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The interaction of atomic hydrogen with substitutional palladium impurities is studied in n- and p-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 level E(200) at E C ⫺0.43 eV. PdH2 has two
levels E(60) at E C ⫺0.10 eV and H共280兲 at E V ⫹0.55 eV. Four levels are assigned to the PdH3 complex
E(160) at E C ⫺0.29 eV, H共140兲 at E V ⫹0.23 eV, H共55兲 at E V ⫹0.08 eV, and H共45兲 at E V ⫹0.07 eV. An
electrically passive complex is associated with a PdH4 complex. There is great similarity with the correspondent complexes in Pt-doped Si. Annealing above 650 K destroys all hydrogen related complexes and restores
the original substitutional Pd concentration.

I. INTRODUCTION

Transition metals 共TM兲 on substitutional lattice sites in
silicon exhibit very similar electronic properties.1,2 This behavior is commonly attributed to the close structural correspondence of these impurities with the vacancy in silicon.3
Deep-level transient spectroscopy 共DLTS兲 studies revealed
for substitutional palladium and platinum three energy levels
a single acceptor level about E C ⫺0.2 eV, a single donor
level E V ⫹0.3 eV, and a double donor level at approximately E V ⫹(0.1– 0.15) eV.4,5
Recently, the effect of hydrogen on the electrical properties of transition metals in silicon, especially the formation of
electrically active complexes, has stimulated many
studies.6–15 The interaction of hydrogen and platinum in silicon has been the subject of several reports.16–19 In particular,
a PtH2 complex with two acceptor levels in the band gap was
identified by electron paramagnetic resonance 共EPR兲 and vibrational spectroscopy.18 DLTS measurements combined
with depth-profile and annealing studies showed that platinum forms several hydrogen related complexes after hydrogenation by wet-chemical etching.19,20 The complexes differ
in the number of hydrogen atoms, most of them are electrically active, but at least one complex PtH4 was proposed to
be electrically neutral. This behavior is in contrast to an earlier study by Pearton and Haller.21 After heat treatment in a
hydrogen plasma at 300 °C, these authors reported a reduction of the concentration of the Pt acceptor level, which they
explained with the passivation by hydrogen. They observe,
however, no indication for electrically active PtH defects. In
the same study a complete passivation was reported for both
the palladium donor and acceptor level by hydrogen plasma
treatment.21 To our knowledge, this is the only report about
the effect of hydrogen on palladium in silicon. Since the
isolated substitutional defects of palladium and platinum
show a very close electronic relationship, one can expect
similarities in the interaction of both metals with hydrogen.
In this paper, we present evidence for hydrogen related
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electrically active and passive palladium complexes in silicon and show their evolution after thermal treatments. Based
on a model of hydrogen diffusion and capture by traps, we
identify from the concentration depth profiles of the PdH
complexes the number of H atoms involved in the complexes. Finally, we compare the results with platinum hydrogen complexes in silicon. A preliminary account of our work
was already given in Ref. 22.

II. EXPERIMENT

We used phosphorus- or boron-doped float zone or Czochralski silicon with doping concentration in the range of 1
⫻1014 to 1⫻1016 cm⫺3 . Palladium was incorporated either
by introducing the metal directly into the silicon melt during
crystal growth of float-zone silicon23 or by diffusion at temperatures between 900 °C and 1000 °C from thin metal films,
which were evaporated onto one side of a polished Si wafer.
The total concentration of electrically active Pd atoms
reached 1⫻1013 to 5⫻1014 cm⫺3 . Hydrogenation of the
samples was performed by wet-chemical etching in a 1 : 2 :
1 mixture of HF, HNO3 , and CH3 COOH before contact
preparation. The Schottky contacts were prepared by aluminum ( p-type samples兲 or gold (n-type samples兲 evaporation
at room temperature. The ohmic contact was formed by rubbing an eutectic InGa alloy onto the back side of the
samples. In addition, hydrogenation during wet-chemical
etching was avoided by cleaving the samples and evaporating the contacts directly onto the sample surfaces without
any additional surface treatment. The cleaved samples did
not show any hydrogen contamination.
Annealing experiments up to 450 K were performed with
Schottky contacts on the samples. At higher temperatures the
quality of the Schottky diodes deteriorated resulting in a
drastic increase of the leakage current. Therefore, these
samples were first etched, followed by the annealing treatment in argon ambient. Finally, the Schottky contacts were
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evaporated without any additional etching before the metallization.
The samples were characterized electrically using deeplevel transient spectroscopy and minority-carrier transient
spectroscopy 共MCTS兲. DLTS was performed by measuring
the capacitance transients directly with a transient recorder or
by integration with a lock-in amplifier. We will label DLTS
levels of unknown origin by A(T). A⫽E indicates electron
emission and A⫽H stands for hole emission; T is the temperature at maximum peak height 共emission rate equals
42 s⫺1 ). The shallow dopant concentration profiles are determined by capacitance-voltage 共CV兲 profiling 共1 MHz兲.
The distribution of the deep levels was measured by DDLTS
共double pulse DLTS兲 concentration profiling.24 The profiles
are calculated taking into account nonuniform shallow dopant profiles due to hydrogen passivation of the dopants. The
error in the deep-level concentration is in the order of 5% of
the values given in the figures. The capture cross sections of
majority carriers were extracted from the electron- or holecapture rates that were measured by variation of the filling
pulse length.25
The behavior of deep levels in the other half of the band
gap, which cannot be probed by DLTS on Schottky diodes,
was studied by MCTS measurements. In this technique the
electrical filling pulse of DLTS is replaced by an optical
pulse of above band-gap light. The generated minority carriers are captured by deep levels. Details of the technique were
described elsewhere.26,27 We used a GaAs double heterostructure diode as light source 共wavelength 850 nm兲 and illuminated the samples through the front side Schottky contacts. The minority-carrier transients were integrated by a
boxcar averager. The low-temperature limit of the cryostat
for the MCTS scans was 90 K.
III. RESULTS
A. Palladium related deep levels in p-type silicon
1. Basic features of PdH complexes

