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Pt-H complexes in Si: Complementary studies by vibrational and capacitance spectroscopies
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The PtH and PtH2 complexes in Si have been studied by vibrational and transient-capacitance spectroscopies
in the same, or similarly prepared, samples. Further, the levels of the PtH and PtH2 defects have been deter-
mined from their vibrational spectra and the vibrational lines have been associated with specific charge states
of the defects. These results confirm that both vibrational spectroscopy and transient-capacitance methods
probe the same defect complexes. These results also provide strong support for the previous assignments of
deep level transient spectroscopy peaks to PtH and PtH2 complexes that were made on the basis of the depth
dependence of defect-concentration profiles that were measured for etched Si samples. The intensities of the
vibrational lines of the PtH and PtH2 complexes have also been calibrated so that the concentrations of these
defects can be estimated from their vibrational spectra.
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I. INTRODUCTION

In pioneering studies of the hydrogen passivation of de
level defects in semiconductors, it was discovered that
exposure of a Si sample to a hydrogen-containing plasma
eliminate many of the levels associated with the transiti
metal impurities.1–4 Until recently, little was known abou
the microscopic properties of the hydrogenated defects
about how hydrogen affected the electronic states. A var
of recent studies provide new insights, but also show that
hydrogenated transition-metal impurities are more com
cated than the early studies suggested.5–29

New results have come from several approaches. A
groups used wet-chemical etching at room temperature
introduce hydrogen into thin surface layers of Si samples
also contained a transition-metal impurity.5–8 In these stud-
ies, different electrically active, transition-metal H com
plexes were discovered and characterized by deep level
sient spectroscopy~DLTS!. Independently, it was found tha
H could be introduced throughout bulk Si samples by ann
ing in H2 gas at elevated temperature~1250 °C! and that Pt
impurities could be hydrogenated by this method.9–11 PtH2
and PtH centers were discovered and studied by elec
paramagnetic resonance~EPR! and infrared~IR! absorption
spectroscopies. In these studies, a structure for the PtH2 de-
fect was proposed and the PtH2 and PtH complexes wer
found to be electrically active. In subsequent work, ma
transition-metal H complexes were produced by etching
studied by DLTS,12–17 and a few additional transition-meta
H complexes were studied by EPR~Ref. 18! and IR~Ref. 19!
spectroscopies. Furthermore, theoretical calculations h
been performed for several transition-metal H complexe
determine the structures of the complexes and also to ca
late the H-stretching frequencies and the electronic le
positions.20–22
0163-1829/2001/65~3!/035206~10!/$20.00 65 0352
-
e
an
-

or
ty
e

i-

w
to
at

n-

l-

on

y
d

ve
to
u-
el

There are only a few transition-metal H complexes
which both structure-sensitive data and DLTS results h
been reported. And for these complexes, it is difficult to
certain that the different spectroscopic techniques, applie
samples fabricated by different methods, do indeed probe
same defect complexes. In recent DLTS studies, an impor
advance toward assigning the DLTS peaks to spec
transition-metal H complexes has been made.23–29 It was
proposed that the number of hydrogen atoms in
transition-metal H complexes can be determined from
analysis of the depth dependence of the defect-concentra
profiles measured for etched samples by DLTS.23 A model
for the introduction of H by etching predicts that the H co
centration will decay exponentially with depthd into the
sample. The concentration of H-containing complex
@AHn#, was also predicted to decay exponentially w
depth, and with a decay length that is inversely proportio
to the number of H atomsn in the complex, or

@AHn#}exp@2d~n/L !#. ~1!

The depth dependence of the concentration profiles has
measured for many of the DLTS features reported for
transition-metal H complexes in Si and the numbers of
atoms in the complexes have been deduced from the sl
of the ln@AHn# vs depth profiles.24–29

In this paper, we report the results of experiments on
PtH and PtH2 complexes in Si that correlate complementa
IR absorption and DLTS measurements. The Pt-H comple
have been studied by DLTS,15,16,28EPR,9,10 and vibrational
spectroscopy9,11 and therefore provide an excellent mod
system to test the assignments that are based upon an a
sis of the DLTS concentration profiles and also to confi
that the same transition-metal H complexes are produced
the different hydrogenation methods. The frequencies of
©2001 The American Physical Society06-1
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H-stretching vibrational lines assigned to the different cha
states of the PtH and PtH2 complexes observed for S
samples hydrogenated at 1250 °C throughout the bulk
given in Table I. The DLTS levels and their assignments
PtH, PtH2, and PtH3 complexes studied in Si samples th
were hydrogenated by wet-chemical etching at room te
perature are given in Table II.

