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Electrical activity of the PtH, complex in silicon: High-resolution Laplace deep-level transient
spectroscopy and uniaxial-stress technique
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High-resolution Laplace deep-level spectroscopy combined with the uniaxial stress technique has been used
to study stress-energy piezospectroscopic tensor components of the platinum-dihydrogen complex in silicon.
The effect of stress on the defect has been observed either as the stress-induced Laplace deep-level transient
spectroscopy peak splitting (which is interpreted as an effect of stress on the defect ionization process) or as a
stress-induced defect alignment. The latter has been observed for both defect charge states, i.e., singly and
doubly negative. The kinetics of the alignment process allowed us to conclude that the energy barrier separat-
ing equivalent defect configurations is 1 eV, which means that the complex does not reorient below the room
temperature. The character of the lattice relaxation derived from the piezospectroscopic characteristics of the
complex suggests that in PtH, the hydrogen atoms are not directly bonded to platinum.
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I. INTRODUCTION

Platinum-related deep centers in silicon are widely used to
control the minority-carrier lifetime in fast-switching semi-
conductor devices. On the other hand, it has been observed
in many cases that unintentionally introduced hydrogen in-
teracts with transition metal (TM) impurities leading to ei-
ther their passivation or the formation of new electrically
active TM complexes.!~” The effect of hydrogen on the elec-
trical properties of platinum has been a point of interest for a
long time.>®' Hydrogen atoms interact with platinum and
form new complexes with a different electronic structure.
This shifts the platinum electronic levels and could be a rea-
son for a dramatic change in semiconductor device charac-
teristics. The existence of PtH, (where x=1-3) complexes
have been detected by electronic paramagnetic resonance
(EPR) (Refs. 1 and 2) and local vibrational mode absorption
(LVM)'? in both n- and p-type silicon. The platinum-
dihydrogen complex (PtH,) is of particular interest from the
point of view of application of platinum for minority-carrier
lifetime reduction in power devices (in order to increase the
switching speed) because among all platinum-hydrogen
complexes it has the shallowest electronic level. This makes
the platinum-dihydrogen center an effective carrier recombi-
nation center, but as the electronic level is well away from
the midgap position the carrier generation via this defect is
less effective and hence the device leakage is reduced.

In spite of a number of different studies by both theoret-
ical and experimental groups'>!!-!% there are some uncer-
tainties relating to the PtH, structure. It is well known that it
possesses C,, symmetry, which is the result of a static Jahn-
Teller distortion combining tetragonal and trigonal compo-
nents analogous with the isolated negatively charged va-
cancy. However, the position of hydrogen atoms in platinum-
hydrogen complexes is disputed. Uftring ef al.” showed from
EPR hyperfine tensor that the Pt-H distance is about 4.2 A
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and this value is remarkably close to the expected Pt-H dis-
tance for the vacancylike model with the hydrogen atoms
pointing away from the platinum. This is about 4.05 A
(2.35 A is the Si-Si nearest distance and 1.7 A is the typical
back-bond Si-H distance). Similar results have been also ob-
tained by Huy and Ammerlaan' from the measured hyperfine
tensor of an acceptorlike PtH, defect. These results have
been supported by the calculations of Jones et al.'> who pre-
dicted that the hydrogen atoms in the PtH, complex are
bonded to two Si atoms neighboring the substitutional Pt in a
way that is similar to the NiH, complex. However, Houra-
hine et al.'3 calculated that structures with hydrogen directly
attached to platinum are energetically favorable over the
ones suggested by Jones er al. Experimental work on the
PtH, complex has been continued by Kamiura et al.'* who
studied its reorientation kinetics using a deep-level transient
spectroscopic (DLTS) technique combined with uniaxial
stress. He has found that the reorientation process starts at
temperatures close to 80 K. The relatively low temperature
for reorientation may suggest that the model with two hydro-
gen atoms directly bonded to the platinum atom is a plau-
sible case, as has been suggested by Hourahine et al. from
theoretical considerations.