A typical DLTS spectrum of a palladium-doped p-type
sample directly after wet-chemical etching is shown in Fig.
1, curve 共a兲. We observe two dominant peaks with identical
depth profiles at 70 K and 165 K . The activation energy and
the hole-capture cross section of the peak at 165 K agrees
with the values reported for the single donor level of substitutional palladium Pd0/⫹ .21,28–32 Previously, we could demonstrate that the peak at 70 K can be assigned to the double
donor level of substitutional palladium in silicon Pd⫹/⫹⫹ .5
The electrical data of both levels are given in Table I. The
activation energy of the Pd double donor level is reduced by
the electrical field in the space-charge region, and its capture
cross section is thermally activated with an activation energy
of 30 meV. The single donor level shows no electric-field
dependence of the activation energy and no thermally activated capture cross section.5
In addition, another small peak at 280 K labeled H共280兲 is
detected in the spectrum of Fig. 1共a兲. This signal increases
with annealing at 370 K for 30 min 关Fig. 1共b兲兴 while the
substitutional Pd peaks decrease by the same amount. An
increase in the annealing temperature results in a further enhancement of H共280兲 as shown in Fig. 1共c兲 for a 30 min
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FIG. 1. DLTS spectra of Pd-doped p-type Si (e n
⫽42 s⫺1 , V r ⫽⫺2 V, t f ⫽3 ms). 共a兲 After etching, 共b兲 after
etching and subsequent zero-bias annealing at 370 K for 30 min, 共c兲
after etching and subsequent annealing at 400 K for 30 min, 共d兲
after etching and subsequent annealing at 700 K for 30 min.

treatment at 400 K. Both Pd donor levels are reduced significantly, and three new peaks appear in the spectrum labeled
H共45兲, H共55兲, and H共140兲. H共45兲 and H共55兲 have always the
same intensity; however, the capture cross section of H共45兲
is remarkably small 共see Table I兲, long filling pulses (t f
⭓3 ms) are needed to fill this center completely. Furthermore, we observe an increase of the emission rate of H共45兲
with increasing electric field. The other newly formed cenTABLE I. Energy levels E A determined from Arrhenius plots of
emission rates, capture cross sections  n, p determined by variation
of the filling pulse length, level character, and assignment of the
deep levels based on the analysis of the depth profiles. The capture
cross sections of levels E(60), H共45兲, and the Pd double donor are
thermally activated and can be described by Eq. 共1兲. The listed
values correspond to the prefactors  ⬁ . The value for H共45兲 could
not be measured. The level character is determined from the
electrical-field dependence of the level positions and in analogy to
the PtH complexes.
Level

E A (eV)

 n, p (cm2 ) Character Assignment

E(60)
Pd acceptor
E(160)
E(200)
H共280兲
Pd donor
H共140兲
Pd double donor
H共55兲
H共45兲

E C ⫺0.18
E C ⫺0.23
E C ⫺0.29
E C ⫺0.43
E V ⫹0.55
E V ⫹0.31
E V ⫹0.55
E V ⫹0.14
E V ⫹0.08
E V ⫹0.07

3⫻10⫺15
3⫻10⫺15
2⫻10⫺16
7⫻10⫺16
2⫻10⫺17
6⫻1016
2⫻10⫺17
5⫻10⫺15
?
1⫻10⫺18

⫺⫺/⫺
⫺/0
?
⫺/0
⫺/0
0/⫹
⫺/0
⫹ / ⫹⫹
?
⫹ / ⫹⫹

PdH2
Pds
PdH3
PdH1
PdH2
Pds
PdH3
Pds
PdH3
PdH3
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ters do not show any field dependence of their activation
energies or a temperature dependence of the capture cross
section.
Annealing at temperatures between 450 and 550 K results
in a decrease of all observed peaks without the appearance of
new signals. H共45兲, H共55兲, and H共140兲 anneal out completely during a 1 h heat treatment at 550 K. H(280) is more
stable but disappears after 1 h at 700 K as shown in Fig. 1共d兲.
At temperatures T⭓550 K both Pd donor levels start to recover, and after 1 h annealing at 700 K their intensities reach
the initial values detected directly after etching 关compare
curves 共a兲 and 共d兲 in Fig. 1兴.
Levels H共280兲, H共140兲, H共55兲, and H共45兲 are formed only
in Pd-doped samples after wet-chemical etching and subsequent annealing. This behavior strongly suggests that the
new levels are palladium hydrogen related defects. In contrast, the cleaved samples that are free from hydrogen show
only the two Pd donor levels, an additional anneal of the
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 annealing
共RBA兲 from the surface into the bulk of the sample. A typical example is given in Fig. 2共a兲. The solid line represents
the profile of the net boron acceptor concentration directly
after etching. The passivation of boron at depths ⭐5  m is
caused by the introduction of hydrogen during the etching
and the formation of electrically inactive boron hydrogen
pairs.33 An annealing step at 370 K using a reverse bias of
⫺8 V leads to the dissociation of BH pairs resulting in the
reactivation of boron close to the sample surface. The released positively charged hydrogen drifts to the end of the
space-charge region and forms there new BH pairs causing
the dip in the net boron concentration at a depth of 12  m
关dashed line in Fig. 2共a兲兴.
The depth profiles of the deep levels directly after etching
are given in Fig. 2共b兲. The Pd single and double donor profiles are uniform and coincide. This behavior is found in all
samples that were doped during the float-zone process. Level
H共280兲 is only detectable close to the sample surface where
hydrogen has been incorporated. A subsequent RBA step
affects the depth profiles dramatically 关see Fig. 2共c兲兴. Level
H共280兲 forms deeper in the bulk with a maximum concentration at a depth of 12  m. This depth coincides well with
the end of the space-charge region, where most of the hydrogen can be found after the RBA 关compare Fig. 2共a兲兴. The
changes in the profiles with RBA show that the formation of
H共280兲 is controlled by the movement of H⫹ . This behavior
supports again the identification of this level as due to a
hydrogen complex. The increase of H共280兲 is accompanied
by an equal reduction in the substitutional palladium concentration. This mirrorlike behavior proves that H共280兲 belongs
to a palladium hydrogen complex containing only one Pd
atom.
The levels formed at higher temperatures 关H共45兲, H共55兲,
and H共140兲兴 behave similarly under RBA. This is shown in
Fig. 2共d兲 for a RBA step at 400 K using the same reverse
bias as in Fig. 2共c兲. The depth profiles of all three levels have
their concentration maxima at the end of the depletion region
where hydrogen is concentrated. At the same time the dip in