To determine whether the same PtH and PtH2 complexes
are indeed being studied by the different measurement t
niques applied to samples fabricated by different hydro
introduction methods, several experiments have been
formed. Vibrational spectroscopy and DLTS were used
study samples prepared from the same Si boule into whic
and H had been introduced during crystal growth.16 Vibra-
tional spectroscopy experiments were also performed
samples where hydrogen had been introduced by w
chemical etching to confirm that the previously identifi
PtH and PtH2 vibrational lines11 are also produced by thi
hydrogenation method. Further, the positions of the e
tronic levels associated with the PtH and PtH2 complexes
seen by vibrational spectroscopy are estimated. The l
positions determined from the vibrational spectra are t
compared with those determined previously by DLTS~Refs.
16 and 28! to complete the association of the vibration
lines with specific charge states of the PtH and PtH2 com-
plexes. Finally, complementary DLTS and IR absorption d
are used to calibrate the intensities of the H-stretching li
so that the concentrations of PtH and PtH2 complexes pro-
duced in the different samples can be determined.

II. EXPERIMENT

Silicon samples that contained Pt and H were prepared
several different methods for our experiments.

TABLE I. Frequencies of the H-stretching lines assigned to
different charge states of PtH and PtH2 complexes in Si~in units
cm21!. For PtH2, the frequencies of the antisymmetric- an
symmetric-stretching modes~AS and SS, respectively! are given
~from Ref. 11!.

Complex Charge state Frequency~cm21!

PtH m21 1897.2
m 1880.7

AS SS
PtH2 n22 1889.6 1898.0

n21 1888.2 1901.6
n 1873.1 1891.9

TABLE II. List of energy levels, activation enthalpies, and a
signments for the DLTS peaks observed for Si that contained Pt
H impurities ~from Refs. 16 and 28!.

Level HA ~eV! Assignment

E(90) EC20.16 PtH2~5/2!

E(250) EC20.50 PtH ~2/0!

H(210) EV10.40 PtH2 ~2/0!

H(150) EV10.30 PtH3
03520
e

re
r

-

h-
n
r-

o
Pt

n
t-

-

el
n

l

a
s

y

~i! For a few samples, Pt was added to the Si melt dur
crystal growth by the floating zone method~with an Ar am-
bient!. These samples weren-type with @P#54.5
31014cm23. In previous experiments,16 these samples wer
found to contain hydrogen that had been introduced unin
tionally throughout the bulk of the material. Presumably t
source of hydrogen was either a small, unintentional conc
tration of H in the Ar growth ambient or water-vapor co
tamination from the growth chamber.

~ii ! Pt was introduced into several bulk Si samples
high-temperature diffusion. Starting materials weren- or
p-type floating zone silicon (@P#5331016cm23 or @B#52
31015cm23, respectively! or n-type Czochralski-grown sili-
con (@As#5231016cm23!. First, Pt was diffused into thes
samples by annealing for 18 h in a sealed quartz ampo
that contained Pt powder and a He ambient. Following
diffusion heat treatment, the samples were etched in a C
solution ~1:2:1 mixture of HF:HNO3:CH3COOH acids! to
remove any remaining Pt from the sample surfaces. Hyd
gen was then introduced throughout the bulk of these S
samples by an annealing treatment at 1250 °C for 30 min
a sealed quartz ampoule filled with 0.7 atm of H2 gas. The
high-temperature anneal was terminated by a rapid quenc
room temperature in water.

~iii ! For the multiple-internal-reflection measurements
be discussed in Sec. III, samples were prepared by diffus
Pt into n- or p-type silicon samples at 1250 °C for 18 h. Th
sample surfaces were then polished and the end surf
were beveled to a 45° angle. Typical sample dimensi
were 1431832 mm3. The samples were subsequently a
nealed at 700 °C in flowing N2 to eliminate any small con-
centration of PtH or PtH2 complexes that might have bee
unintentionally formed by H introduced into the sample du
ing the Pt diffusion treatment. Vibrational spectra measu
following this anneal and before wet-chemical etchi
showed none of the vibrational lines previously assigned
PtH or PtH2 centers. Finally, hydrogen was introduced in
thin surface layers by either a white etch~10:2 mixture of
HNO3:HF acids! or a CP4 etch.

IR absorption measurements were made with a Bom
DA3.16 Fourier transform spectrometer equipped with a K
beamsplitter and InSb and HgCdTe detectors. Spectra w
recorded near liquid-helium temperature. A resolution
0.35 cm21 was used in the H-stretching range~.1800
cm21!. A 5-mm ~2000-cm21! low-pass filter was inserted in
front of the sample for our measurements of the H-stretch
spectra to reduce the photoionization of defects caused
the spectrometer light. Slowly varying residual baselines t
had not been completely eliminated by the reference sam
were subtracted from our data to produce the absorba
spectra reported here. Spectra shown in the figures thoug
this paper are shifted from their zero baselines for the p
poses of presentation. Shallow-dopant concentration pro
were determined from capacitance-voltage~CV! measure-
ments made at 1 MHz. Transient-capacitance spectrosc
was performed with a computer-controlled DLTS syste
During DLTS concentration-depth profiling,30 the sample
was held at constant reverse bias and the filling pulse he
was varied. EPR measurements were performed with a
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Pt-H COMPLEXES IN Si: COMPLEMENTARY . . . PHYSICAL REVIEW B65 035206
GHz spectrometer. Electron irradiations were performed w
a 2.5-MeV Van de Graaff accelerator to vary the Fermi-le
position in somen-type samples. All of the samples we
irradiated at room temperature and were mounted on a wa
cooled plate to prevent sample heating.

