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Deep-level transient spectroscopy of Pd-H complexes in silicon
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The interaction of atomic hydrogen with substitutional palladium impurities is studied inn- andp-type Si by
deep-level transient spectroscopy. After wet-chemical etching, we determine seven different electrically active
and at least one passive palladium hydrogen complex. The levels belong to Pd complexes with different
number of hydrogen atoms. The PdH1 complex exhibits one levelE(200) atEC20.43 eV. PdH2 has two
levels E(60) at EC20.10 eV and H~280! at EV10.55 eV. Four levels are assigned to the PdH3 complex
E(160) atEC20.29 eV, H~140! at EV10.23 eV, H~55! at EV10.08 eV, and H~45! at EV10.07 eV. An
electrically passive complex is associated with a PdH4 complex. There is great similarity with the correspon-
dent complexes in Pt-doped Si. Annealing above 650 K destroys all hydrogen related complexes and restores
the original substitutional Pd concentration.
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I. INTRODUCTION

Transition metals~TM! on substitutional lattice sites in
silicon exhibit very similar electronic properties.1,2 This be-
havior is commonly attributed to the close structural cor
spondence of these impurities with the vacancy in silico3

Deep-level transient spectroscopy~DLTS! studies revealed
for substitutional palladium and platinum three energy lev
a single acceptor level aboutEC20.2 eV, a single donor
level EV10.3 eV, and a double donor level at approx
matelyEV1(0.1– 0.15) eV.4,5

Recently, the effect of hydrogen on the electrical prop
ties of transition metals in silicon, especially the formation
electrically active complexes, has stimulated ma
studies.6–15 The interaction of hydrogen and platinum in si
con has been the subject of several reports.16–19In particular,
a PtH2 complex with two acceptor levels in the band gap w
identified by electron paramagnetic resonance~EPR! and vi-
brational spectroscopy.18 DLTS measurements combine
with depth-profile and annealing studies showed that pl
num forms several hydrogen related complexes after hy
genation by wet-chemical etching.19,20 The complexes differ
in the number of hydrogen atoms, most of them are elec
cally active, but at least one complex PtH4 was proposed to
be electrically neutral. This behavior is in contrast to an e
lier study by Pearton and Haller.21 After heat treatment in a
hydrogen plasma at 300 °C, these authors reported a re
tion of the concentration of the Pt acceptor level, which th
explained with the passivation by hydrogen. They obse
however, no indication for electrically active PtH defects.
the same study a complete passivation was reported for
the palladium donor and acceptor level by hydrogen plas
treatment.21 To our knowledge, this is the only report abo
the effect of hydrogen on palladium in silicon. Since t
isolated substitutional defects of palladium and platin
show a very close electronic relationship, one can exp
similarities in the interaction of both metals with hydroge

In this paper, we present evidence for hydrogen rela
PRB 610163-1829/2000/61~3!/1924~11!/$15.00
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electrically active and passive palladium complexes in s
con and show their evolution after thermal treatments. Ba
on a model of hydrogen diffusion and capture by traps,
identify from the concentration depth profiles of the Pd
complexes the number of H atoms involved in the co
plexes. Finally, we compare the results with platinum hyd
gen complexes in silicon. A preliminary account of our wo
was already given in Ref. 22.

II. EXPERIMENT

We used phosphorus- or boron-doped float zone or C
chralski silicon with doping concentration in the range of
31014 to 131016 cm23. Palladium was incorporated eithe
by introducing the metal directly into the silicon melt durin
crystal growth of float-zone silicon23 or by diffusion at tem-
peratures between 900 °C and 1000 °C from thin metal film
which were evaporated onto one side of a polished Si wa
The total concentration of electrically active Pd atom
reached 131013 to 531014 cm23. Hydrogenation of the
samples was performed by wet-chemical etching in a 1 : 2 :
1 mixture of HF, HNO3, and CH3COOH before contact
preparation. The Schottky contacts were prepared by alu
num (p-type samples! or gold (n-type samples! evaporation
at room temperature. The ohmic contact was formed by r
bing an eutectic InGa alloy onto the back side of t
samples. In addition, hydrogenation during wet-chemi
etching was avoided by cleaving the samples and evapo
ing the contacts directly onto the sample surfaces with
any additional surface treatment. The cleaved samples
not show any hydrogen contamination.

Annealing experiments up to 450 K were performed w
Schottky contacts on the samples. At higher temperatures
quality of the Schottky diodes deteriorated resulting in
drastic increase of the leakage current. Therefore, th
samples were first etched, followed by the annealing tre
ment in argon ambient. Finally, the Schottky contacts w
1924 ©2000 The American Physical Society
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PRB 61 1925DEEP-LEVEL TRANSIENT SPECTROSCOPY OF Pd-H . . .
evaporated without any additional etching before the me
lization.

The samples were characterized electrically using de
level transient spectroscopy and minority-carrier transi
spectroscopy~MCTS!. DLTS was performed by measurin
the capacitance transients directly with a transient recorde
by integration with a lock-in amplifier. We will label DLTS
levels of unknown origin byA(T). A5E indicates electron
emission andA5H stands for hole emission;T is the tem-
perature at maximum peak height~emission rate equal
42 s21). The shallow dopant concentration profiles are d
termined by capacitance-voltage~CV! profiling ~1 MHz!.
The distribution of the deep levels was measured by DDL
~double pulse DLTS! concentration profiling.24 The profiles
are calculated taking into account nonuniform shallow d
ant profiles due to hydrogen passivation of the dopants.
error in the deep-level concentration is in the order of 5%
the values given in the figures. The capture cross section
majority carriers were extracted from the electron- or ho
capture rates that were measured by variation of the fil
pulse length.25

The behavior of deep levels in the other half of the ba
gap, which cannot be probed by DLTS on Schottky diod
was studied by MCTS measurements. In this technique
electrical filling pulse of DLTS is replaced by an optic
pulse of above band-gap light. The generated minority ca
ers are captured by deep levels. Details of the technique w
described elsewhere.26,27 We used a GaAs double heter
structure diode as light source~wavelength 850 nm! and il-
luminated the samples through the front side Schottky c
tacts. The minority-carrier transients were integrated b
boxcar averager. The low-temperature limit of the cryos
for the MCTS scans was 90 K.