FIG. 2. Depth profiles of defects in Pd-doped p-type Si. 共a兲
Boron profile directly after wet-chemical etching and after reverse
bias anneal 共RBA兲 at 370 K. (V bias⫽⫺8 V, t⫽30 min) 共b兲 Pd
donor Pd0/⫹ , double donor Pd⫹/⫹⫹ , and H共280兲 profiles after wetchemical etching, 共c兲 same as 共b兲 plus additional RBA 共30 min at
370 K, V bias⫽⫺8 V), 共d兲 same as 共b兲 plus additional RBA 共30 min
at 400 K, V bias⫽⫺8 V).

the concentration of the Pd donors has increased drastically.
This leads us to the conclusion that H共45兲, H共55兲, and
H共140兲 are also palladium hydrogen related. The profiles of
H共45兲 and H共55兲 coincide, and studies at different temperatures between 400 and 550 K confirm this behavior, suggesting that both levels belong to the same PdH complex. Reverse bias annealing at higher temperatures up to 550 K
leads to the decrease of all three PdH related levels. However, H共140兲 seems to be slightly more stable since after a 1
h heat treatment at 500 K its concentration exceeds the corresponding values of H共45兲 and H共55兲. The intensity changes
of H共140兲 relative to H共45兲 and H共55兲 are related to the
reverse bias annealing conditions. After RBA we usually
cool down the samples with applied reverse bias. If we cool
down without reverse bias, we always get the same intensity
of the three levels. Annealing the samples without applied
reverse bias leads in all cases to very similar profiles for
H共140兲, H共55兲, and H共45兲. This behavior is evidence for a
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structural metastability of the same PdH complex. Cooling
down the sample with applied reverse bias favors the formation of the configuration with the H(45)/H(55) level. A detailed study of the metastability is necessary to clarify the
nature of the two configurations.
In contrast to H共45兲, H共55兲, and H共140兲, which are concentrated in the hydrogen-rich region, level H共280兲 can be
detected in a much wider range after RBA at 400 K 关see
dotted line in Fig. 2共d兲兴. Level H共280兲 shows however a dip
in the concentration where the other levels exhibit a maximum. This indicates that part of the H共280兲 centers transform into H共45兲, H共55兲, and H共140兲, respectively.
Based on the characteristic depth profiles and thermal stabilities, we assign the four hydrogen-related levels H共45兲,
H共55兲, H共140兲, and H共280兲 to three different electrically active PdH complexes. The total concentration of palladium
resulting from the sum of the levels Pd0/⫹ , H共55兲, H共140兲,
and H共280兲 is also shown in Fig. 2共d兲 共labeled sum兲. The
concentration of levels H共45兲 and Pd⫹/⫹⫹ have not been
considered for the summation since they belong to the same
defect as H共55兲 and Pd0/⫹ , respectively. We find that the
total concentration of all electrically active Pd centers equals
the Pd concentration in the etched sample 关compare Fig.
2共b兲兴, this indicates that not only H共280兲 but all the hydrogen
complexes contain only one Pd atom. However, a dip in the
total Pd concentration is detected in the region where hydrogen has been piled up. Heat treatments at higher temperatures increase the dip further. This indicates that a portion of
palladium is not detected by DLTS, i.e., some palladium
centers are either electrically inactive or have at least no deep
levels in the lower half of the band gap. We will show later
on that this inactive Pd center belongs to another PdH complex, which is electrically passive. The passive complex
grows at the expense of all other hydrogen complexes and
reaches the maximum concentration at annealing temperatures around 500 to 550 K. The thermal stability of the passive complex is very similar to the H共280兲 level. Further
increase in temperature destroys the passive complex and
reactivates the isolated Pd levels, without forming the
H共280兲 level again.
B. Palladium-related centers in n-type silicon
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FIG. 3. DLTS spectra of Pd-doped n-type Si. 共a兲 Cleaved
sample, 共b兲 after wet-chemical etching, 共c兲 same as 共b兲 plus subsequent zero-bias annealing at 400 K for 1 h, 共d兲 same as 共b兲 plus
subsequent annealing at 650 K for 1 h.