III. COMPLEMENTARY STUDIES BY VIBRATIONAL
AND CAPACITANCE SPECTROSCOPIES

The different sample characteristics required for DL
and IR absorption measurements of the transition-meta
complexes usually make measurements by both techni
on the same samples impractical. In this section a few ca
are described where IR absorption and DLTS measurem
were made on the same, or similarly prepared, Si sam
that contain Pt and H.

A. Vibrational spectroscopy and DLTS for Si:Pt samples
grown by the floating zone method

Typical samples used in DLTS studies of the transitio
metal H complexes12–17,24–29contain an insufficient numbe
of defects (,1014cm23 in 3-mm-thick layers! to be studied
by vibrational spectroscopy. Alternatively, the samples p
duced for IR absorption experiments9,11,19 where the transi-
tion metal and H are introduced by high-temperature ann
ing and quenching are usually treated too roughly for relia
DLTS measurements. Si samples for which it has been p
sible to perform both DLTS and IR absorption experime
were grown by the floating zone method. These samp
were intentionally doped with Pt and unintentionally dop
with H during growth and contained Pt and H throughout
bulk.16 DLTS spectra obtained for these samples@Fig. 1~a!#
show the DLTS peaks assigned previously~Table II! to
Pt~2/0!, PtH~2/0!, and PtH2(5/2). Figure 2 shows the vi-
brational spectrum of a sample with a thickness of 1.5
that was prepared from a nearby piece of the same cry
The vibrational lines seen in Fig. 2 have the same frequ
cies as lines assigned previously to the PtH and PtH2 com-
plexes~Table I!.

The spectra shown in Figs. 1~a! and 2 should be compare
with caution. The DLTS peaks arise primarily from the ne
surface region where H had been introduced by the wet
that preceded the deposition of the Schottky barrier use
perform the capacitance measurements. The concentr
profiles measured for the PtH2 @E(90)# and PtH@E(250)#
peaks by DLTS@Fig. 1~b!# show that these defects exten
into the bulk of the sample where their concentrations w
found to be 231012cm23 and 131013cm23, respectively. It
is primarily this smaller concentration of centers, wi
greater total number because they are distributed throug
the bulk of the sample, to which the IR absorption measu
ments are sensitive.

These complementary DLTS and IR absorption data c
firm that the PtH and PtH2 centers studied by vibrationa
spectroscopy and by DLTS are present in the same sam
From these data, the IR absorption intensities can be c
brated~see Sec. V! so the concentrations of the PtH and Pt2
complexes can be determined from their IR spectra.
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B. Vibrational spectroscopy for Si:Pt samples
hydrogenated by wet-chemical etching

The thin surface layers of Pt- and H-containing complex
which are formed when samples are hydrogenated by w
chemical etching are unsuitable for vibrational absorpt

FIG. 1. ~a! DLTS spectrum and~b! defect-concentration profiles
for a sample cut from a Si crystal that was intentionally doped w
Pt and unintentionally contaminated with H during growth by t
floating zone method. The sample was etched prior to the fabr
tion of a Schottky barrier contact, introducing additional H into t
near surface region.

FIG. 2. IR absorption spectrum for a nearby piece of the sa
crystal used for the DLTS data presented in Fig. 1. The optical p
length was 1.5 cm.
6-3
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WEINSTEIN et al. PHYSICAL REVIEW B 65 035206
measurements made with the spectrometer light at nor
incidence due to the sensitivity limitations of the techniqu
However, multiple-internal-reflection~MIR! methods,31 in
which two opposite ends of the sample are beveled so
the light is multiply reflected from the internal sample su
faces tens of times, can greatly increase the sensitivity o
absorption measurements to thin surface layers~see the inset
in Fig. 3!. Si:Pt MIR samples were fabricated to investiga
the introduction of H by wet-chemical etching by vibration
spectroscopy.

Figure 3 shows spectra forn- and p-type Si:Pt MIR
samples. Spectra~a! and~d! in Fig. 3 show, for reference, th
H-stretching lines previously assigned to the PtH and P2
complexes forn- and p-type Si:Pt samples with@Pt#.@P#
and @Pt#.@B#, respectively~Ref. 11 and Table I!. These
spectra were measured with light at normal incidence
samples that were hydrogenated throughout the bulk b
high-temperature anneal in H2 gas. Spectra~b! and~e! in Fig.
3 were measured for then- and p-type Si:Pt MIR samples
following a wet-chemical etching treatment performed
room temperature and a subsequent 200 °C anneal that
found to increase the concentrations of PtH and P2
complexes.32 DLTS profiles of similarly etched and anneale
samples showed that H typically had diffused into the sam
to a depth of approximately 3mm.16,28 In spectrum~b!, the
PtH and PtH2 vibrational lines seen previously11 in n-type Si
that contained Pt and H are visible. In spectrum~e!, the lines