III. RESULTS

A. Palladium related deep levels inp-type silicon

1. Basic features of PdH complexes

A typical DLTS spectrum of a palladium-dopedp-type
sample directly after wet-chemical etching is shown in F
1, curve~a!. We observe two dominant peaks with identic
depth profiles at 70 K and 165 K . The activation energy and
the hole-capture cross section of the peak at 165 K ag
with the values reported for the single donor level of sub
tutional palladium Pd0/1.21,28–32Previously, we could dem
onstrate that the peak at 70 K can be assigned to the do
donor level of substitutional palladium in silicon Pd1/11.5

The electrical data of both levels are given in Table I. T
activation energy of the Pd double donor level is reduced
the electrical field in the space-charge region, and its cap
cross section is thermally activated with an activation ene
of 30 meV. The single donor level shows no electric-fie
dependence of the activation energy and no thermally a
vated capture cross section.5

In addition, another small peak at 280 K labeled H~280! is
detected in the spectrum of Fig. 1~a!. This signal increases
with annealing at 370 K for 30 min@Fig. 1~b!# while the
substitutional Pd peaks decrease by the same amount
increase in the annealing temperature results in a further
hancement of H~280! as shown in Fig. 1~c! for a 30 min
l-
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treatment at 400 K. Both Pd donor levels are reduced sign
cantly, and three new peaks appear in the spectrum lab
H~45!, H~55!, and H~140!. H~45! and H~55! have always the
same intensity; however, the capture cross section of H~45!
is remarkably small~see Table I!, long filling pulses (t f
>3 ms) are needed to fill this center completely. Furth
more, we observe an increase of the emission rate of H~45!
with increasing electric field. The other newly formed ce

FIG. 1. DLTS spectra of Pd-dopedp-type Si (en

542 s21, Vr522 V, t f53 ms).~a! After etching,~b! after
etching and subsequent zero-bias annealing at 370 K for 30 min~c!
after etching and subsequent annealing at 400 K for 30 min,~d!
after etching and subsequent annealing at 700 K for 30 min.

TABLE I. Energy levelsEA determined from Arrhenius plots o
emission rates, capture cross sectionssn,p determined by variation
of the filling pulse length, level character, and assignment of
deep levels based on the analysis of the depth profiles. The ca
cross sections of levelsE(60), H~45!, and the Pd double donor ar
thermally activated and can be described by Eq.~1!. The listed
values correspond to the prefactorss` . The value for H~45! could
not be measured. The level character is determined from
electrical-field dependence of the level positions and in analog
the PtH complexes.

Level EA (eV) sn,p (cm2) Character Assignment

E(60) EC20.18 3310215 22/2 PdH2

Pd acceptor EC20.23 3310215 2/0 Pds

E(160) EC20.29 2310216 ? PdH3

E(200) EC20.43 7310216 2/0 PdH1

H~280! EV10.55 2310217 2/0 PdH2

Pd donor EV10.31 631016 0 / 1 Pds

H~140! EV10.55 2310217 2/0 PdH3

Pd double donor EV10.14 5310215 1 / 11 Pds

H~55! EV10.08 ? ? PdH3
H~45! EV10.07 1310218 1 / 11 PdH3
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1926 PRB 61J.-U. SACHSE, J. WEBER, AND H. LEMKE
ters do not show any field dependence of their activat
energies or a temperature dependence of the capture
section.

Annealing at temperatures between 450 and 550 K res
in a decrease of all observed peaks without the appearan
new signals. H~45!, H~55!, and H~140! anneal out com-
pletely during a 1 hheat treatment at 550 K.H(280) is more
stable but disappears after 1 h at 700 K asshown in Fig. 1~d!.
At temperaturesT>550 K both Pd donor levels start to re
cover, and after 1 h annealing at 700 K their intensities rea
the initial values detected directly after etching@compare
curves~a! and ~d! in Fig. 1#.

Levels H~280!, H~140!, H~55!, and H~45! are formed only
in Pd-doped samples after wet-chemical etching and su
quent annealing. This behavior strongly suggests that
new levels are palladium hydrogen related defects. In c
trast, the cleaved samples that are free from hydrogen s
only the two Pd donor levels, an additional anneal of
samples up to 470 K did not change the DLTS spectra.5

2. Depth profiles of PdH centers and the effect of reverse bias
annealing

Charged hydrogen drifts during reverse bias annea
~RBA! from the surface into the bulk of the sample. A typ
cal example is given in Fig. 2~a!. The solid line represent
the profile of the net boron acceptor concentration direc
after etching. The passivation of boron at depths<5 mm is
caused by the introduction of hydrogen during the etch
and the formation of electrically inactive boron hydrog
pairs.33 An annealing step at 370 K using a reverse bias
28 V leads to the dissociation of BH pairs resulting in t
reactivation of boron close to the sample surface. The
leased positively charged hydrogen drifts to the end of
space-charge region and forms there new BH pairs cau
the dip in the net boron concentration at a depth of 12mm
@dashed line in Fig. 2~a!#.