The EPR technique can only provide structural informa-
tion for the platinum-hydrogen complex in its paramagnetic
states. Similar information for the defect can be obtained
from LVM but only for its optically active modes. In both
cases it is not straightforward to manipulate with the charge
state of the complex, as to do this necessitates varying the
Fermi level via changes in the doping level. By using the
DLTS technique combined with uniaxial stress, it is possible
to observe the effect of stress on the defect stability and the
electronic properties in different charge states. Additionally,
the application of high-resolution Laplace DLTS (Ref. 15)
with the stress technique provides complementary structural
information obtained from the observation of the effect of
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stress on the defect electronic level, as we have shown in
previous work.!! In this study we present a comprehensive
investigation of the effect of stress on the double acceptor
electronic state of the platinum-dihydrogen complex. These
results allowed us to perform a piezospectroscopic analysis
of both charge states of PtH, (paramagnetic and diamag-
netic) and to postulate the character of the defect relaxation
for the complex in these charge states. From the kinetics of
the reorientation process, the reorientation barrier of the PtH,
complex has been estimated to be about 1 eV by analyzing
the stress-induced alignment effect

II. EXPERIMENTAL PROCEDURE

The samples for this study have been prepared from
(100)-oriented phosphorous doped float-zone grown silicon
with a resistivity of 21-23 () cm. The samples were cut into
7 X2 X1 mm bars with the long dimension parallel to one of
the major crystallographic directions (100), (110), or (111). A
thin platinum layer has been evaporated onto one side of a
silicon wafer and diffused in at ~820 °C for 2 h in a nitro-
gen atmosphere. The samples have been etched for 2 min in
a CP4A solution in order to introduce hydrogen and elimi-
nate the high surface concentration of platinum resulting
from the U-shape of the in-diffused metal. Additional hydro-
gen has been introduced during a 30 min soak in a solution
of nitric (70%) and hydrofluoric (48%) acids in a 10:1 ratio.
The Schottky diodes have been formed by vacuum evapora-
tion of gold on the polished and etched side of the bar. An
eutectic InGa alloy has been rubbed onto the back side of the
samples to fabricate an ohmic contact. A series of test
samples made on randomly oriented pieces of the same wa-
fers according to the procedure described has also been pro-
duced for calibration of the platinum and hydrogen diffusion
process.

III. RESULTS AND DISCUSSION

The above sample processing procedure leads to appear-
ance of the PtH, complex with energy level, which has been
observed in conventional DLTS spectra for a rate window of
20 s7! at about 90 K.!" This energy level of the complex has
been shown to be a double acceptor state (--/-) based on
detailed studies of its emission and capture behavior.'® Ad-
ditionally, the same conclusion has been reached earlier from
the EPR measurements where an unoccupied state of PtH,
was observed as a paramagnetic negative charge state in
n-type silicon.® Using high-resolution Laplace DLTS com-
bined with uniaxial stress, we confirmed that the structure of
this defect is of the orthorhombic-I C,, symmetry, as has
been established previously by the EPR technique.® Figure
1 shows the 90 K Laplace DLTS spectra of PtH, (--/-) ob-
tained at zero stress and also under uniaxial stress along the
three major crystallographic directions. For each stress direc-
tion, the zero-stress peak splits into two well-resolved com-
ponents. The amplitudes of the split lines sum up to the
amplitude of the zero-stress peak. The amplitude ratios of the
individual peaks in Fig. 1 agree to within 10% with the ratios
expected for a splitting pattern expected for an
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FIG. 1. Laplace DLTS spectra of PtH, obtained for stress ap-
plied along the three major crystallographic directions, (100), (110)
and (111). The splitting pattern confirms the orthorhombic-I sym-
metry of the PtH, complex.

orthorhombic-I center (see, e.g., Ref. 17 for more details),
i.e., 2:4 for the (100) stress direction, (1:4):1 for the (110)
stress direction (note a broadened larger peak, which could
be a result of the unresolved 1:4 splitting), and 3:3 for the
(111) stress direction. Table I contains abbreviations of the
nonequivalent configurations of PtH, in a silicon crystal
stressed along major crystallographic directions. The main
crystallographic axes are described as shown in Fig. 2. The
details of the PtH, model will be discussed in the following
parts of this work.

In order to obtain more detailed information about the
defect lattice relaxation process and structural information
concerning the reorientation barriers and, in consequence,
the position of the hydrogen atom in the PtH, center, two
types of experiments have been performed. Firstly, the influ-
ence of uniaxial stress on the ionization process of the
double acceptor state: PtH,” — PtH; + e, has been studied for
the different stress directions. Secondly, the so-called align-
ment process has been investigated, which provides detailed
information on the piezospectroscopic tensor for individual
charge states.