FIG. 3. IR absorption spectra forn-type ~upper! and p-type
~lower! Si:Pt samples. The inset in the upper panel shows the
ometry for a MIR measurement. Spectra~a! and ~d! show, for ref-
erence, the H-stretching lines of the PtH and PtH2 complexes ob-
served in bulk-hydrogenated Si:Pt samples. Spectra~b! and~e! were
measured forn- and p-type Si:Pt MIR samples, respectively, th
had been hydrogenated by wet-chemical etching and anneale
200 °C. Spectra~c! and ~f! were measured for the same MI
samples but after they had been lapped and repolished.
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seen previously11 in p-type Si that contained Pt and H ar
visible. Although the PtH and PtH2 lines shown for the MIR
samples in Fig. 3 are weak, their dependence on mate
type, with the more negative charge states of the comple
appearing only for then-type starting material@spectrum~b!#
and the more positive charge states only for thep-type start-
ing material@spectrum~e!#, strongly supports their identifi-
cation.

Spectra~c! and ~f! in Fig. 3 were measured for the sam
wet-etched samples as for~b! and~e!, respectively, but after
the samples had been lapped and repolished. The vibrati
lines introduced by the etching treatment were no lon
present after thin surface layers had been removed, confi
ing that the PtH and PtH2 lines in the MIR samples did
indeed come from H that had been introduced near
sample surfaces by the etch.@The thickness of thep-type
sample, spectra~e! and ~f!, was carefully measured with
micrometer before and after each surface was lapped
polished to show that'50 mm had been removed from eac
surface.#

In addition to the vibrational lines assigned previously
the PtH and PtH2 complexes, a line at 1898.6 cm21, seen
previously in Si that contained Pt and H throughout t
bulk11 but not assigned to either the PtH or PtH2 complex,33

was also observed. This line is present in bothn- andp-type
Si:Pt MIR samples, indicating that there is no level in t
upper half of the Si band gap associated with this line. Th
the data show that the 1898.6-cm21 line is not related to the
DLTS peaks assigned to the PtH and PtH2 complexes seen in
n-or p-type samples. In the spectra shown in Fig. 3, an ad
tional line near 1890 cm21 is also present. This line is coin
cident with a strong line due to H2O vapor present in the
spectrometer and is not related to any Pt-H complexes.

The increased sensitivity provided by the MIR measu
ments and the sharpness of the vibrational lines have le
the remarkable capability to characterize by vibrational sp
troscopy the small numbers of PtH and PtH2 centers presen
in the thin, hydrogenated surface layers produced by w
chemical etching. The concentrations of centers obser
will be estimated in Sec. V. These experiments, in which
previously assigned vibrational modes of PtH and PtH2 com-
plexes were observed in samples hydrogenated by wet e
ing, provide additional evidence that the Pt- and H-rela
defects studied previously by EPR and vibrational sp
troscopies and by DLTS are due to the same defect c
plexes.

IV. LEVEL POSITIONS FROM THE FERMI-LEVEL
DEPENDENCE OF THE VIBRATIONAL SPECTRA

In this section, upper and lower limits are determined
the electronic-level positions of the PtH and PtH2 complexes
studied by vibrational spectroscopy so that the vibratio
lines associated with different charge states~Table I! can be
related to the levels observed in DLTS experiments~Table
II !. To determine level positions by vibrational spectrosco
we take advantage of the shift~roughly 20 cm21! in the
vibrational frequency of the H-stretching lines that occurs
the different charge states of the same transition-meta
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Pt-H COMPLEXES IN Si: COMPLEMENTARY . . . PHYSICAL REVIEW B65 035206
complex.11 From the relative intensities of the vibration
lines, the relative populations of the different charge state
a defect can be monitored as the Fermi level in the samp
varied. By preparing samples with Fermi levels pinned
several known energies in the Si band gap, the position
each PtH or PtH2 defect level relative to these Fermi-lev
‘‘markers’’ can be determined, thus determining upper a
lower limits for the energies of the defect levels.

A. Compensation by transition-metal doping

Both Pt and Au impurities in Si have acceptor and don
levels whose energies are well known.34,35 ~Pt has accepto
and donor levels atEC20.23 eV andEV10.32 eV, respec-
tively. Au has acceptor and donor levels atEC20.55 eV and
EV10.35 eV, respectively.! The indiffusion temperatures fo
these transition-metal impurities were selected to produc
samples with metal concentrations that were either smalle
greater than the shallow dopant concentration and there
with different Fermi-level positions. It is important to no
that the precise concentrations of the Pt and Au impurities
not need to be known, only whether the concentration
greater or less than the shallow dopant concentration. T
estimates of the concentrations of Pt and Au in our sam
made from their previously measured solubilities34,35 were
sufficiently accurate for our purposes. The introduction o
into the samples did not appreciably affect the Fermi-le
position determined by the shallow dopants and transiti
metal impurities. Donor-H complexes are not formed by
introduction of H from H2 gas at high temperature36 and the
H-stretching line of the B-H complex was not seen in o
p-type samples. Further, it will be shown that only a fracti
of the transition-metal concentration is hydrogenated in
samples~Sec. V!, making the isolated metal impurity th
dominant compensating defect.

