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Abstract

The results of a deep level transient spectroscopy (DLTS) study of nickel-hydrogen complexes in n- and p-type silicon are
presented. Hydrogen is incorporated by wet-chemical etching. After etching, eleven electrically active Ni—H related levels are
observed. Heat treatment enables us to investigate the thermal stability of Ni-H complexes. Possible structures of the Ni—H
defects are proposed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Hydrogen is known to form complexes with transi-
tion metals in Si (e.g. Au [1], Pd [2] and Pt [3]), which
either introduce new levels in the band gap or passivate
the deep levels of transition metals. In this study, we
focus on isolated nickel and nickel-hydrogen complex
defects in n- and p-type silicon. Although Ni is detri-
mental to device performance due to the fast diffusion
and precipitate formation, there is little agreement in
the literature concerning the nature of this impurity
[4-6]. Evidence for several hydrogen induced electri-
cally active Ni complexes in silicon is presented, their
thermal stability is studied and possible structures of
these complexes are discussed.

2. Experimental procedure

We used phosphorus- or boron-doped float zone or
Czochralski (Cz) silicon. Doping of nickel is performed
during the crystal growth in concentrations of about
10'2 cm 3 or by diffusion at temperatures between 950
and 1050°C in concentrations of about 10'* cm ~3. Two
sets of n- and p-type samples were used with different
shallow donor/acceptor concentrations (10'* ¢cm ~3 and
10'® ¢cm ~3). Samples could be cleaved from the Si rod
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which was doped during the float zone crystal growth.
The cleaved samples allowed us to avoid the introduc-
tion of hydrogen in the samples. In our experiments
hydrogen is introduced into the samples by wet chemi-
cal etching in a 1:2:1 mixture of HF, HNO; and
CH;COOH before evaporation of the Schottky con-
tacts. The material for the Schottky contact is Au for
n-type and Al for p-type.

The experimental setup in this study is a computer-
ized lock-in DLTS system. The shallow dopant concen-
tration profiles are determined by the
capacitance-voltage (CV) method at 1 MHz. DLTS
concentration profiling was used to determine the distri-
bution of the deep levels. The profiles are calculated
taking into account the nonuniform shallow dopant
profiles due to hydrogen passivation of dopants.

3. Results

In Fig. 1 typical DLTS spectra of cleaved samples are
shown: spectrum (a) is from an n-type sample and only
the two levels of the substitutional Ni acceptor Ni~/°
and double acceptor Ni~ ~/~ are observed; spectrum
(b) is from a p-type sample, the single DLTS peak
corresponds to the substitutional Ni donor Ni” *. The
position of the Ni DLTS peaks coincides with the levels
reported in the literature [4—6]. In Table 1 a summary
of level positions and cross sections for all substitu-
tional Ni levels is given. Spectrum (a) in Fig. 2 of an
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(a) n-type cleaved sample
( Ni concentration : 3*1012 cm-3 )

(b) p-type cleaved sample
(Ni concentration : 6*1012 cm-3 )
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Fig. 1. DLTS spectra of cleaved samples; (a) cleaved sample of
Ni-doped n-type Si; (b) cleaved sample of Ni-doped p-type Si.

n-type Si sample which was diffused with Ni is mea-
sured directly after wet-chemical etching. During the
etching hydrogen is introduced and five new hydrogen
related levels can be observed. We label the levels
according to the peak temperatures [E(95), E(105),
E(145), E(185), and E(270)] at an emission rate of 42
s~ ! Level position and electrical properties of the
different DLTS peaks are summarized in Table 1. The
level labeled A in [6] seems to be our level E(95). After
annealing at 470 K for 1 h (Fig. 2(b)), the intensity of

Table 1

The activation energy E,, the capture cross section calculated by the extraporation of the Arrhenius plot o

all the new hydrogen related peaks weakened. A heat
treatment at 570 K for 2 h leads to an increase of Ni—/°
and Ni~ ~/~ signals compared to those in the freshly
etched sample. The decrease of the hydrogen related
levels and the increase of the substitutional Ni levels
with annealing suggests that all new hydrogen related
levels belong to Ni—-H complexes. A new DLTS peak
(E(155)) appears after annealing at 470 K and another
one (E(175)) at even higher annealing temperatures of
570 K (see Fig. 2(c)). The assignment of E(155) and
E(175) to other Ni—-H complexes is very speculative.
Contamination of the samples by other impurities is a
possibility which has to be studied in more detail in
future. Our measurements indicate that Ni—-H com-
plexes in n-type Si are dissociated around 570 K and
reactivation of the isolated Ni occurs.

In Fig. 3, typical DLTS spectra of a Ni-diffused
p-type Si sample are shown. Wet chemical etching
generates six new hydrogen related levels (Fig. 3(a)).
Spectrum (b) is from the sample which was annealed at
500 K for 1 h. Almost all hydrogen-related peaks
vanish and only one new level, H(140), appears. We
annealed samples up to 600 K but H(140) still remains
and no reactivation of the isolated Ni donor happens.
It is therefore difficult to associate the new hydrogen
related levels with Ni—-H complexes from these mea-
surements. Detailed measurements on differently pre-
pared samples are underway to determine the Ni
incorporation in the H complexes. From a comparison
with the results on the n-type samples and the weakly
Ni doped float zone samples we tentatively associate
the six new levels to Ni-H complexes. Similar to n-type
samples, we find that level H(140) is not Ni—H related.
There is no reactivation of the substitutional Ni up to
600 K. This result could indicate a high stability of the

the capture cross section by the

exts

variation of the filling pulse length oy, the activation energy of the capture cross section E,, the enthalpy H, and the entropy factor X, of Ni