TABLE I. Abbreviations for the nonequivalent configurations of
an orthorhombic defect center in a cubic crystal stressed along three
major crystallographic directions. See Fig. 2.

Configuration Stress direction

14 [100], [010]

1B [001]

24 [110]

2B [101], [101], [011], [011]
2C [110]

34 [111], [111]

3B (1117, [111]
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FIG. 2. The vacancylike model of PtH, complex where Pt atom
(light gray color) occupies an off-center site toward two of four
silicon atoms (gray color) and two hydrogen atoms (black), termi-
nating the remaining Si bonds, pointing away of the Pt atom.
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FIG. 3. Laplace DLTS peak shifts versus applied stress along
the (a) (100), (b) (110), and (c) (111) directions. The full symbols
are the values where in formula (1) the stress dependence of the
capture cross section on the stress along the (100) direction (Fig. 4)
has been included (see text for details).
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FIG. 4. The PtH, capture cross-section pressure depend-
ence (stress-split peaks with smaller and higher emission rates) at
T=90 K.

Figure 3 shows the Laplace DLTS split peak shifts versus
applied stress P along the (100), (110), and (111) directions
for the different nonequivalent configurations of PtH,. The
emission rates (e,) of split peaks have been obtained at a
number of stress values at 90 K and transformed into energy
scale using the well-known equation for carrier emission
rate,

E(P) = — kT X In[Ae,(P,T)lo,(P,T)], (1)

where T and P are the measurement temperature and stress,
respectively, o, is the capture cross section, kp is the Boltz-
mann constant, and A is a stress-independent constant. In the
first instance, the conversion from the emission rate to an
energy scale has been performed using formula (1) assuming
that there is no stress dependence of the capture cross sec-
tion. As a result of this conversion procedure, it is seen that
fitted lines of the energy of both the higher and lower emis-
sion rate peaks, which have been obtained from regression
analysis for (110) and (111) stress directions, follow a linear
dependence and converge at the P=0 point. This behavior
is expected from piezospectroscopic theory for the case
where the energies of the defect are linearly dependent on
the stress. The following stress coefficients for ionizat-
ion process for all nonequivalent orientations were ob-
tained: a,p=a,c=19 meV/GPa, a,,=82 meV/GPa, azp=
—20 meV/GPa, and az,=44 meV/GPa.

For the (100) orientation, neither the high-nor the low-
frequency lines converge at P=0. Moreover, for the smaller
emission rate peak, a clear bowing effect has been observed
and reproduced for numerous samples [see open symbols in
Fig. 3(a)]. The bowing effect for the smaller emission rate
peak suggests that the apparent capture cross section is not
independent of the applied stress, as it is for the case of other
orientations where a clear linear dependence on stress is ob-
served. In order to explore this effect, a direct measurement
of the capture process for both high- and low-frequency lines
have been performed for all sample orientations. Figure 4
shows the dependence of the capture cross sections of the
split lines on stress applied along the (100) direction. For the
lower frequency branch, the capture cross section decreases
(by about a factor of 2) while for the higher frequency
branch it only increases slightly (by about 40%) over the
whole range of stresses. No stress dependence has been ob-
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served for either of the components of the split peaks for
stress applied in the (110) and (111) orientations.

Taking into account the stress dependence of the capture
cross sections for both the smaller and higher emission rates,
the open symbols in Fig. 3(a) (for the (100) orientation) have
been recalculated according to formula (1). As seen in Fig.
3(a) (closed symbols), the bowing effect substantially de-
creases after this correction. The linear fitting including the
zero point gives a better approximation to the stress coeffi-
cients of the Laplace DLTS peaks for the (100) stress orien-
tation: a,=89 meV/GPa and a;3=21 meV/GPa.