To produce samples with a low Pt concentration~relative
to @P#5331016cm23), a diffusion temperature of 950 °C
was used. From previous solubility data,34,35 the Pt concen-
tration was estimated to be@Pt#'431015cm23. To produce
samples with a high Pt concentration, a diffusion tempera
of 1250 °C was used. In this case, the Pt concentration
estimated to be@Pt#'131017cm23. EPR was used to con
firm the position of the Fermi level for a few of the P
diffused samples into which H had also been introduced.
samples prepared with a P concentration of@P#53
31016cm23 and a Pt indiffusion temperature ofT
5950 °C, the P0 EPR spectrum remained visible~P is para-
magnetic when neutral! showing that the Fermi level re
mained locked to the P~0/1! level. Alternatively, for samples
with a Pt indiffusion temperature of 1250 °C, EPR measu
ments showed that the P was in its nonparamagnetic ch
state P1, confirming that the Fermi level had been lowere
presumably to the now dominant acceptor level of Pt atEC
20.23 eV. In addition to the samples containing P and P
few other samples were prepared. Ann-type sample with P
5331016cm23 was indiffused with Pt at 950 °C and, in
subsequent diffusion treatment after excess Pt had bee
moved from the samples surfaces, with Au at 1250 °C. P
vious solubility data34,35 were used to select these diffusio
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temperatures in order to produce Pt and Au concentration
'431015cm23 and'131017cm23, respectively, and con
sequently a Fermi level near the Au acceptor level atEC
20.55 eV. A p-type sample with@B#5231015cm23 was
indiffused with Pt at 1250 °C to produce an estimated
concentration of@Pt#'131017cm23, and consequently a
Fermi level at low temperature near the Pt donor level
EV10.32 eV.

Figure 4 shows vibrational spectra for samples with th
Fermi-level positions located successively lower in the
band gap. The superscripts give the charge states of the
and PtH2 complexes. In spectra~a! through ~d!, the more
positive charge states of the PtH and PtH2 complexes be-
come populated as the Fermi level is located successi
lower in the band gap. For example, spectrum~a! in Fig. 4 is
for an n-type sample with a low Pt concentration and thus
Fermi level near the P level atEC20.045 eV. This spectrum
shows the vibrational lines associated with the (PtH)m21 and
(PtH2)n22 charge states. Spectrum~d! is for ap-type sample
with a high Pt concentration. In this case, with the Fer
level near the Pt donor level atEV10.32 eV, the only vibra-
tional lines seen are those for the most positive charge st
of both complexes, (PtH)m and (PtH2)n.

B. Compensation by electron irradiation

Electron irradiation was also used to controllably vary t
position of the Fermi level in a few samples to further refi
the determination of the electronic level positions of t
transition-metal H complexes. Two common irradiatio
produced defect levels are of particular interest here.37 The
electron irradiation of Czochralski-grown~oxygen-rich!

FIG. 4. H-stretching spectra of PtH and PtH2 complexes in Si
for successively lower positions of the Fermi level. Fermi-lev
position and sample preparation details~starting material type and
metal diffusion temperatureTD) are as follows:~a! EC20.045 eV
~n type, Pt withTD5950 °C); ~b! EC20.23 eV ~n type, Pt with
TD51250 °C); ~c! EC20.55 eV ~n type, Pt withTD5950 °C and
Au with TD51250 °C); ~d! EV10.32 eV ~p type, Pt with TD

51250 °C).
6-5
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WEINSTEIN et al. PHYSICAL REVIEW B 65 035206
n-type Si produces oxygen-vacancy complexes~or A centers!
with an acceptor level atEC20.17 eV. The electron irradia
tion of floating zone~low oxygen content!, n-type Si pro-
duces, as the dominant defect, donor-vacancy complexe~or
E centers!. The P-V complex has an acceptor level atEC
20.43 eV. N-type samples containing Pt and H were ele
tron irradiated to move the Fermi level from near t
conduction-band edge to each of these levels. Infrared
sorption and EPR spectroscopies were used to monitor
charge states of the irradiation-produced defects as a c
check of the Fermi-level position.38

Figure 5 shows the H-stretching spectra of the PtH a
PtH2 complexes in a Czochralski-grown Si sample~a! before
and ~b! after an electron irradiation with a fluence of
31016e2/cm2. This sample was initiallyn type with @As#
5231016cm23, had an estimated Pt concentration of'1
31016cm23 ~produced by a diffusion treatment of 1000 °C!,
and had been hydrogenated throughout the bulk of
sample by a high-temperature anneal in hydrogen gas. Vi
tional lines at 884 and 835 cm21 that were previously
assigned39 to the negative and neutral charge states of thA
center, respectively, were seen with roughly equal intens
in the same sample~inset in Fig. 5!. This result indicates tha
the Fermi level had been lowered by the irradiation to n
the acceptor level of theA center atEC20.17 eV. ~Succes-
sive irradiations, each with a fluence of 231016e2/cm2,

FIG. 5. H-stretching spectra for the PtH and PtH2 complexes in
Czochralski-grownn-type Si. The spectra were measured~a! before
and ~b! after a 2.5-MeV electron irradiation with a fluence of
31016 cm22. The inset shows the vibrational lines of the neut
and negative charge states of the O-V complexes~measured with
1-cm21 resolution! that were observed in the same Si sample f
lowing the 2.5-MeV electron irradiation.~A vibrational line due to a
complex of oxygen with interstitial carbon, Ref. 39, is also pr
duced by the irradiation.!
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were found to produce only the negative charge state of thA
center for the lowest dose and then to produce an increa
fraction of the neutral state as the irradiation dose was
creased.!