The depth profiles of the deep levels directly after etch
are given in Fig. 2~b!. The Pd single and double donor pr
files are uniform and coincide. This behavior is found in
samples that were doped during the float-zone process. L
H~280! is only detectable close to the sample surface wh
hydrogen has been incorporated. A subsequent RBA
affects the depth profiles dramatically@see Fig. 2~c!#. Level
H~280! forms deeper in the bulk with a maximum conce
tration at a depth of 12mm. This depth coincides well with
the end of the space-charge region, where most of the hy
gen can be found after the RBA@compare Fig. 2~a!#. The
changes in the profiles with RBA show that the formation
H~280! is controlled by the movement of H1. This behavior
supports again the identification of this level as due to
hydrogen complex. The increase of H~280! is accompanied
by an equal reduction in the substitutional palladium conc
tration. This mirrorlike behavior proves that H~280! belongs
to a palladium hydrogen complex containing only one
atom.

The levels formed at higher temperatures@H~45!, H~55!,
and H~140!# behave similarly under RBA. This is shown i
Fig. 2~d! for a RBA step at 400 K using the same rever
bias as in Fig. 2~c!. The depth profiles of all three levels hav
their concentration maxima at the end of the depletion reg
where hydrogen is concentrated. At the same time the di
n
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the concentration of the Pd donors has increased drastic
This leads us to the conclusion that H~45!, H~55!, and
H~140! are also palladium hydrogen related. The profiles
H~45! and H~55! coincide, and studies at different temper
tures between 400 and 550 K confirm this behavior, sugg
ing that both levels belong to the same PdH complex. R
verse bias annealing at higher temperatures up to 55
leads to the decrease of all three PdH related levels. H
ever, H~140! seems to be slightly more stable since after a
h heat treatment at 500 K its concentration exceeds the
responding values of H~45! and H~55!. The intensity changes
of H~140! relative to H~45! and H~55! are related to the
reverse bias annealing conditions. After RBA we usua
cool down the samples with applied reverse bias. If we c
down without reverse bias, we always get the same inten
of the three levels. Annealing the samples without appl
reverse bias leads in all cases to very similar profiles
H~140!, H~55!, and H~45!. This behavior is evidence for a

FIG. 2. Depth profiles of defects in Pd-dopedp-type Si. ~a!
Boron profile directly after wet-chemical etching and after reve
bias anneal~RBA! at 370 K. (Vbias528 V, t530 min) ~b! Pd
donor Pd0/1, double donor Pd1/11, and H~280! profiles after wet-
chemical etching,~c! same as~b! plus additional RBA~30 min at
370 K,Vbias528 V), ~d! same as~b! plus additional RBA~30 min
at 400 K,Vbias528 V).
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PRB 61 1927DEEP-LEVEL TRANSIENT SPECTROSCOPY OF Pd-H . . .
structural metastability of the same PdH complex. Cool
down the sample with applied reverse bias favors the for
tion of the configuration with theH(45)/H(55) level. A de-
tailed study of the metastability is necessary to clarify
nature of the two configurations.

In contrast to H~45!, H~55!, and H~140!, which are con-
centrated in the hydrogen-rich region, level H~280! can be
detected in a much wider range after RBA at 400 K@see
dotted line in Fig. 2~d!#. Level H~280! shows however a dip
in the concentration where the other levels exhibit a ma
mum. This indicates that part of the H~280! centers trans-
form into H~45!, H~55!, and H~140!, respectively.

Based on the characteristic depth profiles and thermal
bilities, we assign the four hydrogen-related levels H~45!,
H~55!, H~140!, and H~280! to three different electrically ac
tive PdH complexes. The total concentration of palladiu
resulting from the sum of the levels Pd0/1, H~55!, H~140!,
and H~280! is also shown in Fig. 2~d! ~labeled sum!. The
concentration of levels H~45! and Pd1/11 have not been
considered for the summation since they belong to the s
defect as H~55! and Pd0/1, respectively. We find that the
total concentration of all electrically active Pd centers equ
the Pd concentration in the etched sample@compare Fig.
2~b!#, this indicates that not only H~280! but all the hydrogen
complexes contain only one Pd atom. However, a dip in
total Pd concentration is detected in the region where hyd
gen has been piled up. Heat treatments at higher temp
tures increase the dip further. This indicates that a portion
palladium is not detected by DLTS, i.e., some palladiu
centers are either electrically inactive or have at least no d
levels in the lower half of the band gap. We will show lat
on that this inactive Pd center belongs to another PdH c
plex, which is electrically passive. The passive comp
grows at the expense of all other hydrogen complexes
reaches the maximum concentration at annealing temp
tures around 500 to 550 K. The thermal stability of the p
sive complex is very similar to the H~280! level. Further
increase in temperature destroys the passive complex
reactivates the isolated Pd levels, without forming t
H~280! level again.