A similar bowing effect has been already observed by us
for the case of the piezospectroscopic analysis of the
vacancy-oxygen orthorhombic (VO) complex (the A center)
in silicon.!” There is a striking correspondence between that
case and the bowing observed for PtH,, as both defects are
observed in the silicon matrix and the bowing is seen for the
same branch of the split peak for the (100) sample orienta-
tion. In addition, the local symmetry of both defects is
orthorhombic-I. There could be two reasons that could cause
such a stress-induced decrease of the capture cross section
for the 1B stress orientation (see Table I and Fig. 2). Firstly,
because of the similarity between the A center and PtH,
complex cases, it is likely that the explanation of the ob-
served effect is a unique aspect of the 1B stress orientation
for a defect with an orthorhombic symmetry. In the silicon
unit cell this particular stress orientation causes the strongest
compressive strain along the [001] direction and also the
strongest tensile strain along the [110] direction. Thus one
can expect that for this particular stress direction the defect
ionization process is accompanied by some specific local lat-
tice relaxation that in turn invokes the appearance of a cap-
ture process energy barrier and so reducing the capture cross
section. This could be equivalent to the multiphonon capture
process postulated by Henry and Lang for a radial defect
relaxation process.'® On the other hand, the equivalence be-
tween these two cases also suggests that wave functions of
the electron bound by the defect are similar. More detailed
discussion of this relaxation effect can be found in Ref. 17.
An alternative explanation is that the stress splitting of the
conduction band of silicon is strongest for the (100) stress
orientation. As a result, the capture process can occur for
carriers originating from both subbands. The different stress-
induced changes in the capture process for both configura-
tions observed for this stress direction may indicate that, for
example, the defect in the 1B configuration prefers to capture
electrons originating from one particular subband of the con-
duction band rather than from the other one. This means that
there are some selection rules for the electron capture pro-
cess. Summarizing, the first explanation of the observed
bowing effect refers to the vibrational part of the wave func-
tion of an electron bound by the defect. In the other case, it is
suggested that the electronic part of the wave function is
responsible for the changes in the capture process. Unfortu-
nately, we do not see any experimental way to distinguish
between these hypotheses.

While the influence of the stress on the Laplace DLTS
peak structure allows us to conclude how the stress modifies
the defect ionization process, the defect alignment experi-
ments demonstrate the stress-induced changes in the defect
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total energy. These changes can be observed for both the
single and double negative charge state of the defect. If stress
is applied at temperatures where the complex reorientates
and then the sample is cooled quickly to the measurement
temperature, the complex takes a preferential direction in
respect to the stress. This experimental procedure has been
applied for all three orientations of samples investigated and
the effect of the alignment has been observed as a change in
the peak amplitude ratios in respect to the ones observed for
the nonaligned defects.

According to these observations, the PtH, complex starts
to reorientate at temperatures about 300 K and above. When
the sample bias is off (which results in the double negative
charge state of PtH,), this reorientation temperature needs to
be higher than for the bias on conditions, i.e., for the single
negative charge state. This is in agreement with the generally
observed trend, for example, in the vacancy-oxygen'” and
the vacancy-oxygen-hydrogen!® complexes, where it has
been found that the reorientation barrier increases when there
are more electrons captured by a complex. The reorientation
barriers of vacancy-related orthorhombic (VO) and pseudo-
orthorhombic (VOH) complexes are 0.38 eV and 0.56 €V,
respectively. In consequence these defects start to reorientate
(in a time scale of minutes) at temperatures around 100 K
and 200 K for VO and VOH, respectively. In the PtH, com-
plex, no vacancies are involved and so, in principle, it might
be expected that the lack of empty volume in the unit cell
could make the reorientation process much more difficult. As
a result, the reorientation barrier would be expected to be
much higher than the one observed in the former two cases.
On the other hand, it has been observed already that the
divacancy V, in silicon starts to reorientate at temperatures
above 350 K, and in this case this process is thought to be
identical with the long-range diffusion of the complex.?’ The
diffusion of the divacancy is governed by a 1.3 eV energy
barrier. The similarities in the reorientation temperatures of
PtH, and V, allow us to conclude that the barrier for the case
of PtH, reorientation would be close to or above 1 eV.

On the other hand, this observed tendency of PtH, com-
plex reorientation at quite high temperatures does not agree
with the data obtained by Kamiura and coworkers,'* who
have suggested that such complexes should reorient at low
temperatures (about 90 K) and have evaluated the activation
energy for the hydrogen jump to be equal to about 0.27 eV.
They have explained such reorientation processes by the
model where the two hydrogen atoms are directly bonded to
the platinum atom and two silicon atoms are displaced in-
ward, creating a bond. Then in the frame of this model the
platinum-dihydrogen complex needs only a simple rotation
of the PtH, molecule in the silicon vacancy cage to be reori-
ented with no bond rearrangement. Such a procedure does
not need much energy or space to be realized and thus can be
activated at quite low temperatures. However, this model
cannot explain the Pt-H distance (about 4.2 A) concluded
from the analysis of a small anisotropy in the hydrogen hy-
perfine interaction.” Moreover, in this model the Pt atom is
not bonded to the neighboring Si atoms and thus the PtH,
molecule should have a high diffusivity. This is similar to the
case of the interstitial Fe species in silicon. However, de-
tailed studies of the PtH, complexes’ diffusion and stability
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FIG. 5. Laplace DLTS spectra of the double acceptor state of
PtH,, which have been obtained before (solid line) and after partial
alignment (dashed line) when during the alignment the sample was
kept in the single and double negative charge state for the cases of
the (100) and (110) direction, respectively.