A similar electron-irradiation experiment was perform
for a Si:Pt1H sample fabricated from floating zone Si (@P#
5331016cm23). In this case, EPR was used to monitor t
position of the Fermi level. Following electron irradiatio
with a fluence of 131017e2/cm2, the EPR signal assigne
to the E center~paramagnetic when neutral! was observed,
showing that the Fermi level had been lowered to the acc
tor level of theE center atEC20.43 eV. IR absorption spec
tra were measured before and after the electron irradiatio
determine the relative populations of the different cha
states of the PtH and PtH2 defects in each case.

C. Correlation of the vibrational lines with the charge states
and levels studied by DLTS

Figures 6~a! and ~b! are a summary of our results an
show the fractions of the PtH and PtH2 defects in each of
their possible charge states for different positions of
Fermi level. To determine the fraction of each defect in
specific charge state, the peak absorbance was measure
the H-stretching lines of the PtH and PtH2 complexes for
each Fermi-level position.40 The peak absorbanceAi for each
specific charge state was then divided by the sum of
absorbancesAT for all the charge states of that defect f
each Fermi-level position. The fraction in each charge s
determined in this way does not depend on the specific c
centrations of PtH and PtH2 complexes in the differen
samples and allows the data for different Fermi level po
tions to be compared.

Figure 6~a! shows that them21 charge state of PtH re
mains dominant while the position of the Fermi level is low
ered from near the conduction-band edgeEC to the energy of
the E center’s acceptor level atEC20.43 eV. Them charge

l

-

FIG. 6. Fraction of~a! PtH and ~b! PtH2 complexes in each
charge state for different positions of the Fermi level.
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state becomes dominant when the Fermi level is further l
ered to the energy of the Au-acceptor level atEC20.55 eV.
These data indicate that them21/m level of PtH lies be-
tween EC20.43 eV andEC20.55 eV as is shown in Fig
7~a!. Similarly, the changes that occur in the relative pop
lations of then22, n21, andn charge states of PtH2 @Fig.
6~b!# as the Fermi level is lowered indicate that then22/n
21 level lies between the P donor level atEC20.045 eV and
theA center’s acceptor level atEC20.17 eV. These data als
suggest that then21/n level of PtH2 lies between the accep
tor levels of theE center and Au. These ranges for the lev
of the PtH2 complex are shown in Fig. 7~b!.

Along with the limits for the level positions of the PtH
and PtH2 complexes determined above, Figs. 7~a! and ~b!
show the level positions for these defects that were de
mined previously by DLTS16,28 ~Table II! and also the leve
positions determined by theory.22 A comparison of the leve
positions determined by vibrational spectroscopy with
DLTS results provides support for the assignment of
DLTS peaks to the same PtH and PtH2 complexes that were
identified by vibrational spectroscopy.11 These results also
allow the vibrational lines to be assigned to specific cha
states.

FIG. 7. Comparison of the energies of the electronic levels of~a!
the PtH complex in Si and~b! the PtH2 complex in Si that were
determined by vibrational spectroscopy, DLTS~Ref. 28!, and theory
~Ref. 22!.
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Figure 7~a! shows that the energy of theE(250) DLTS
peak, previously assigned to the~2/0! level of a PtH com-
plex, and the range of energies for the (m21/m) level of
PtH, determined by vibrational spectroscopy, are in excel
agreement. The vibrational lines at 1897.2 and 1880.7 cm21

are therefore assigned to the~2! and ~0! charge states, re
spectively, of the PtH complex.~This assignment makesm
50 in the charge state labels in Table I and the figures in
paper.!

Figure 7~b! shows the energies of theE(90) andH(150)
DLTS peaks previously assigned to the~5/2! and ~2/0!
levels, respectively, of a PtH2 complex. The range of ener
gies for the (n22/n21) level of PtH2 determined by vibra-
tional spectroscopy is in good agreement with the energy
the ~5/2! level found by DLTS. Therefore the vibrationa
lines at 1889.6 and 1898.0 cm21 are assigned to the~5!
charge state and the lines at 1888.2 and 1901.6 cm21 are
assigned to the~2! charge state of PtH2. ~This assignment
makesn50 in the charge state labels in Table I and t
figures in this paper.!