B. Palladium-related centers inn-type silicon

1. DLTS spectra of palladium doped n-type silicon

In p-type Si we find very similar DLTS spectra fo
cleaved and etched Pd-doped samples. Only after a
treatment, significant differences occur due to the format
and increase of hydrogen-related centers in the etc
samples. Inn-type Si, however, we observe already af
etching a dramatic difference in the DLTS spectrum
shown in Fig. 3. Curve~a! represents the spectrum of
cleaved Pd-dopedn-type sample. Only one peak at 115 K
detected. The activation energy and the electron-cap
cross section of this DLTS level~shown in Table I! agree
with the values reported on the acceptor level of subst
tional palladium Pd2/0.21,28–32,34,35After etching, the Pd ac-
ceptor concentration decreases significantly while three o
peaks appear in the spectrum labeledE(60), E(160), and
E(200). The corresponding values for the activation energ
and capture cross sections are presented in Table I. It sh
be noted that the electron-capture cross section of le
g
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E(60) is very small but depends strongly on the temperat
~Fig. 4!. The dependence follows the relation

sn5sn` exp@2Esn /kT#, ~1!

with an activation energyEsn of about 40 meV. Taking this
energy into account leads to a significant reduction of
activation enthalpy~see Table I!. Furthermore, we find a re
duction of the activation energy of this level with increasi
electric field. Usually, this property associates the level
n-type Si to a single donor state, which shows an attrac
Coulomb interaction with the emitted carriers. Howev
field-induced reduction of the activation energy has a
been observed for repulsive centers such as the double d
levels of platinum4 and palladium5 in p-type samples. For
these levels the field dependence was always accompa
by a thermally activated capture cross section.5 Since the

FIG. 3. DLTS spectra of Pd-dopedn-type Si. ~a! Cleaved
sample,~b! after wet-chemical etching,~c! same as~b! plus subse-
quent zero-bias annealing at 400 K for 1 h,~d! same as~b! plus
subsequent annealing at 650 K for 1 h.

FIG. 4. Temperature dependence of the capture cross sectio
level E(60).
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1928 PRB 61J.-U. SACHSE, J. WEBER, AND H. LEMKE
capture cross section ofE(60) is also thermally activated, w
assign this level to a repulsive center, i.e., a double accep

Annealing the samples at temperatures up to 400 K d
not alter the spectrum. An increase of the annealing temp
ture to 430 K results, however, in the decrease of all pe
@Fig. 3~c!# while no other new signal appears in the spe
trum. The levelsE(60) andE(160) anneal out completel
between 500 and 550 K whileE(200) disappears at 650 K
At temperatures above 550 K, the Pd acceptor recovers,
after a 1 hheat treatment at 750 K the acceptor has regai
its original concentration.

2. Depth profiles and annealing behavior of PdH complexes

The levelsE(60), E(160), andE(200) are formed di-
rectly after wet-chemical etching, which indicates that th
are all hydrogen related. This assignment is supported by
evaluation of the concentration depth profiles given in Fig

FIG. 5. Depth profiles of defects in Pd-dopedn-type Si. ~a!
Phosphorus profile in the cleaved sample and directly after w
chemical etching,~b! depth profiles of the platinum-related defec
Pd2/0, E(60), E(160), andE(200) after etching. The sum of th
concentrations of these defects is also shown.~c! Same as~b! plus
additional annealing at 430 K for 1 h.~d! Same as~b! plus addi-
tional annealing at 550 K for 1 h.
or.
es
a-
s

-

nd
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y
he
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Figure 5~a! shows the depth profiles of the net phospho
donor concentration before~cleaved sample! and directly af-
ter etching. For the cleaved sample, we observe a flat pro
while a significant reduction of the net active phospho
concentration is observed after etching in the region clos
the surface~at depths<4 mm). The reduction is caused b
the formation of passive phosphorus hydrogen pairs36,37. The
profile of the etched sample after annealing at 430 K for
is identical to the profile of the cleaved sample.

The corresponding depth profiles of the palladium-rela
deep levels are compared in Fig. 5~b!. The cleaved sample
has a uniform palladium acceptor profile@crosses in Fig.
5~b!#. After etching the Pd acceptor concentration decrea
towards the surface, and the three additional palladiu
related levels appear:E(60), E(160), andE(200). All three
levels have their maximum concentration within the dep
where hydrogen has diffused in~2–3 mm) and decrease to
wards the bulk and the surface. The profiles ofE(60) and
E(160) are very similar after etching, while the profile
E(200) is always shifted deeper into the bulk. Since le
E(60) decreases slightly faster during annealing at temp
tures above 500 K, we assign the three hydrogen-indu
levels to three different PdH complexes. The sum of
concentrations of all Pd-related levels@Pd2/0, E(60),
E(160), andE(200)] after etching is also shown in Fig. 5~b!.
The total concentration of electrically active palladium
uniform at depths>3 mm and equals the value in th
cleaved sample. The behavior indicates again that only
Pd atom is involved in each PdH complex. Close to t
sample surface we observe a decrease in the sum pro
which we correlate with the formation of an electrically pa
sive PdH complex.

In p-type Si we used the dissociation of the acceptor
drogen pairs and the drift of the released positively char
hydrogen in an applied electric field to localize the hydrog
and correlate it with the distribution of the deep levels~see
Fig. 2!. This method cannot be applied in moderately dop
n-type material since an annealing under reverse bias re
only in the dissociation of neutral phosphorus hydrogen p
close to the sample surface and the reactivation of ph
phorus donors, but no inwards drift of a hydrogen spec
can be detected.19,36,37Annealing studies on Pd-dopedn-type
samples at temperatures up to 400 K confirm these res
Furthermore, we find that the profiles of all Pd-related lev
remain unchanged compared to Fig. 5~b!.

An increase of the annealing temperature results, h
ever, in a small inwards shift of all trap profiles as shown
Fig. 5~c! for a 1 h heat treatment at 430 K. The concentr
tions of the PdH-related levelsE(60), E(160), andE(200)
are slightly increased at depths>3.5 mm while the passiva-
tion of the Pd acceptor reaches deeper into the bulk.
depths<2.5 mm the concentrations of all electrically activ
deep levels are reduced. We explain this shift by the ind
fusion of hydrogen from the surface region towards the bu
The incoming hydrogen reacts with substitutional Pd and
already formed PdH complexes. Close to the surface the
sive PdH complex expands deeper into the bulk at the cos
all electrically active Pd-related centers. At greater dep
hydrogen forms more electrically active complexes with su
stitutional Pd, this explains the increase of the concentra
of E(60), E(160), andE(200). The source of the additiona

t-
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hydrogen is not yet clear, but the hydrogen release from
dissociation of phosphorus hydrogen pairs should be ru
out since these pairs are already destroyed during anne
at much lower temperatures.