performed by Sachse et al.?! showed that the PtH, diffusion
is a result of the hydrogen movement alone and platinum
stays in the same lattice position. Finally, the lack of a bond
reconstruction process during PtH, rotation should result in
the fast reorientation of the complex even at temperatures
much lower than 90 K. As a result, the symmetry of such
complexes observed in the DLTS experiments should change
from orthorhombic C,,, (static symmetry of the PtH, center)
to tetragonal C,;, (dynamic symmetry of a vacancy in sili-
con). Similar changes in the DLTS defect symmetry for re-
configuring complexes has been observed by us for the case
of divacancy?” in different charge states and for the VOH
complex!? in silicon. For example, based on EPR measure-
ments, Watkins and Corbett®® showed that for V," and V,~
charge states, the change of symmetry (from trigonal to
monoclinic) happens at temperatures slightly above 40 K;
thus, this mechanism will be operative at around 120 K,
whereas when DLTS measurements for V, are performed,
only trigonal symmetry could be revealed.?> All the above
arguments clearly suggest a more complex character for the
reorientation process than a simple rotation of the PtH, mol-
ecule and show that the vacancylike PtH, model is the more
plausible case here.® According to this model, the Pt atom
occupies an off-center site toward two of the four silicon
atoms surrounding it. Two hydrogen atoms, terminating the
remaining Si bonds, point toward or away from the Pt atom.

As a first stage of the alignment experiments, it has been
found that the equilibrium distribution between the non-
equivalent orientations has been reached by applying the
stress at a relatively high temperature about 300 K for ap-
proximately 60 min for the negative charge state of PtH, and
about 310 K for the double negative one for the same time.
Figures 5(a) and 5(b) show Laplace DLTS spectra of the
double acceptor state of PtH,, which have been obtained
before (solid line) and after partial alignment (dashed line);
during the alignment the sample was kept in the single and
double negative charge state for the case of the (100) and
(110) directions, respectively. For a defect with the ortho-
rhombic symmetry, some defect orientations have equal de-
generacies; thus, it is not always obvious which orientation
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TABLE II. Values (in meV/GPa) of the alignment stress coeffi-
cients in both charge states and the recalculated (see text for details)
Laplace DLTS splitting coefficients of the platinum-dihydrogen
complex. For the (110) stress direction, the peak splitting and defect
alignment are only estimated and they are compared with the cal-
culated values obtained from the data for the (100) and (111) stress
directions.

Laplace DLTS

Stress direction PtH,(-)  peak splitting PtH,(--)
(100) measured -16 68 54
(111) measured 0 64 67
(110) measured 0 ~60 ~130
calculated a;p )4 =7 77
calculated a4 0 101

gains amplitude as a result of the alignment procedure. For
the (100) direction, there is no such ambiguity, and based on
Fig. 5(b), one can see that in the single negative charge state
the 1A configuration of PtH, is gaining amplitude for nega-
tive (compressive) stress. In the case of the (111) stress di-
rection, both of the configurations 3A and 3B have the same
degeneracy. For the single negative charge state, there is no
alignment effect (in contrast to the data presented in Ref.
14); thus, this ambiguity does not create a problem in the
data interpretation procedure. However, in the case of the
double negative charge state, there are two possible interpre-
tations of the data, i.e., which of the 3A and 3B configura-
tions is gaining the amplitude. Finally, for the (110) direc-
tion, two configurations, which form a peak at lower
emission rates, are not resolved, and thus again one cannot
conclude which of them gains in amplitude when the peak at
higher emission rates decreases. This is unlike the case of the
VO center in silicon where the high-frequency line gains
amplitude, which can be identified as one of the nondegen-
erated configurations 2A or 2C.