E(60) is very small but depends strongly on the temperature
共Fig. 4兲. The dependence follows the relation

 n ⫽  n⬁ exp关 ⫺E  n /kT 兴 ,

共1兲

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

1. DLTS spectra of palladium doped n-type silicon

In p-type Si we find very similar DLTS spectra for
cleaved and etched Pd-doped samples. Only after a heat
treatment, significant differences occur due to the formation
and increase of hydrogen-related centers in the etched
samples. In n-type Si, however, we observe already after
etching a dramatic difference in the DLTS spectrum as
shown in Fig. 3. Curve 共a兲 represents the spectrum of a
cleaved Pd-doped n-type sample. Only one peak at 115 K is
detected. The activation energy and the electron-capture
cross section of this DLTS level 共shown in Table I兲 agree
with the values reported on the acceptor level of substitutional palladium Pd⫺/0.21,28–32,34,35 After etching, the Pd acceptor concentration decreases significantly while three other
peaks appear in the spectrum labeled E(60), E(160), and
E(200). The corresponding values for the activation energies
and capture cross sections are presented in Table I. It should
be noted that the electron-capture cross section of level

FIG. 4. Temperature dependence of the capture cross section of
level E(60).
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FIG. 5. Depth profiles of defects in Pd-doped n-type Si. 共a兲
Phosphorus profile in the cleaved sample and directly after wetchemical etching, 共b兲 depth profiles of the platinum-related defects
Pd⫺/0, E(60), E(160), and E(200) after etching. The sum of the
concentrations of these defects is also shown. 共c兲 Same as 共b兲 plus
additional annealing at 430 K for 1 h. 共d兲 Same as 共b兲 plus additional annealing at 550 K for 1 h.

capture cross section of E(60) is also thermally activated, we
assign this level to a repulsive center, i.e., a double acceptor.
Annealing the samples at temperatures up to 400 K does
not alter the spectrum. An increase of the annealing temperature to 430 K results, however, in the decrease of all peaks
关Fig. 3共c兲兴 while no other new signal appears in the spectrum. The levels E(60) and E(160) anneal out completely
between 500 and 550 K while E(200) disappears at 650 K.
At temperatures above 550 K, the Pd acceptor recovers, and
after a 1 h heat treatment at 750 K the acceptor has regained
its original concentration.
2. Depth profiles and annealing behavior of PdH complexes

The levels E(60), E(160), and E(200) are formed directly after wet-chemical etching, which indicates that they
are all hydrogen related. This assignment is supported by the
evaluation of the concentration depth profiles given in Fig. 5.
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Figure 5共a兲 shows the depth profiles of the net phosphorus
donor concentration before 共cleaved sample兲 and directly after etching. For the cleaved sample, we observe a flat profile,
while a significant reduction of the net active phosphorus
concentration is observed after etching in the region close to
the surface 共at depths ⭐4  m). The reduction is caused by
the formation of passive phosphorus hydrogen pairs36,37. The
profile of the etched sample after annealing at 430 K for 1 h
is identical to the profile of the cleaved sample.
The corresponding depth profiles of the palladium-related
deep levels are compared in Fig. 5共b兲. The cleaved sample
has a uniform palladium acceptor profile 关crosses in Fig.
5共b兲兴. After etching the Pd acceptor concentration decreases
towards the surface, and the three additional palladiumrelated levels appear: E(60), E(160), and E(200). All three
levels have their maximum concentration within the depth
where hydrogen has diffused in 共2–3  m) and decrease towards the bulk and the surface. The profiles of E(60) and
E(160) are very similar after etching, while the profile of
E(200) is always shifted deeper into the bulk. Since level
E(60) decreases slightly faster during annealing at temperatures above 500 K, we assign the three hydrogen-induced
levels to three different PdH complexes. The sum of the
concentrations of all Pd-related levels 关 Pd⫺/0, E(60),
E(160), and E(200)] after etching is also shown in Fig. 5共b兲.
The total concentration of electrically active palladium is
uniform at depths ⭓3  m and equals the value in the
cleaved sample. The behavior indicates again that only one
Pd atom is involved in each PdH complex. Close to the
sample surface we observe a decrease in the sum profile,
which we correlate with the formation of an electrically passive PdH complex.
In p-type Si we used the dissociation of the acceptor hydrogen pairs and the drift of the released positively charged
hydrogen in an applied electric field to localize the hydrogen
and correlate it with the distribution of the deep levels 共see
Fig. 2兲. This method cannot be applied in moderately doped
n-type material since an annealing under reverse bias results
only in the dissociation of neutral phosphorus hydrogen pairs
close to the sample surface and the reactivation of phosphorus donors, but no inwards drift of a hydrogen species
can be detected.19,36,37 Annealing studies on Pd-doped n-type
samples at temperatures up to 400 K confirm these results.
Furthermore, we find that the profiles of all Pd-related levels
remain unchanged compared to Fig. 5共b兲.
An increase of the annealing temperature results, however, in a small inwards shift of all trap profiles as shown in
Fig. 5共c兲 for a 1 h heat treatment at 430 K. The concentrations of the PdH-related levels E(60), E(160), and E(200)
are slightly increased at depths ⭓3.5  m while the passivation of the Pd acceptor reaches deeper into the bulk. At
depths ⭐2.5  m the concentrations of all electrically active
deep levels are reduced. We explain this shift by the indiffusion of hydrogen from the surface region towards the bulk.
The incoming hydrogen reacts with substitutional Pd and the
already formed PdH complexes. Close to the surface the passive PdH complex expands deeper into the bulk at the cost of
all electrically active Pd-related centers. At greater depths
hydrogen forms more electrically active complexes with substitutional Pd, this explains the increase of the concentration
of E(60), E(160), and E(200). The source of the additional
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hydrogen is not yet clear, but the hydrogen release from the
dissociation of phosphorus hydrogen pairs should be ruled
out since these pairs are already destroyed during annealing
at much lower temperatures.
Heat treatments at temperatures above 500 K result in a
further expansion of the passive palladium hydrogen complex into the bulk 关Fig. 5共d兲兴. At the same time the concentration maxima of the electrically active PdH centers shift
further inwards accompanied by a decrease in concentration.
After a 1 h heat treatment at 550 K, both E(60) and E(160)
are completely annealed out while level E(200) is slightly
more stable. Above 550 K we observe a gradual reactivation
of the Pd acceptor concentration and a decrease of the passive complex. The resulting Pd profile after 1 h annealing at
700 K is flat, and the concentration reaches the value in the
cleaved sample.
3. MCTS measurements on Pd-doped n-type silicon