Heat treatments at temperatures above 500 K result
further expansion of the passive palladium hydrogen co
plex into the bulk@Fig. 5~d!#. At the same time the concen
tration maxima of the electrically active PdH centers sh
further inwards accompanied by a decrease in concentra
After a 1 hheat treatment at 550 K, bothE(60) andE(160)
are completely annealed out while levelE(200) is slightly
more stable. Above 550 K we observe a gradual reactiva
of the Pd acceptor concentration and a decrease of the
sive complex. The resulting Pd profile after 1 h annealing at
700 K is flat, and the concentration reaches the value in
cleaved sample.

3. MCTS measurements on Pd-doped n-type silicon

The DLTS technique enables us to probe defect level
the lower half of the band gap inp-type silicon and in the
upper half of the band gap inn-type silicon, respectively. In
order to correlate different PdH levels, it is necessary to
termine in the same sample the properties of all levels in
band gap. This can be achieved by the injection of mino
carriers as performed in MCTS measurements. Minority c
riers generated by above band-gap light in the neutral reg
close to the depletion region of a reverse biased Scho
diode diffuse into the space-charge region of the Scho
contact where they are available for capture by deep lev

Since the samples were illuminated through the Scho
contact the effect of majority carriers cannot be neglect
Majority carriers that are generated in the neutral region
rejected from the depletion layer by the electric field. Ho
ever, majority carriers that are created within the spa
charge region may be captured by traps. This results
normal majority-carrier DLTS contribution to the MCT
spectrum and has to be included in the evaluation of
spectra.

The quality of the MCTS spectrum depends strongly
the surface conditions. In particular, MCTS measureme
on Pd-dopedp-type Si samples were not successful due t
large background signal. However, we succeeded to de
minority-carrier traps in Pd-dopedn-type samples as show
in Fig. 6. The spectra are measured after wet-chemical e
ing using two different reverse voltages. We find three d
ferent MCTS peaks at 140 K, 170 K, and 280 K. Their ac
vation energies agree with the values determined by DL
for H~140!, Pd0/1, and H~280! ~see Table I!. It should be
noted that level H~140! appears inn-type Si already after
etching while inp-type material an additional heat treatme
is necessary to form the center.

Due to restrictions of the MCTS apparatus, we were li
ited to temperatures above 90 K. Therefore, we could
probe the temperature range where the Pd double donor
the hydrogen-related levels H~45! and H~55! appear inp-type
Si. Furthermore, we observe a dip at about 115 K in b
spectra of Fig. 6. We assume that this is caused by the
ture and subsequent emission of majority carriers from
Pd acceptor level. Thus, this peak corresponds to a majo
carrier DLTS peak superimposed on the MCTS backgro
signal.
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The determination of quantitative depth profiles from t
variation of the electrical filling pulse height is not possib
with our method of MCTS. However, qualitative informatio
about the depth distribution of the defects is possible
MCTS measurements under different reverse biases~see Fig.
6!. We note that the MCTS peak of level H~140! is larger
closer to the surface (Vr524 V) and smaller in the bulk
(Vr528 V). This behavior is expected for a hydroge
related level and confirms the DLTS depth profiling resu
on annealed Pd-dopedp-type samples. The signal of the P
donor shows an increase towards the bulk. The intensity
H~280! is much lower than H~140!, which indicates that the
H~280! can also capture electrons. A capture of an elect
in a trap already filled with a hole leads to the recombinat
of both carriers resulting in the loss of the hole. Thus h
emission from this trap would be reduced if electrons
available for capture. Figure 6 also shows the Pd acce
Pd2/0 as a majority-carrier trap. The other hydrogen-rela
levels E(160) andE(200) known fromn-type Si are not
detected. In the case ofE(160), it is possible that this signa
overlaps strongly with H~140! and Pd0/1 and is therefore not
resolvable. The concentration of levelE(200) is usually very
low directly after etching@see Fig. 3~b!# and a detection is
not possible.

IV. DISCUSSION

A. The formation of hydrogen complexes

The depth profiles of hydrogen complexes created by w
chemical etching in irradiated Si were recently interpreted
Feklisova and Yarykin.38 The complex formation is under
stood as a subsequent addition of hydrogen atoms to
defects. The following set of equations describes the step
step hydrogenation:

FIG. 6. MCTS spectra at two different reverse bias voltag
(Vbias522 V and 28 V) for Pd-dopedn-type Si directly after
wet-chemical etching.
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d@A0#

dt
524pDr o@A0#@H#, ~2!

d@Ai #

dt
54pD~r i 21@Ai 21#2r i@Ai # !@H#,

i 51,2,3, . . . ,

where Ai is the complex withi hydrogen atoms,r i is the
capture radius of hydrogen to theAi complex, and@H# andD
the concentration and the diffusity of atomic hydrogen,
spectively.

The differential equations for the hydrogen complex
can be solved analytically in the limit of large depth, pr
vided that all complexes are thermally stable, i.e., a hydro
atom once captured remains attached to the complex an
concentration of the different hydrogen defects decrea
with the number of hydrogen atoms (@Ai #@@Ai 11#). The
approximations lead to a simple exponential decay of
defect concentration,

@Ai #;expS x

Li
D , ~3!

with a characteristic lengthLi that is derived to be inversel
proportional to the numberi of hydrogen atoms

Li'1/i . ~4!

