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Magnetic resonance investigation of gold-doped and gold-hydrogen-doped silicon
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Three paramagnetic centers related to gold have been observed in gold-doped and gold-doped hydrogenated
silicon by magnetic resonance. One spectrum, labeled Si-NL62, corresponding to a center with monoclinic-I
symmetry, presents fourfold splitting due to the hyperfine interaction with one gold atom and further hyperfine
interaction with two silicon nearest-neighbor atoms. After being diffused with hydrogen in a wet atmosphere of
water vapor at 1300 °C for about 30 min, a second electron paramagnetic resonance spectrum, labeled Si-
NL63, is detected, also of the monoclinic-l symmetry. The spectrum of the center is characterized by a complex
hyperfine structure, in which, depending on magnetic field orientation, a sevenfold splitting with the intensities
1:2:3:4:3:2:1, a fourfold splitting 4:4:4:4, and other more arbitrary structures are observed. Extra small splitting
is observed in the sample diffused with deuterium, indicating hydrogen involvement in the microscopic struc-
ture of the Si-NL63 center. Under band gap illumination the third center of a one-gold—two-hydrogen complex
is observed. The center, labeled Si-NL64, has low triclinic symmetry and features the hyperfine interactions
with one gold and two nearly equivalent hydrogen atoms. This results (ih:2a1):(1:2:1):(1:2:2):(1:2:1)
structure of each group of spectral lines. Spin-Hamiltonian parameters for the three spectra are determined and
microscopic models are discussed.
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[. INTRODUCTION plex. Unfortunately, DLTS does not yield direct information
about the microscopic structure or chemical composition of
Transition metals are important impurities in semiconducthe defects. Magnetic resonance, capable of providing de-
tors, including silicon. When present in the materials, thetailed insight into the structure of centers, has so far only
transition metals create deep electronic levels within thdeen reported for the orthorhombic Pj-Eenter and for the
band gap of the semiconductor, as a result of which the progtigonal complex (Pt-k); (spectrum Si-NL5**~2°
erties of the materials or devices are changed dramatically. In the present study an effort has been made to elucidate
Gold in silicon is one of the most studied defects, due tothe atomic and electronic structure of defects related to gold
its technological importance as carrier lifetime controller andg@nd gold-hydrogen complexes using electron paramagnetic
its vital role in the understanding of the electronic properties€SonancéEPR. We report on three EPR centers, which will
of transition metals in a covalent host crystal. The amphotbe labeled Si-NL62, Si-NL63, and Si-NL64, and which, on
eric behavior of gold in silicon was clearly establistedl. the basis of the analysis of experimental observations, will
Substitutional gold in silicon is known to introduce a deepbe assigned to a single gold center, a gold-hydrogen com-
acceptor level atE.—0.54eV and a donor level a, Plex, and a complex of Au-§f respectively.
+0.35eV40
Transition metals are easily involved in impurity-pair or
complex formation and in precipitation processes. A large
variety of centers resulting from interaction of hydrogen with  The material used in this experiment is silicon, either
the transition metals Ti, Co, Ni, Cu, Ag, Pd, and Pt was ob-p-type float-zoned boron-doped with the room-temperature
served using deep-level transient spectroscpyTS).’ 1%  resistivity of 75-125Q.cm or n-type Czochralski-grown
Also, the interaction of hydrogen with gold in silicon has phosphorus-doped single crystal with the resistivity in the
been investigatet!~22Using samples exposed to plasma be-range 0.75-1.29)cm at room temperature. The crystals
tween 150 and 350 °C, Pearton and Tavendale reported were oriented and cut into rectangular bars with the typical
substantial loss of the Au activity. No such effect was founddimensions of 1.% 1.5x 15 mn?®, with the longest side par-
however, for samples annealed in hydrogen gas. Using thellel to a(011) crystallographic direction.
DLTS technigue and a simple way of introducing hydrogen Gold and hydrogen were separately diffused into the
by wet chemical etching, Sveinlijtssonet al. observed four samples in the following procedure. First, gold was intro-
deep levels, named G1-G4, iir and p-type silicon. It was duced by thermal diffusion at a temperature between 1200
suggested that the G1, G2, and G4 levels are related to tlend 1300 °C for 2 Kset ) or 12 h(set 2 from a thin layer
same Au-H defect consisting of a single-gold—single-covering one side of the sample and for 48kt 3 or 72 h
hydrogen pair. The G3 level was assigned to a Auedm-  (set 4 from a thicker layer on all surfaces of the sample in an

II. EXPERIMENT
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argon gas atmosphere. Diffusion was terminated by a quench Si:Au Si-NL62
into water at room temperature. A high diffusion tempera- '
ture, fast quenching after diffusion, and high gold concentra-
tion were found to be requirements for the production of the
paramagnetic centers. After the gold diffusion step, the gold-
covered surface regions were mechanically removed and the
samples were further cleaned by etching in a CP6
(HNO3:HF:CH;COOH=2:1:1) solution. Subsequently the
samples were measured by EPR spectroscopy. For the diffu-
sion of hydrogen, samples were again put into a quartz am-
poule filled with argon gas and a few milligrams of pure or
heavy water, and then heated to 1300 °C for about half an
hour. Again, a quench in water at room temperature con-
cludes the diffusion stage.