The DLTS technique enables us to probe defect levels in
the lower half of the band gap in p-type silicon and in the
upper half of the band gap in n-type silicon, respectively. In
order to correlate different PdH levels, it is necessary to determine in the same sample the properties of all levels in the
band gap. This can be achieved by the injection of minority
carriers as performed in MCTS measurements. Minority carriers generated by above band-gap light in the neutral region
close to the depletion region of a reverse biased Schottky
diode diffuse into the space-charge region of the Schottky
contact where they are available for capture by deep levels.
Since the samples were illuminated through the Schottky
contact the effect of majority carriers cannot be neglected.
Majority carriers that are generated in the neutral region are
rejected from the depletion layer by the electric field. However, majority carriers that are created within the spacecharge region may be captured by traps. This results in a
normal majority-carrier DLTS contribution to the MCTS
spectrum and has to be included in the evaluation of the
spectra.
The quality of the MCTS spectrum depends strongly on
the surface conditions. In particular, MCTS measurements
on Pd-doped p-type Si samples were not successful due to a
large background signal. However, we succeeded to detect
minority-carrier traps in Pd-doped n-type samples as shown
in Fig. 6. The spectra are measured after wet-chemical etching using two different reverse voltages. We find three different MCTS peaks at 140 K, 170 K, and 280 K. Their activation energies agree with the values determined by DLTS
for H共140兲, Pd0/⫹ , and H共280兲 共see Table I兲. It should be
noted that level H共140兲 appears in n-type Si already after
etching while in p-type material an additional heat treatment
is necessary to form the center.
Due to restrictions of the MCTS apparatus, we were limited to temperatures above 90 K. Therefore, we could not
probe the temperature range where the Pd double donor and
the hydrogen-related levels H共45兲 and H共55兲 appear in p-type
Si. Furthermore, we observe a dip at about 115 K in both
spectra of Fig. 6. We assume that this is caused by the capture and subsequent emission of majority carriers from the
Pd acceptor level. Thus, this peak corresponds to a majoritycarrier DLTS peak superimposed on the MCTS background
signal.

FIG. 6. MCTS spectra at two different reverse bias voltages
(V bias⫽⫺2 V and ⫺8 V) for Pd-doped n-type Si directly after
wet-chemical etching.

The determination of quantitative depth profiles from the
variation of the electrical filling pulse height is not possible
with our method of MCTS. However, qualitative information
about the depth distribution of the defects is possible by
MCTS measurements under different reverse biases 共see Fig.
6兲. We note that the MCTS peak of level H共140兲 is larger
closer to the surface (V r ⫽⫺4 V) and smaller in the bulk
(V r ⫽⫺8 V). This behavior is expected for a hydrogenrelated level and confirms the DLTS depth profiling results
on annealed Pd-doped p-type samples. The signal of the Pd
donor shows an increase towards the bulk. The intensity of
H共280兲 is much lower than H共140兲, which indicates that the
H共280兲 can also capture electrons. A capture of an electron
in a trap already filled with a hole leads to the recombination
of both carriers resulting in the loss of the hole. Thus hole
emission from this trap would be reduced if electrons are
available for capture. Figure 6 also shows the Pd acceptor
Pd⫺/0 as a majority-carrier trap. The other hydrogen-related
levels E(160) and E(200) known from n-type Si are not
detected. In the case of E(160), it is possible that this signal
overlaps strongly with H共140兲 and Pd0/⫹ and is therefore not
resolvable. The concentration of level E(200) is usually very
low directly after etching 关see Fig. 3共b兲兴 and a detection is
not possible.
IV. DISCUSSION
A. The formation of hydrogen complexes

The depth profiles of hydrogen complexes created by wetchemical etching in irradiated Si were recently interpreted by
Feklisova and Yarykin.38 The complex formation is understood as a subsequent addition of hydrogen atoms to the
defects. The following set of equations describes the step by
step hydrogenation:
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d关 A0兴
⫽⫺4  Dr o 关 A 0 兴关 H 兴 ,
dt
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共2兲

d关 Ai兴
⫽4  D 共 r i⫺1 关 A i⫺1 兴 ⫺r i 关 A i 兴 兲关 H 兴 ,
dt
i⫽1,2,3, . . . ,
where A i is the complex with i hydrogen atoms, r i is the
capture radius of hydrogen to the A i complex, and 关H兴 and D
the concentration and the diffusity of atomic hydrogen, respectively.
The differential equations for the hydrogen complexes
can be solved analytically in the limit of large depth, provided that all complexes are thermally stable, i.e., a hydrogen
atom once captured remains attached to the complex and the
concentration of the different hydrogen defects decreases
with the number of hydrogen atoms ( 关 A i 兴 Ⰷ 关 A i⫹1 兴 ). The
approximations lead to a simple exponential decay of the
defect concentration,
关 A i 兴 ⬃exp

冉冊

x
,
Li

共3兲

with a characteristic length L i that is derived to be inversely
proportional to the number i of hydrogen atoms
L i ⬇1/i.