The simple relation was used to analyze the depth pro
of PtH complexes in Si. Although, the model was origina
developed for profiles that are found directly after w
chemical etching, we could apply the formalism even in
case of thermally annealed samples.20 A numerical integra-
tion of Eq. ~3! is possible for different experimental cond
tions, e.g., after wet-chemical etching, after annealing, etc
all cases, we find in the limit of larger depth the simp
exponential behavior. A detailed investigation of the nume
cal fitting of the total depth profiles will be published els
where.

B. Analysis of the PdH depth profiles

1. n-type samples

We detect by DLTS in Pd-doped Si after wet-chemic
etching seven other hydrogen-induced levels. The electr
data of all levels are summarized in Table I. The assignm
of different levels to the same defect based on the ther
stability is not possible in our samples. The annealing beh
ior is not a first-order process, and the temperature wh
levels disappear is determined by capture of hydrogen
different complexes. A direct connection of different leve
to the same defect is, however, possible from a compar
of the depth profiles. Ideally, levels of the same def
should exhibit the identical profile. For the PtH complex
such a simple behavior was detected.20

A comparison of the depth profiles inn- and p-type
samples is only reasonable if the influence of the shal
dopant as trapping centers is neglected. The formation
hydrogen complexes is quite different after etching or a
low-temperature annealing. Therefore, we use for comp
son only those profiles that were determined in samples
-
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nealed above 450 K. Under these conditions, we find a t
dissociation of all boron and phosphorus-hydrogen pa
Annealing above 450 K leads to the decrease of all n
hydrogen levels and the formation of another compl
which is only indirectly accessible inn- andp-type samples.

Figure 7 gives the profiles of the hydrogen-induced lev
in Pd-dopedn-type samples. The concentrations are giv
relative to the substitutional Pd concentration detected
cleaved samples. After wet-chemical etching, the sample
annealed at 470 K for 1 h. The profiles of the three P
levels show pronounced exponential decrease for la
depth. All three PdH levels exhibit a different slope. T
characteristic length of the decay is 3.661 mm for E(200),
1.261 mm for E(160), and 1.861 mm for E(60). The de-
fect profiles show the expected integer ratios for the cha
teristic length. We assume thatE(200) belongs to the PdH1
complex, which has the largest penetration into the sam
The ratio LE(200) /LE(60)52 relatesE(60) to a PdH2 com-
plex, LE(200) /LE(160)53 associatesE(160) with a PdH3
complex.

In the n-type sample the concentration of the PdH3 com-
plex is much higher than the concentration of the PdH2 com-
plex. This is in contrast to the Pt case, where for larger de
the PtH1 complex was always strongest, followed by th
PtH2 and PtH3 complex. The behavior in Pd-doped sampl
indicates a complication in the simple model presen
above for the formation of the complexes. A possible exp
nation will be given below.

2. p-type samples

A profile from ap-type sample after wet-chemical etchin
and annealing for 1 h at 470 K isshown in Fig. 8. Again, the
concentrations are given relative to the total substitutional
concentration determined before wet-chemical etching. T
semilogarithmic plot gives an exponential decrease of
defect concentrations with depth. The profiles of the fo
levels can be grouped into two sets with similar slopes

FIG. 7. Depth profiles of PdH defects inn-type Si after wet-
chemical etching and annealing at 470 K for 1 h.
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larger depth. Level H~280! is characterized by a slope wit
the largest characteristic length ofL52.961 mm. The pro-
files for H~45!, H~55!, and H~140! are not distinguishable a
larger depth and show the same slope ofL51.261 mm.
Usually, this behavior is evidence for hydrogen complex
that involve the same number of hydrogen atoms. Contr
to the n-type sample, the ratio of the two slopes gives
clear identification of the number of hydrogen atoms
volved in the complexes.

The levels H~45!, H~55!, and H~140! exhibit the same
slope for larger depth, but H~140! has a higher maximum
concentration. The difference in concentration can be rela
to another PdH level, which overlaps strongly with H~140!
and is only visible in the range from 5 to 7mm. If we
subtract the profile of H~55! from H~140!, we receive a pro-
file with a steep slope ofL50.660.2 mm, indicating an
incorporation of around 5–7 hydrogen atoms in the comp

3. Comparison of profiles in n- and p-type Si

In the Pd-doped samples a direct comparison of the de
profiles in n- and p-type samples is possible and allows
correlation of defect levels belonging to the same center.
discussed already above, only profiles of samples that w
annealed above 450 K were considered to avoid compl
tions from acceptor or donor hydrogen formation. The infl
ence of different Pd doping levels in the samples is correc
by scaling the profile of the Pd acceptor inn-type Si to the
Pd donor level inp-type Si. Figure 9 gives the result of th
scaling process. The profiles of the Pd donor, double do
and acceptor are now identical. The profiles of the PdH
fects are scaled with the same factor. The result is give
Fig. 10. For clarity only the profiles for the levelsE(200),
H~280!, E(160), H~55!, and E(60) are given. The missing
profile H~45! is identical to H~55!, and the properties o
H~140! were discussed already. The error bar in concen
tion and depth is estimated to be 10% of the values give
the figure.