The position of the (n21/n) level of PtH2 found here is
;0.25 eV higher in the Si band gap than the~2/0! level for
the PtH2 complex found by DLTS@Fig. 7~b!#. A possible
reason for this discrepancy is that light from the spectrome
can photoionize defects in the sample and change the p
lations of the different charge states from the equilibriu
values that would be observed in darkness. While the sp
trometer light was filtered to eliminate frequencies grea
than the spectral range of interest, the incident light still h
sufficient energy to ionize deep defects because the ex
tion of the H-stretching modes of the PtH and PtH2 com-
plexes requires roughly 0.25 eV. In previous studies,11 we
have found that the effect of the spectrometer light is
make the deeper charge states of the transition-metal H c
plexes appear in the vibrational spectra even though th
charge states would not be populated in darkness. Indeed
have used the photoinduced population of nonequilibri
charge states in our previous work toidentify the different
charge states of the PtH and PtH2 defects.11 The effect of the
spectrometer light is to make the levels appear higher in
band gap than they actually are. We therefore associate
(n21/n) level observed by vibrational spectroscopy with t
~2/0! level of PtH2 at EV10.4 eV determined by DLTS. The
vibrational lines at 1873.1 and 1891.9 cm21 are assigned to
the neutral charge state of the PtH2 complex.

Figure 7 also shows the level positions of the PtH a
PtH2 complexes calculated by theory.22 Previous studies have
found the differences between the level positions calcula
for the transition-metal H complexes and those determi
experimentally to be'0.2 eV. The results in Fig. 7 show
similar differences.@Neither DLTS nor vibrational studies
find any evidence for the existence of the deep donor leve
the PtH complex predicted by theory and shown in Fig. 7~a!.
It is possible that this level is too shallow to be detected
that it lies in the Si valence band.# We note that while the
levels determined by vibrational spectroscopy are in be
agreement with theory than the DLTS levels, especially
the acceptor level of the PtH2 complex, the uncertainties in
the level positions determined by vibrational spectroscopy
6-7
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WEINSTEIN et al. PHYSICAL REVIEW B 65 035206
theory are sufficiently great for the DLTS level positions
be considered the most reliable.

In a previous study of the different charge states of P2
by EPR and vibrational spectroscopy, it was suggested
this defect is a double acceptor and that the5, 2, and 0
charge states were being observed.11 The correlation of the
various charge states seen by vibrational spectroscopy
the DLTS levels and theory for the same PtH2 defect are in
agreement with this previous conclusion.

V. CONCENTRATIONS OF PtH AND PtH 2 COMPLEXES

The DLTS and IR absorption data shown in Figs. 1 an
were obtained for samples cut from nearby positions in
same Si:Pt boule and permit the intensities of
H-stretching lines of the PtH and PtH2 complexes to be cali-
brated. The following equation39,41defines an effective oscil
lating chargeq that relates the integrated absorption coe
cient to the concentrationN of absorbing centers:

E adn̄5
pq2N

nmc2 . ~2!

This equation has been written in cgs units to be consis
with the absorption coefficienta, conventionally determined
in units cm21, and the frequencyn̄52pv/c, given in wave-
number units. Here,m is the mass of the vibrating impurity
n is the refractive index of the host crystal, andc is the speed
of light. ~The baseline-corrected absorbanceA, given in Fig.
2, is related to the absorption coefficienta by the relation-
ship A5ax log10e, wherex is the optical path length of the
absorbing sample.! From the data shown in Figs. 1~b! and 2,
the effective charge associated with the 1897.2-cm21 line of
~PtH!2 was found to beq50.8e, wheree is the charge of the
electron~in electrostatic units!. The effective charge assoc
ated with the total area of the 1888.2 and 1901.6 cm21 lines
assigned to~PtH2!

2 was found to beq52.6e. Previous ex-
periments on the photopopulation of the other charge st
of the PtH and PtH2 complexes showed that the differe
charge states have similar IR absorption strengths.42 There-
fore the values ofq determined here for~PtH!2 and~PtH2!

2

can also be used for the other charge states of these
plexes to estimate their concentrations.

A. Concentrations of Pt-H centers in MIR samples

The areas of the vibrational lines in Fig. 3, spectra~b! and
~e!, and the calibration of the absorption intensities giv
above, allow the concentrations of the PtH and PtH2 com-
plexes in then- andp-type MIR samples to be estimated. Th
optical path length for an absorbing layer on the surface
MIR sample isx5Lt/(D sinu).31 HereL is the length of the
MIR sample,D is its thickness,u is the bevel angle of the
sample’s end faces~45° here!, and t is the thickness of the
absorbing layer. The thicknesses of the surface layers hy
genated by etching are not well known, so the concentrat
of centers per cm2, Nt, are given for then- andp-type MIR
samples in Table III.

If we estimate a thickness oft'2.5mm for the hydroge-
nated layers on each side of the etched MIR samples, b
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upon typical concentration profiles measured by DLTS
transition-metal H complexes in etched samples@see, for ex-
ample, Fig. 1~b!#, then the concentration of Pt- an
H-containing centers is roughly 1015cm23 in the thin surface
layers on each side of then- andp-type samples. This con
centration is in very good agreement with an estimate of
surface hydrogen concentration made previously~also
1015cm23) from an analysis of the DLTS depth profiles me
sured for Ag-containing Si that was hydrogenated
etching.27

The typical sensitivity limit of vibrational spectroscop
measurements performed at normal incidence is'1017cm23

defects for a 1-mm-thick layer~or 1013cm22).41 The concen-
trations of Pt- and H-containing complexes in our MI
samples are roughly two orders of magnitude smaller t
this sensitivity limit. The enhanced sensitivity in our expe
ments results from a combination of the MIR geometry a
the narrow widths of the vibrational lines~'0.4 cm21! for
the PtH and PtH2 complexes.