FIG. 7. Depth profiles of PdH defects in n-type Si after wetchemical etching and annealing at 470 K for 1 h.

共4兲

The simple relation was used to analyze the depth profiles
of PtH complexes in Si. Although, the model was originally
developed for profiles that are found directly after wetchemical etching, we could apply the formalism even in the
case of thermally annealed samples.20 A numerical integration of Eq. 共3兲 is possible for different experimental conditions, e.g., after wet-chemical etching, after annealing, etc. In
all cases, we find in the limit of larger depth the simple
exponential behavior. A detailed investigation of the numerical fitting of the total depth profiles will be published elsewhere.
B. Analysis of the PdH depth profiles
1. n-type samples

We detect by DLTS in Pd-doped Si after wet-chemical
etching seven other hydrogen-induced levels. The electrical
data of all levels are summarized in Table I. The assignment
of different levels to the same defect based on the thermal
stability is not possible in our samples. The annealing behavior is not a first-order process, and the temperature where
levels disappear is determined by capture of hydrogen to
different complexes. A direct connection of different levels
to the same defect is, however, possible from a comparison
of the depth profiles. Ideally, levels of the same defect
should exhibit the identical profile. For the PtH complexes
such a simple behavior was detected.20
A comparison of the depth profiles in n- and p-type
samples is only reasonable if the influence of the shallow
dopant as trapping centers is neglected. The formation of
hydrogen complexes is quite different after etching or after
low-temperature annealing. Therefore, we use for comparison only those profiles that were determined in samples an-

nealed above 450 K. Under these conditions, we find a total
dissociation of all boron and phosphorus-hydrogen pairs.
Annealing above 450 K leads to the decrease of all new
hydrogen levels and the formation of another complex,
which is only indirectly accessible in n- and p-type samples.
Figure 7 gives the profiles of the hydrogen-induced levels
in Pd-doped n-type samples. The concentrations are given
relative to the substitutional Pd concentration detected in
cleaved samples. After wet-chemical etching, the sample was
annealed at 470 K for 1 h. The profiles of the three PdH
levels show pronounced exponential decrease for larger
depth. All three PdH levels exhibit a different slope. The
characteristic length of the decay is 3.6⫾1  m for E(200),
1.2⫾1  m for E(160), and 1.8⫾1  m for E(60). The defect profiles show the expected integer ratios for the characteristic length. We assume that E(200) belongs to the PdH1
complex, which has the largest penetration into the sample.
The ratio L E(200) /L E(60) ⫽2 relates E(60) to a PdH2 complex, L E(200) /L E(160) ⫽3 associates E(160) with a PdH3
complex.
In the n-type sample the concentration of the PdH3 complex is much higher than the concentration of the PdH2 complex. This is in contrast to the Pt case, where for larger depth
the PtH1 complex was always strongest, followed by the
PtH2 and PtH3 complex. The behavior in Pd-doped samples
indicates a complication in the simple model presented
above for the formation of the complexes. A possible explanation will be given below.
2. p-type samples

A profile from a p-type sample after wet-chemical etching
and annealing for 1 h at 470 K is shown in Fig. 8. Again, the
concentrations are given relative to the total substitutional Pd
concentration determined before wet-chemical etching. The
semilogarithmic plot gives an exponential decrease of the
defect concentrations with depth. The profiles of the four
levels can be grouped into two sets with similar slopes at
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FIG. 8. Depth profiles of PdH defects in p-type Si after wetchemical etching and annealing at 470 K for 1 h.

larger depth. Level H共280兲 is characterized by a slope with
the largest characteristic length of L⫽2.9⫾1  m. The profiles for H共45兲, H共55兲, and H共140兲 are not distinguishable at
larger depth and show the same slope of L⫽1.2⫾1  m.
Usually, this behavior is evidence for hydrogen complexes
that involve the same number of hydrogen atoms. Contrary
to the n-type sample, the ratio of the two slopes gives no
clear identification of the number of hydrogen atoms involved in the complexes.
The levels H共45兲, H共55兲, and H共140兲 exhibit the same
slope for larger depth, but H共140兲 has a higher maximum
concentration. The difference in concentration can be related
to another PdH level, which overlaps strongly with H共140兲
and is only visible in the range from 5 to 7  m. If we
subtract the profile of H共55兲 from H共140兲, we receive a profile with a steep slope of L⫽0.6⫾0.2  m, indicating an
incorporation of around 5–7 hydrogen atoms in the complex.
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FIG. 9. Profiles of the three substitutional Pd levels:
Pd⫺/0, Pd0/⫹ , Pd⫹/⫹⫹ after scaling 共for details see text兲. The
sum of all electrically active Pd defect levels is included.