FIG. 8. Depth profiles of PdH defects inp-type Si after wet-
chemical etching and annealing at 470 K for 1 h.
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The levels can be grouped again according to their slo
at larger depth. From the ratios of the characteristic leng
an identification of the number of hydrogen atoms involv
in the complexes can be made. In then-type sampleE(200)
was already assigned to the PdH1 complex, E(60) to the
PdH2 complex, andE(160) to the PdH3 complex. The pro-
file of H~45!, H~55!, and H~140! coincides with that of
E(160) for larger depth, indicating that all these levels b
long to a PdH3 complex. However, there is a problem wit
the assignment ofE(160), H~55!, und H~45! to the PdH3
complex. One would expect that all profiles coincide eve
where in the whole sample. But levelE(160) has a higher
maximum concentration compared to the H~55! and H~45!

FIG. 9. Profiles of the three substitutional Pd leve
Pd2/0, Pd0/1, Pd1/11 after scaling~for details see text!. The
sum of all electrically active Pd defect levels is included.

FIG. 10. Depth profiles of all PdH defects inp- andn-type Si
after wet-chemical etching and annealing at 470 K for 1 h.
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levels. This could be explained again by a level of an ad
tional PdH complex that is overlapping with theE(160)
DLTS peak. However, the difference of the profilesE(160)
and H~55! gives a slope that is very steep, corresponding
Pd complexes of at least ten hydrogen atoms. It is not r
istic that these complexes are formed in such high conc
trations.

Level H~280! has a very similar profile asE(200), the
PdH1 complex; the concentration of H~280! is lower at larger
depth and larger closer to the surface where hydrogen
centration increases. This behavior indicates that H~280! be-
longs to a complex with more than one hydrogen atom
less than three hydrogen atoms. Tentatively, we have fitte
Fig. 10 the last part of the profile to get a slope correspo
ing to a PdH2 complex. With the assignment of H~280! to the
PdH2 complex an obvious difficulty occurs: the concentr
tion of the PdH2 complex inp- andn-type samples is quite
different, as is evidenced from the profiles of H~280! and
E(60).

We can resolve the difficulties by reevaluating the a
proximations made in modeling the formation process of
hydrogen defects. A major simplification in the differenti
equations@Eq. ~3!#, which describe the depth profiles of th
hydrogen complexes, is the use of charge-state indepen
capture radiir i . In the n-type samples obviously a muc
faster trapping of hydrogen to the PdH2 complex seems to
occur, compared top-type samples. This leads to a strong
reduced PdH2 and an increased PdH3 concentration inn-type
samples. The behavior is different in Pt-doped samples
can be related to the level position of the PdH2 complex. In
n-type samples at the temperature of annealing, most of
PdH2 complexes are in the negative state, and an effic
trapping by positively charged hydrogen occurs. Inp-type
samples the PdH2 complex is neutral and trapping by th
positively charged hydrogen is less efficient. The H~210!
level of the PdH2 is closer to the valence band, which lea
in n- andp-type samples to the same interaction of the ne
tively charged PtH2 complex with positively charged hydro
gen.

The behavior of the PdH2 depth profile inp-type samples
needs further discussion. As we have discussed above
proper slope can only be found for very large depth. T
total concentration of the PdH2 complex is identical to tha
of the PdH1 complex at the maximum. Apparently for th
PdH complexes the capture radii are not decreasing w
complex size, as was found for Pt-doped samples. To exp
the behavior of the PdH2 depth profile inp-type samples, we
have to assume a much faster capture of H to PdH1 than H to
Pd. In the extreme case—no more hydrogen capture to P
the PdH2 concentration would follow the PdH1 profile. Only
for small hydrogen concentrations, which occur at larg
depth, the PdH2 profile will follow the expected slope.

Our interpretation of the PdH profiles is in close analo
to the case in Pt-doped samples, but refinements in
simple model of the successive capture of hydrogen atom
the defects have to be included. First, a different capture
for n- and p-type samples is necessary to account for
PdH2 profiles. Second, the capture radii of higher comple
can be larger than those of lower complexes (r i<r i 11).
i-

o
l-
n-

n-

t
in
-

-

-
e

ent

nd

he
nt

-

the
e

th
in

—

r

he
to
te
e
s

C. Identification of a passive PdH complex

In Fig. 9 we have included the profile of the total conce
tration of all Pd complexes. Two different summations a
used. The first sum adds up over levels in the upper hal
the band gap,

( 5Pd2/01E~200!1E~60!1E~160!. ~5!

The second sum uses for substitutional Pd and the PdH2 and
PdH3 complexes the levels from the lower half of the ba
gap,

( 5Pd0/11H~280!1H~140!. ~6!

Both summations give within the error the same results.
the range from 4 to 6mm, the concentration of the sum i
identical to the substitutional concentration in the cleav
sample. This behavior indicates that all Pd-correlated co
plexes are properly included in the summation. Below 4mm
the total concentration of Pd-related centers decrea
strongly towards the surface. Because all electrically ac
defects are included in this profile, the decrease has to be
to the formation of an electrically passive PdH defect, wh
is only formed in the region with the highest hydrogen co
centration. We therefore assume that the passive com
contains at least four hydrogen atoms. Close to the sur
this complex leads to a total passivation of Pd, and a
annealing at 470 K this passive complex dominates all ot
electrically active hydrogen complexes. Above 550 K t
passive complex dissociates into substitutional Pd and hy
gen. At present, we cannot distinguish between one or s
eral different passive complexes. If we assume, howe
that only one passive PdH complex exists, we can ana
the slope of the sum curve. The characteristic length for
passive complex is given byL50.961 mm. This would
make the passive complex a PdH4 complex.

