal-
semiconductor junction, the following equation is valid:

2Eeo(V, + V~)

Depth XDR

a)

where V, is the bias potential, Vb is the contact potential,
e is the electron charge, and c and co are the silicon and
the vacuum dielectric constants, respectively.

If the dopant concentration 1V~ at the surface goes, for
example, from 5X10' to 5X10' cm because of the
hydrogenation process (that is, the neutralization
eSciency is 99%%uo, in agreement with typical values found
in B-H experiments ), xd measured at zero bias must in-

crease from 0.3 to 3 pm. Now let us consider the follow-
ing statements.

(a) In general, a DLTS measurement of filling pulse Vo

cannot give any information about regions lying at a dis-
tance lower than A, ( Vo ) from the surface, where A,

represents the length at which the deep level E, crosses
the Fermi level.

(b) It seems to be very reasonable to suppose A, ) A, ; „,
where A, ; indicates the amplitude of the H-implanted
region, since the latter extends from the surface down to
a few thousand A.

(c) The samples which have not undergone H implanta-
tion are free from deep levels.

Taking these arguments into account, we should not be
able to detect any deep level related to H-defect com-
plexes situated in the near-surface region, and no peak
should be present in our DLTS spectra.

That, in turn, means that we have to modify the stan-
dard model used for DLTS. In fact, the abrupt approxi-
mation mentioned above assumes that the space-charge
region of a metal-semiconductor junction in reverse bias
conditions has a carrier concentration exactly equal to
zero. This hypothesis neglects the presence of a transi-
tion zone near the internal edge of the depleted region, in
which the carrier distribution p (x) does not change
abruptly, but varies with a Gaussian law:

(xd —x)
p (x)=N„exp

2L

V=0

EFM

A,(V=0) XD(V=0) Depth

0 I I I
I

I I I I I I I I
I

I I I I

I

I 3 I 1

I
I I

102
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FIG. 11. Sketch of the possible filling mechanism of surface

traps due to carriers belonging to the Debye tail, in a p-doped
and highly passivated semiconductor. The + symbol represents
a boundary point: traps on its right are filled, traps on its left

are empty. Thus the traps close to the surface are not filled by
the pulse at V=O (b), but the Debye tail that does not reach
them when V = VR (a) touches the traps at V =0, because of the

xD shift.

If silicon is strongly compensated, LD can be large
enough to cover the whole depleted region. Therefore, it
is possible that a defect far from the edge of the space-
charge region is reached by a certain number of carriers
belonging to the "Debye tail, " as shown in Fig. 11.

10
30

I I I I I I ! I I I I l t I I I I l I I I I I I I I

40 45 50 55
1/kT (ev )

FIG. 12. Plots of the signal amplitudes, obtained from the

DLTS data.
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100'C
150'C
200'C
250'C
400 C
500'C

3.0 pm
2.9 pm
3.5 pm
3.1 pm
2.7 pm
2.6 pm

Now we try to calculate the contribution of carrier
tails to the capacitance signal of a metal-semiconductor
junction, containing a trap T. Let us define xz- as the
trap's depth, Nz as the trap's concentration, Nzo as the
concentration of occupied traps, c~ as the trap's capture
rate, and p as the hole's concentration. We think it is
reasonable to suppose Nr(x =xr)) p, and thus a linear
dependence of Nzo on p, through the hole capture cross
section o and the average thermal hole velocity ( v~ ):

Nqo ~c~ =o~(v )p .

The amplitude AC of the DLTS signal will be proportion-
al to the concentration of the filled traps:

TABLE I. g values obtained from the equation in the text,
giving a as a function of N& (supposing N& =5 X 10' cm ).

Sample

1/2

exp
2LD

EC~O. Nq
3kT

m
(

where g=x& —x, is the trap's distance from the space-
charge region's edge. If we write the dependence on tern-

perature, neglecting cr dependence, as

1/2
3kTAC~0. Nq exp

2kTEEp

and plot in(b, C /T'~ ) vs 1/kT (Fig. 12),we have to find a
line with slope

a=
2E,E,p

In order to check the validity of the hypotheses support-
ing our model, it is possible to estimate the value of g
from the former equation. This should be very similar to
that of the compensated region given in Fig. 12. From
the plot's slopes, assuming a dopant concentration of
5 X 10' cm, we have obtained g values shown in Table
I.

These values are in good agreement with the hy-
pothesis that deep levels are nearer to the surface than to
the edge of the space-charge region. We believe this is
one more confirmation of the validity of the proposed
model.
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