The levels can be grouped again according to their slopes
at larger depth. From the ratios of the characteristic length,
an identification of the number of hydrogen atoms involved
in the complexes can be made. In the n-type sample E(200)
was already assigned to the PdH1 complex, E(60) to the
PdH2 complex, and E(160) to the PdH3 complex. The profile of H共45兲, H共55兲, and H共140兲 coincides with that of
E(160) for larger depth, indicating that all these levels belong to a PdH3 complex. However, there is a problem with
the assignment of E(160), H共55兲, und H共45兲 to the PdH3
complex. One would expect that all profiles coincide everywhere in the whole sample. But level E(160) has a higher
maximum concentration compared to the H共55兲 and H共45兲

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

In the Pd-doped samples a direct comparison of the depth
profiles in n- and p-type samples is possible and allows a
correlation of defect levels belonging to the same center. As
discussed already above, only profiles of samples that were
annealed above 450 K were considered to avoid complications from acceptor or donor hydrogen formation. The influence of different Pd doping levels in the samples is corrected
by scaling the profile of the Pd acceptor in n-type Si to the
Pd donor level in p-type Si. Figure 9 gives the result of the
scaling process. The profiles of the Pd donor, double donor,
and acceptor are now identical. The profiles of the PdH defects are scaled with the same factor. The result is given in
Fig. 10. For clarity only the profiles for the levels E(200),
H共280兲, E(160), H共55兲, and E(60) are given. The missing
profile H共45兲 is identical to H共55兲, and the properties of
H共140兲 were discussed already. The error bar in concentration and depth is estimated to be 10% of the values given in
the figure.

FIG. 10. Depth profiles of all PdH defects in p- and n-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 additional PdH complex that is overlapping with the E(160)
DLTS peak. However, the difference of the profiles E(160)
and H共55兲 gives a slope that is very steep, corresponding to
Pd complexes of at least ten hydrogen atoms. It is not realistic that these complexes are formed in such high concentrations.
Level H共280兲 has a very similar profile as E(200), the
PdH1 complex; the concentration of H共280兲 is lower at larger
depth and larger closer to the surface where hydrogen concentration increases. This behavior indicates that H共280兲 belongs to a complex with more than one hydrogen atom but
less than three hydrogen atoms. Tentatively, we have fitted in
Fig. 10 the last part of the profile to get a slope corresponding to a PdH2 complex. With the assignment of H共280兲 to the
PdH2 complex an obvious difficulty occurs: the concentration of the PdH2 complex in p- and n-type samples is quite
different, as is evidenced from the profiles of H共280兲 and
E(60).
We can resolve the difficulties by reevaluating the approximations made in modeling the formation process of the
hydrogen defects. A major simplification in the differential
equations 关Eq. 共3兲兴, which describe the depth profiles of the
hydrogen complexes, is the use of charge-state independent
capture radii r i . In the n-type samples obviously a much
faster trapping of hydrogen to the PdH2 complex seems to
occur, compared to p-type samples. This leads to a strongly
reduced PdH2 and an increased PdH3 concentration in n-type
samples. The behavior is different in Pt-doped samples and
can be related to the level position of the PdH2 complex. In
n-type samples at the temperature of annealing, most of the
PdH2 complexes are in the negative state, and an efficient
trapping by positively charged hydrogen occurs. In p-type
samples the PdH2 complex is neutral and trapping by the
positively charged hydrogen is less efficient. The H共210兲
level of the PdH2 is closer to the valence band, which leads
in n- and p-type samples to the same interaction of the negatively charged PtH2 complex with positively charged hydrogen.
The behavior of the PdH2 depth profile in p-type samples
needs further discussion. As we have discussed above, the
proper slope can only be found for very large depth. The
total concentration of the PdH2 complex is identical to that
of the PdH1 complex at the maximum. Apparently for the
PdH complexes the capture radii are not decreasing with
complex size, as was found for Pt-doped samples. To explain
the behavior of the PdH2 depth profile in p-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 Pd—
the PdH2 concentration would follow the PdH1 profile. Only
for small hydrogen concentrations, which occur at larger
depth, the PdH2 profile will follow the expected slope.
Our interpretation of the PdH profiles is in close analogy
to the case in Pt-doped samples, but refinements in the
simple model of the successive capture of hydrogen atoms to
the defects have to be included. First, a different capture rate
for n- and p-type samples is necessary to account for the
PdH2 profiles. Second, the capture radii of higher complexes
can be larger than those of lower complexes (r i ⭐r i⫹1 ).
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C. Identification of a passive PdH complex

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

兺 ⫽Pd⫺/0⫹E 共 200兲 ⫹E 共 60兲 ⫹E 共 160兲 .

共5兲

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

兺 ⫽Pd0/⫹ ⫹H共 280兲 ⫹H共 140兲 .

共6兲

Both summations give within the error the same results. In
the range from 4 to 6  m, the concentration of the sum is
identical to the substitutional concentration in the cleaved
sample. This behavior indicates that all Pd-correlated complexes are properly included in the summation. Below 4  m
the total concentration of Pd-related centers decreases
strongly towards the surface. Because all electrically active
defects are included in this profile, the decrease has to be due
to the formation of an electrically passive PdH defect, which
is only formed in the region with the highest hydrogen concentration. We therefore assume that the passive complex
contains at least four hydrogen atoms. Close to the surface
this complex leads to a total passivation of Pd, and after
annealing at 470 K this passive complex dominates all other
electrically active hydrogen complexes. Above 550 K the
passive complex dissociates into substitutional Pd and hydrogen. At present, we cannot distinguish between one or several different passive complexes. If we assume, however,
that only one passive PdH complex exists, we can analyze
the slope of the sum curve. The characteristic length for the
passive complex is given by L⫽0.9⫾1  m. 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 are
very similar to our hydrogen-related centers. In all these
studies wet-chemical etching was applied before the contact
preparation, which could unintentionally introduce hydrogen
into the samples. Lemke observed in p-type Si after annealing a level at E V ⫹0.26 eV.30 The properties of this level
seem to be identical with our H共140兲 level. Stöffler and
Weber39 and Czaputa et al.34,40 detected in diffused n-type
samples two levels with activation energies very similar to
E(160) and E(200). Depth profiles from Pd-doped samples
reported by Gill et al. give a level at E C ⫺0.37 eV with a
strong decrease in concentration towards the bulk.41 In comparison with the results from our study, a correlation with the
two levels E(160) and E(200) is possible. However, the
level observed by Gill et al. anneals out already at 150 °C,
whereas E(160) and E(200) are much more stable. In addition, the authors of Ref. 41 associate this level with another
level at E C ⫺0.59 eV, which was never detected in our
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FIG. 11. Energy levels of substitutional Pd and PdHi complexes.
FIG. 12. Energy levels of substitutional Pt and PtHi complexes.