D. Comparison with previous DLTS studies
on Pd-doped silicon

Several studies in Pd-doped Si revealed levels that
very similar to our hydrogen-related centers. In all the
studies wet-chemical etching was applied before the con
preparation, which could unintentionally introduce hydrog
into the samples. Lemke observed inp-type Si after anneal-
ing a level atEV10.26 eV.30 The properties of this leve
seem to be identical with our H~140! level. Stöffler and
Weber39 and Czaputaet al.34,40 detected in diffusedn-type
samples two levels with activation energies very similar
E(160) andE(200). Depth profiles from Pd-doped sampl
reported by Gillet al. give a level atEC20.37 eV with a
strong decrease in concentration towards the bulk.41 In com-
parison with the results from our study, a correlation with t
two levels E(160) andE(200) is possible. However, th
level observed by Gillet al. anneals out already at 150 °C
whereasE(160) andE(200) are much more stable. In add
tion, the authors of Ref. 41 associate this level with anot
level at EC20.59 eV, which was never detected in o
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samples. The only report of an interaction of hydrogen w
Pd was given by Pearton and Haller.21 A plasma treatment a
300 °C for 2 h led to a total passivation of the substitutio
Pd donor and acceptor state. No other levels were gener
under these conditions. This result is in agreement with
measurements. At 300 °C the passive complex still do
nates at the surface, and all other hydrogen-related c
plexes are very weak.

E. Comparison of PdH and PtH levels

Figure 11 gives schematically the derived level positio
for the different PdHi complexes. A clear trend for the ac
ceptor level is seen, which systematically is lowered with
addition of another hydrogen to the defect. This behavior
be expected from the simple vacancy model of the subs
tional TM’s. The t2 level of the vacancy shifts towards th
valence band for increasing nuclear charge. Apparently,
addition of protons has the same effect as increasing
nuclear charge.

The behavior of PtH complexes in Si was studied by s
eral groups. From the analysis of the deep-level profi
three electrically active PtH complexes were determin
which contained one, two, or three hydrogen atoms.20 The
PtH4 complex was associated with an electrically neut
complex. A correlation was made for the levels of the Pt2
complex with IR absorption lines and an EPR spectrum.16–18

Figure 12 gives a level scheme of the PtHi complexes for
comparison. We find qualitatively the same trends in the
and Pd samples; however, the number of hydrogen-indu
levels is larger in the Pd case. For the PtHi levels the charge
states were determined by studying the behavior of the le
in an electrical field and by temperature-dependent
measurements.19,20 For Pd complexes the charge states
levels E(60), H~45!, and Pd1/11 were identified from the
electrical-field dependence of the level energies and the t
perature dependence of the capture cross section. All
other levels did not show any field dependence. In Fig. 11
assigned the charge states for these levels in analogy to
Pt case.

F. Result of theoretical calculations on the PdH levels

Recently, numerical techniques were developed that al
a precise determination of the TM levels in Si and their h

FIG. 11. Energy levels of substitutional Pd and PdHi complexes.
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drogen complexes.42 The level positions were calculate
compared to a reference level of a well-defined defect. T
calculations by Joneset al.43 give for the PdH1 complex an
acceptor level atEC20.30 eV in close agreement wit
E(200) atEC20.43 eV. The acceptor level shifts weakly
the PdH2 complex toEC20.36 eV, which corresponds t
H~280! at EV10.55 eV. The error in calculating the acce
tor level of the PdH3 complex is estimated to be much larg
due to the method of calculation. The acceptor level w
calculated atEC21.15 eV compared toEC20.93 eV for
the H~140! level. Further agreement can be found for t
double acceptor state of the PdH3 complex: The calculated
value ofEC20.29 eV could correspond toEC20.29 eV of
the E~160! level. From our experiments no assignment to
double acceptor state could be made.

There are, however, also some discrepancies between
theoretical results and our assignment of the levels. Jo
et al. calculate a donor level for the PdH1 complex atEV
10.62 eV. This level does not appear in our experimen
The proposed coincidence of this level with the level of t
Pd donor Pd0/1 can be excluded from the identical profile
for the Pd donor and double donor (Pd0/1, Pd11/1). The
calculations give for the PdH4 complex an acceptor and
donor level. No support is given from the calculation tha
substitutional PdH defect is electrically passive. Th
strongly contradicts the measurements where an electric
inactive complex accounts for the missing concentration
all electrically active Pd defects in the sample. The sugg
tion of a formation of neutral PdH species in cavities
microvoids is not realistic. Wet-chemical etching and ad
tional annealing steps are not suited to form these micro
fects. Also, the reactivation of the substitutional Pd at hig
temperatures leads to a distribution of substitutional Pd
was found originally in the cleaved sample. A passive Pd4
complex that involves the substitutional Pd would be t
simplest explanation of our results.

We have found from the difference in the profiles for t
H~140! and the H~55! levels evidence for another PdH sp
cies with a depth profile that would associate this level w
a PdH complex that contains at least five to seven hydro
atoms. Further studies with higher original hydrogen conc
trations should clarify the existence of electrical PdH lev
with more than four hydrogen atoms.

FIG. 12. Energy levels of substitutional Pt and PtHi complexes.
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V. CONCLUSIONS

We have studied the interaction of hydrogen with sub
tutional Pd in Si. A careful investigation of the electric
properties of wet-chemically etched samples revealed se
different hydrogen-induced levels. From analysis of the
fect profiles, we were able to correlate these levels to
complexes that contain up to three hydrogen atoms. A n
tral Pd hydrogen complex is found to contain four hydrog
atoms. Evidence of at least one electrically active comp
with more than four hydrogen atoms is presented. The
havior of the PdH complexes is very similar to PtH com
plexes; however, some refinements in the simple mode
hydrogen defect formation have to be included for the
complexes. The trend of the energy levels with the num
e
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of hydrogen atoms in the complexes reflects the simple
cancylike structure of the complexes.
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