Table II gathers the alignment stress coefficients for PtH,
in both charge states and the Laplace DLTS peak splitting,
including recalculated stress coefficients for the (100) orien-
tation where the stress dependences of the capture cross sec-
tions have been taken into account. Note that all measure-
ments were performed for a negative (compressive) stress;
thus, in this table, the opposite values of the obtained stress
coefficients are given to comply with a general rule that de-
rivatives for increasing stress should be specified. In general,
the effect of stress on the ionization process: PtH, ™
—PtH, +e_” is reflected by the Laplace DLTS peak shift;
thus, the peak splitting shows a difference in the stress-
induced changes in the ionization process for both defect
configurations. The alignment data show the effect of stress
on the ionization process in initial and final states. As a re-
sult, the stress coefficients in Table II should sum up in rows,
i.e., the ones given in the first two columns should give the
values in the third column [similar to the results obtained for
the VO defect in Si (Ref. 17)]. Within the experimental error,
this is what one observes for the (100) and (111) stress ori-
entations. The discrepancy in the data obtained for the (110)
stress direction is larger but this can be a result of the ambi-
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TABLE III. Values of the piezospectroscopic tensor components
in both charge states assuming that the piezospectroscopic tensor is
traceless.

Tensor components

(eV) Laplace DLTS? Theory®
B -1 0
B; 0.5 0.7
B; 0.5 0.6
By 3.7 1
By 6.1 2
By 9.8 -3
#This work.

PReference 26.

guity in the peak assignment mentioned above for this par-
ticular case of the stress orientation.

Within piezospectroscopic theory?* the way that a defect
with an orthorhombic-I symmetry responds to the stress is
described!”? by the diagonal piezospectroscopic tensor
components B, B,, and B; directed along [001], [110], and
[110] directions, respectively (see Fig. 2). It is important to
emphasize that a change of the coordinate system to the prin-
cipal directions helps in the interpretation of the piezospec-
troscopic parameters associated with the defect, i.e., in estab-
lishing the total energy change when the defect is
compressed along one of the principal directions. Finally, a
positive value of the piezospectroscopic tensor component
shows that the compressing stress applied along the corre-
sponding direction lowers the defect energy and means an
inward defect relaxation along this direction. Measured val-
ues of the alignment stress coefficients are linked to the pi-
ezospectroscopic tensor components according to the

formulas,!7%
(511 = 512)(2B, = B, — B)
ajp A= , (2)
2

544(By — B3)

Q334 = A2 3 ; =3 (3)
(511 =512)(2B; =By~ B3)  544(B, - B3)
Apop = + , 4
4 4

(B, - B3)

WA =S 5 (5)

where the configuration labels are given in Table I. For sili-
con, the components of the elastic compliance tensor are
$11=7.68X 1073 GPa™!, 5,,=-2.14X 107 GPa™!, and s,
=12.6X 1073 GPa™!. Usually, in the stress-data analysis, one
assumes that the piezospectroscopic tensor is traceless B,
+B,+B5=0, i.e., the stress does not change the defect vol-
ume.

As one can see, the alignment data for the (100) and (111)
stress directions together with the traceless feature of the
tensor are enough to obtain all B’s for both charge states of
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the defect. The values of the B tensor for the single negative
charge state from the data given in Table II and Egs. (2) and
(3) are presented in Table III. These values were used in Egs.
(4) and (5) to obtain the alignment a,p,4 and a,c o4 stress
coefficients for the (110) sample orientation. The calculated
values (given in the last two rows of the second column in
Table II) are small and fully agree with the lack of an align-
ment effect for this charge state and sample orientation. The
same alignment data analysis for the double negative charge
state of the defect has been performed, keeping in mind the
peak assignment ambiguity, i.e., which of the configurations
(3A or 3B) is represented by the high-emission rate peak in
the top spectrum in Fig. 1. If one assumes that this configu-
ration is 3A, then the values of the piezospectroscopic tensor
for the double negative charge state can be obtained (Table
III). In this case the configuration corresponding to the high-
emission rate peak for the (110) sample orientation is 2A. In
the opposite case (the configuration 3B corresponds to the
high-emission rate peak in Fig. 1), the values for B,”~ and
B3 have to be interchanged and the small line in the (110)
case is the 2C configuration. However, this alternative analy-
sis does not bring any new qualitative knowledge about the
complex.