related levels

Level E,(eV) G or(cm?) og(cm?) E.(eV) H, (eV) X,
Ni——/~ E.—0.08 42x10714 5.8x 1071 (45 K) 0.05 0.03 0.2
Ni—° E,—0.39 22x1071 4.4x10~' (237 K) 0.08 0.31 0.1
Ni%+ E,+0.15 43x1071 22x10713 0 0.15 2.2
H(50) E,+0.08 1.6x 1013 1.1x10-13 0 0.08 1.5
H(105) E,+0.20 2.6x1071 1.7x10713 0 0.20 1.5
H(160) E,+0.32 9.6x1015 9.9x10~"7 0 0.32 97
H(190) E,+0.37 6.5x10713 23x10710 0 0.37 28
H(235) E,+0.47 5.5x10713 3.7x1071¢ 0 0.47 15
H(275) E,+0.56 53x10°13 22x10710 0 0.56 24
E(95) E.—0.15 2.8x10710 48x107'% (95 K) 0.02 0.13 5.1
E(110) E.,—0.16 1.8x 10716 1.4x10~17 0 0.16 13
E(145) E.—0.25 6.6x1071¢ 1.2x10~'8 0 0.25 550
E(185) E,—0.35 2.8x1071 1.8x 1018 0 0.35 1600
E(270) E.—0.52 1.9x10-1 7x 101 0 0.52 2.7
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Fig. 2. DLTS spectra of Ni-diffused n-type Si: (a) after etching; (b)
after annealing at 470 K for 1 h; (c) after annealing at 570 K for 3 h.
The emission rate is v, =42 s~ ', ¥, = —2V, ¥,=0 V. The DLTS
signal scale of (a) is a half of that of (c), and so the intensities of
isolated Ni levels in (c) are about twice as large as those of (a).

Ni—H complexes in p-type Si or more probable the
complexing of substitutional Ni with other impurities.

In the determination of the capture cross sections, we
use two different methods, the extrapolation of the
Arrhenius plot to 7— oo and the variation of filling
pulse length (7 fixed). Furthermore, we investigated the
activation energies of the capture cross sections, E,. In
n-type material, for example, the relationship between
the emission coefficient and the capture cross section
can be written as follows [7].

AG,
€, = O-nUIhNC exp< - k;)» (1)

where AG, is the Gibbs free energy to excite an electron
from a trap center to the conduction band and is
described as AG,=AH,— TAS, (AH, enthalpy, AS,
entropy and 7 temperature). Eq. (1) can be rewritten as

AH,
€, = 0-}1A/suthc exp( - an>5 (2)

where X, =exp(AS,/k) is an entropy factor. If the
capture cross section shows no temperature depen-
dence, the difference of the capture cross sections deter-
mined by the two methods originates from the entropy
factor. Our results for the capture cross section are
shown in Table 1. For some levels ¢ is temperature
dependent and E, is not equal to zero.
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Fig. 3. DLTS spectra of Ni-doped p-type Si: (a) after etching; (b)
after annealing at 500 K for 1 h.
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Fig. 4. A typical depth profile of the Ni—H related center E(95).

The properties of H(50) and H(105) are similar to
those of Fe—B pairs and substitutional Cu, respectively.
The activation energy of H(50) is however clearly
smaller than that of Fe—B pair (0.10 eV [8]) and the
activation energy of H(105) is also smaller than that of

Table 2
Penetration length L and possible structures of Ni—H complexes

Level L (pm) L,/Li 1 Possible structure
E(95) 1.8+£005 21402 2 Ni-H,

EQ70) 37+02 1 1 Ni-H

H(190) 1.0+0.1 37+0.7 34 Ni-Hj,

H(235) 1.7+0.1 22403 2 Ni-H,

H(Q275) 14+04 26404 23 NiH,,
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substitutional Cu (0.23 eV [9]). Moreover the capture
cross section of Cu is more than 1 x 10~ cm? [9].
Therefore, H(50) can not be identified with the Fe—B
pair and H(105) is certainly not related to substitutional
Cu.

The concentration profiles of mobile hydrogen and
hydrogen related complexes can be described by the
following diffusion equations [10],

oM )0 [H]
a P VT ®
By arpi, 4 )DL @

where [H] is the concentration of mobile hydrogen, [A4,]
is the concentration of complexes, i is the number of
hydrogen atoms, r; is the radius of hydrogen, V is the
etching velocity, D and 7 are the diffusion coefficient
and lifetime of mobile hydrogen, respectively. In the
limit of the simplification discussed in [10], these equa-
tions are easily solved as [4,] cc exp( —ix/L). Here L is
the penetration length. This solution shows the charac-
teristic depth of penetration length is inversely propor-
tional to the number of hydrogen atoms in the
complexes. By fitting this equation to the measured
defect distribution, possible structures can be derived.
In samples with larger shallow dopant concentration,
the depletion region is too narrow to investigate the
distribution of defects. Therefore, only samples with
lower concentrations of Ni (10> cm %) and shallow
dopants in the order of 10 cm~3 were measured. In
these samples, however, some Ni—H levels, which were
found in the higher Ni doped samples, were not de-
tected. In Fig. 4, a typical depth profile of the Ni-H
complex (E(95)) is shown. It can be seen that the
distribution of the complex exponentially decreases.
From the model presented above the possible number
of hydrogen atoms in the complexes can be determined
from the penetration length L. A summary of all levels

detected in the samples with low Ni concentration and
a possible assignment to different Ni-H complexes is
given in Table 2.

4. Summary

In summary, 11 new nickel-hydrogen related levels
can be detected in Ni doped silicon after wet-chemical
etching. In n-type Si, Ni-H complexes dissociate above
500 K. From the depth distribution of complexes an
estimate for the number of H atoms involved in the
complexes is given.
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