samples. The only report of an interaction of hydrogen with
Pd was given by Pearton and Haller.21 A plasma treatment at
300 °C for 2 h led to a total passivation of the substitutional
Pd donor and acceptor state. No other levels were generated
under these conditions. This result is in agreement with our
measurements. At 300 °C the passive complex still dominates at the surface, and all other hydrogen-related complexes are very weak.
E. Comparison of PdH and PtH levels

Figure 11 gives schematically the derived level positions
for the different PdHi complexes. A clear trend for the acceptor level is seen, which systematically is lowered with the
addition of another hydrogen to the defect. This behavior can
be expected from the simple vacancy model of the substitutional TM’s. The t 2 level of the vacancy shifts towards the
valence band for increasing nuclear charge. Apparently, the
addition of protons has the same effect as increasing the
nuclear charge.
The behavior of PtH complexes in Si was studied by several groups. From the analysis of the deep-level profiles,
three electrically active PtH complexes were determined,
which contained one, two, or three hydrogen atoms.20 The
PtH4 complex was associated with an electrically neutral
complex. A correlation was made for the levels of the PtH2
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 Pt
and Pd samples; however, the number of hydrogen-induced
levels is larger in the Pd case. For the PtHi levels the charge
states were determined by studying the behavior of the levels
in an electrical field and by temperature-dependent CV
measurements.19,20 For Pd complexes the charge states for
levels E(60), H共45兲, and Pd⫹/⫹⫹ were identified from the
electrical-field dependence of the level energies and the temperature dependence of the capture cross section. All the
other levels did not show any field dependence. In Fig. 11 we
assigned the charge states for these levels in analogy to the
Pt case.
F. Result of theoretical calculations on the PdH levels

Recently, numerical techniques were developed that allow
a precise determination of the TM levels in Si and their hy-

drogen complexes.42 The level positions were calculated
compared to a reference level of a well-defined defect. The
calculations by Jones et al.43 give for the PdH1 complex an
acceptor level at E C ⫺0.30 eV in close agreement with
E(200) at E C ⫺0.43 eV. The acceptor level shifts weakly in
the PdH2 complex to E C ⫺0.36 eV, which corresponds to
H共280兲 at E V ⫹0.55 eV. The error in calculating the acceptor level of the PdH3 complex is estimated to be much larger
due to the method of calculation. The acceptor level was
calculated at E C ⫺1.15 eV compared to E C ⫺0.93 eV for
the H共140兲 level. Further agreement can be found for the
double acceptor state of the PdH3 complex: The calculated
value of E C ⫺0.29 eV could correspond to E C ⫺0.29 eV of
the E共160兲 level. From our experiments no assignment to a
double acceptor state could be made.
There are, however, also some discrepancies between the
theoretical results and our assignment of the levels. Jones
et al. calculate a donor level for the PdH1 complex at E V
⫹0.62 eV. This level does not appear in our experiments.
The proposed coincidence of this level with the level of the
Pd donor Pd0/⫹ can be excluded from the identical profiles
for the Pd donor and double donor (Pd0/⫹ , Pd⫹⫹/⫹ ). The
calculations give for the PdH4 complex an acceptor and a
donor level. No support is given from the calculation that a
substitutional PdH defect is electrically passive. This
strongly contradicts the measurements where an electrically
inactive complex accounts for the missing concentration of
all electrically active Pd defects in the sample. The suggestion of a formation of neutral PdH species in cavities or
microvoids is not realistic. Wet-chemical etching and additional annealing steps are not suited to form these microdefects. Also, the reactivation of the substitutional Pd at higher
temperatures leads to a distribution of substitutional Pd, as
was found originally in the cleaved sample. A passive PdH4
complex that involves the substitutional Pd would be the
simplest explanation of our results.
We have found from the difference in the profiles for the
H共140兲 and the H共55兲 levels evidence for another PdH species with a depth profile that would associate this level with
a PdH complex that contains at least five to seven hydrogen
atoms. Further studies with higher original hydrogen concentrations should clarify the existence of electrical PdH levels
with more than four hydrogen atoms.
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V. CONCLUSIONS

We have studied the interaction of hydrogen with substitutional Pd in Si. A careful investigation of the electrical
properties of wet-chemically etched samples revealed seven
different hydrogen-induced levels. From analysis of the defect profiles, we were able to correlate these levels to Pd
complexes that contain up to three hydrogen atoms. A neutral Pd hydrogen complex is found to contain four hydrogen
atoms. Evidence of at least one electrically active complex
with more than four hydrogen atoms is presented. The behavior of the PdH complexes is very similar to PtH complexes; however, some refinements in the simple model of
hydrogen defect formation have to be included for the Pd
complexes. The trend of the energy levels with the number
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