It has been observed that PtH, in the double negative
charge state clearly aligns when stressed along the (110) di-
rection. Due to the fact that in this case three energy levels
take part in the process, it has to be described by two stress
coefficients. The same remark also applies to the splitting
effect observed for this sample. As one cannot obtain as
many stress coefficients from reliable fitting procedures, the
data for (110) has been fitted assuming that only 2A and 2B
participate in the splitting and alignment for PtH, . These
approximate values are given in Table II. On the other hand,
the alignment data obtained for the double negative charge
state of the complex for the (100) and (111) stress orienta-
tions enable calculations to be made according to Eqgs. (4)
and (5) of the two stress coefficients for the (110) orientation,
which are impossible to obtain directly from the experimen-
tal data. These numbers are also presented in Table II. As one
can see, both of them are smaller than the value obtained
from an approximate two-level analysis of the data. Employ-
ing proper formulas for the alignment effect in a three-level
system and summing up two unresolved amplitudes of the
2B and 2C configurations, we can reproduce the tendency in
the alignment experiment; however, the individual values
are, as one could expect, systematically underestimated. The
Laplace DLTS peak splitting is a little smaller than the dif-
ferences between the calculated stress coefficients. However,
keeping in mind the rather large experimental uncertainty in
this case and that for the (110) stress direction both the split-
ting and alignment in the double negative charge state pro-
vide too little information for a comprehensive data analysis
procedure, one can state that this agreement is satisfactory.

The values of the piezospectroscopic tensor components
obtained from the experimental procedure described above
are compared with the ones calculated by Hourahine et al.,?
assuming the same defect structure (see Table III). For the
single negative charge state of the complex, the experimental
values are small, i.e., much smaller than the ones which we
have obtained for the cases of V,,>> VO, VOH," and CH
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(Ref. 27) complexes in silicon. On the other hand, similar
small values have been found from theoretical modeling pro-
cedures, which indicate a good agreement between the ex-
periment and theory. However, it is difficult in this case to
refer to particular values of the B tensor components, as the
values themselves and the differences between them are
within the experimental error and the calculation accuracy.
For the double negative charge state of the complex, the
experimental and theoretical values are larger and despite
some discrepancies between them one can identify agree-
ment on key issues: the signs of the corresponding values of
the B tensor are the same and the ratios between experimen-
tal and theoretical values are maintained. Thus, despite the
experimental values for PtH, ™ are approximately three
times larger, one can conclude that there is some agreement
between the experiment and theory in this case as well.
The most important conclusion concerning the micro-
scopic model of PtH, comes from the analysis of the pi-
ezospectroscopic tensor components for the double negative
charge state. Table III shows that the B, ™ and B;"~ compo-
nents have opposite signs. A general rule is that the negative
value of some component means an outward defect relax-
ation along the eigenvector referring to that particular com-
ponent. As a result, following the structure depicted in Fig. 2,
the relaxation along the hydrogen plane, i.e., [110] is out-
ward, while along the platinum plane it is inward. This is
exactly what one would expect from the microscopic picture
of the defect. When platinum is passivated by two hydrogen
atoms, they break the Si-Si bond along the 110 direction and
saturate two silicon dangling bonds. Consequently, as this
Si-Si bond is no longer keeping the unit cell along this par-
ticular direction, this should result in the outward defect re-
laxation. In contrast to this case, for the VO complex in
silicon, the defect symmetry is the same and the Si-Si is not
broken; thus, both piezospectroscopic tensor components
have the same positive sign. See Ref. 17 for more details.
Finally, based on this observation, one can rule out the PtH,
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model where two hydrogen atoms are directly attached to
platinum as in this case, because similarly to VO, one can
expect that B, and B; should have the same sign.

IV. CONCLUSIONS

In summary, we have demonstrated that a use of the
Laplace DLTS combined with the uniaxial stress technique is
an efficient technique that allows investigating in detail the
structure and electrical properties of both diamagnetic and
paramagnetic states of the platinum-dihydrogen complex.
The studies of the complex reorientation and alignment make
it possible to conclude that this complex does not reconfigure
at temperatures below room temperature for bias on and bias
off conditions, i.e., in the single and double negative charge
state, and that the reconfiguration barrier for nonequivalent
configurations is about 1 eV. This is in agreement with the
defect model where both hydrogen atoms are attached to
silicon atoms and the reorientation of such defect needs to
rearrange many bonds and, as a result, needs a lot of energy.
Our detailed piezospectroscopic defect analysis has provided
us with a complete and comprehensive picture of the defect,
which allows us to determine the type and direction of the
lattice relaxation and so confirm the microscopic picture of
the defect.
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