B. Concentrations of Pt-H centers in bulk-hydrogenated
samples

The calibration of the absorption intensities allows t
concentrations of PtH and PtH2 complexes to be estimate
for the bulk-hydrogenated Si samples whose spectra
shown in Fig. 4. The results of an analysis of spectra~a!, ~b!,
and~d! from Fig. 4 are shown in Table IV. The total conce
trations of PtH and PtH2 complexes for the different sample
are given along with estimates of the total Pt concentrat
~made from the solubility of Pt in Si! and the fraction of Pt
that is hydrogenated. For the sample with a lower Pt conc
tration, approximately 35% of the Pt is hydrogenated. For
higher Pt concentrations, only'5% of the Pt is hydroge-

TABLE III. Concentrations of PtH and PtH2 complexes in then-
and p-type MIR samples whose vibrational spectra are shown
Fig. 3.

Sample complex Nt (1011 cm22)

n type (PtH)2 3.5
(PtH)0 1.5

(PtH2)
2 0.2

p type (PtH)0 2.0
(PtH2)

0 0.3

TABLE IV. Concentrations of PtH, PtH2, and Pt centers in the
bulk hydrogenated Si samples whose vibrational spectra@~a!, ~b!,
and~d!# are shown in Fig. 4. The fraction of Pt impurities that w
hydrogenated is also given.

Sample
@PtH#

(1015 cm23)
@PtH2#

(1015 cm23)
@Pt#

(1017 cm23) Fraction

n, @Pt#,@P# 1.2 0.25 0.04 0.35
n, @Pt#.@P# 5.0 0.15 1.0 0.05
p, @Pt#.@B# 3.4 0.15 1.0 0.04
6-8
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nated. These results confirm that the PtH and PtH2 com-
plexes are not the dominant defects in the samples and th
fore do not determine the position of the Fermi level. For t
sample with a lower Pt concentration (431015cm23), the P
donor is the dominant impurity and the Fermi level lies clo
to the P donor level at low temperature, as was confirm
here by EPR. For the samples with a higher Pt concentra
(131017cm23), the estimates in Table IV confirm that iso
lated Pt is the dominant defect in these samples, consis
with the assumptions made in previous sections.

It is interesting to note that the relatively small concent
tions of PtH2 complexes in our samples give rise to prom
nent vibrational absorption lines because the value ofq for
the PtH2 complex is considerably larger than for PtH, and t
strengths of the absorption lines are proportion toq2. The
results in Table IV show that the PtH complex has a conc
tration roughly 25 times greater than that of PtH2 in the
samples with@Pt#'1017cm23. ~The relatively small concen
tration of PtH2 may explain its susceptibility to photoinduce
charge state changes in Sec. IV C.!

VI. CONCLUSION

The PtH and PtH2 complexes in Si have been studied b
vibrational spectroscopy and DLTS in the same, or simila
prepared, samples. Samples for IR absorption experim
were also prepared with various positions of the Fermi le
by compensation with deep level defects. The Fermi-le
dependence of the vibrational spectra has allowed
H-stretching lines of the PtH and PtH2 complexes to be as
sociated with the specific charge states and electronic le
of these defects that were studied by DLTS. Our experime
show that the DLTS peaks assigned to PtH and PtH2 com-
plexes in samples hydrogenated by etching at ro
temperature16,28 are due to the same defect complexes id
e

e

.

03520
re-
e

e
d
n

nt

-

n-

y
ts
l
l
e

ls
ts

m
-

tified by EPR and vibrational spectroscopies in samples
drogenated at 1250 °C in an H2 ambient.9–11 Furthermore,
the correlation of the defect assignments made by struc
sensitive methods9–11 with the DLTS results16,28 provides
strong support for the method used to assign DLTS peak
defects with specific numbers of H atoms,23 i.e., from the
depth dependence of the defect-concentration profiles m
sured for samples hydrogenated by etching. Finally, the c
bination of DLTS concentration profiles with the vibration
spectra measured for the same samples has led to a ca
tion of the intensities of the vibrational lines, permitting t
concentrations of the PtH and PtH2 complexes to be esti
mated from their vibrational spectra.

Vibrational lines that might be associated with def
complexes that contain additional hydrogen atoms, for
ample, PtH3 or PtH4 complexes, have not yet bee
assigned,43 even though these defects have been studied
theory22 and observed by DLTS~Ref. 28! in the near surface
region of etched samples where the hydrogen concentra
exceeds the Pt concentration. These complexes that con
greater number of hydrogen atoms are of interest bec
they might be completely passivated. The identification
their vibrational spectra and the experimental study of th
structures remain as a challenge.
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