Magnetic resonance measurements were carried out with
a superheterodyne spectrometer which is operated ifkthe
band, i.e., with the microwave frequency near 23 GHz. Sig-
nals were observed with the spectrometer tuned to dispersion V

Signal Intensity (linear scale)

Au-Fe

under conditions of adiabatic fast passage. The large static
magnetic field could be swept linearly with time. To allow

phase sensitive detection, a small magnetic field with an am- A

plitude of approximately 0.1 mT and modulated at a fre- +50 7;5 860 8;5 3;0 8_',5 9(')0 9;5 950
guency near 175 Hz was superimposed on the static field.

Samples were mounted with their long side along the axis of Magnetic Field (mT)
the cylindrical microwave cavity resonating in the TEO11
mode. The long sample edge is indicated as [the-1,1] FIG. 1. Typical EPR spectrum of the Si-NL62 center observed

crystal direction. The magnetic field can be rotated in thén n-type gold-diffused silicon for magnetic fiel[100], micro-
perpendicular horizontal0,—1,1) plane. The spectrometer Wave frequency»=22.7856 GHz, temperaturé=4.2K. Four-

has an option of operation under full computer control. fold splitting due to hyperfine interaction with one gold atom,

nuclear spifl = 3, abundance 100%, is clearly observable. The EPR
spectrum Si-A23 of the well-known Au-Fe pair is also present, as
I1l. MAGNETIC RESONANCE SPECTRA indicated.

A. EPR spectrum Si-NL62 ) ) ] )
In n-type gold-diffused samples quite strong signals cov ! which A andQ represent hyperfine and quadrupole inter-

ering a wide magnetic field range were observed. A typicafiCtlon tensors, respectively, related to #iéu isotope.

spectrum recorded at a temperature of 4.2 K for magneti? Previously, the analysis of gold-related EPR spectra has
field BI[100] crystallographic direction of the sample is equired the assumption of a large quadrupole effect

LT ) . .even though it is a purely nuclear energy. A large quadrupole
shown n .F|g._ 1. The spectrum is chargctenz_ed .by a ProMiggect will cause an appreciable mixing of states, as a result
nent splitting into groups of four equal-intensity lines due to

- . X g . of which different transitions become dominant in the elec-
hyperfine interaction with a nuclear sgis- 5 of a magnetic tron spin resonance. Also for the Si-NL62 spectrum the
0, g .
nucle;usl c;f 100dA) n?turrz]al ab]f.mda.nie' Ir:. add|t|qtr;], W?ake&uadrupole term has a strong effect on the spectrum as mani-
spectral finés due fo hyperfiné intéractions with SIICON ¢ 40 4 by spectra recorded in the three principal directions of
neighbor atoms are observa}ble. For further reference th e g tensor. A spectrum recorded for the magnetic field par-
new speptrum is labeled Si-NL62. At the same time, 3llel to the principalg-tensor directiof011] on orientations
weaker signal of the well-known Au-Fe center is observed iNVc andcb. as shown in Fig. 3, reveals the quadrupole effect

. . . 27 h . y
the magnetic field region of 765 to 770 T.*" From the by the nonequidistance of the spectral components. By an

full angular dependence pattern upon rotation of magneti%malytical analysis of the eigenvalue problem of EH. in

field in the(0,—1,1) plane the monoclinic-1 symmetry for the - :
Si-NL62 center is concluded. Due to the strong anisotropy o i};ae:;g;hmee SO efps ;rrggg&qga:frlijnpnoétre :gg%j&?gg{gd;f Ii?})épseirr:me
the spectrum some splitting due to sample misorientation iﬁwe sp’)ectra is obtained as

almost unavoidable. For a misorientation of about 5°, as
present in Fig. 2, all twelve orientations of the defect are _ 2
distinguishable, actually providing an independent additional AB=|Aq[|1=2/1+[(Q2/Qs) ~ 1]

evidence for the monoclinic symmetry. The angular depen- 3[(Q,/Q3) +11%Y /gy s, 2)
dence of the four main lines of the spectrum is well de-

scribed with electron spi®=3% and a nuclear spih=2 by  and cyclic expressions in the principal valugs A; , andQ;

the Hamiltonian of theg, A, andQ tensorsj =1, 2, and 3. In the derivation,
the principal axes of), A, andQ tensors were assumed to
H=ugB-9-S—g,unB- 1 +S-A-1+1-Q-1, (1) coincide. The positive sign refers to the outer doublet, the
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FIG. 2. Monoclinic-l angular dependence pattern of the Si- Magnetic Field (mT)

NL62 spectrum for rotation of the magnetic field in tf&—1,1) ) ]

plane from[100] to [011]. Experimental data recorded at tempera- ~ FIG- 3. EPR spectrum of center Si-NL62 recorded with mag-
ture T=4.2 K for microwave frequency=22.8155 GHz are pre- netic fieldBI[011], parallel to the principal direction of thgetensor
sented byx. Solid lines are from the computer fit using the spin ON orientationsbc andcb.

['atr)n'll,ton'aptﬁf Edq'f(l)‘t with "jt‘ .:@mplfe Irlnlsor;erz]ntanon offabout 5°'t experimental error and principal directions are interchanged.
I'a g!ngRof 5‘; etect orientations follows the convention as out- 1 aqdition to gold, a hyperfine structure due to silicon
INed In Ret. 53. neighbors was observed, as noticeable in Fig. 1. From the
intensity of the weak lines it is concluded that tvfeSi

minus sign to the inner doublet. The result shows that ratio eighbor nuclei on probably equivalent sites are involved. As

of quadrupole parameters are directly derived from the ratio
of inner to outer pair splitting. An absolute value of quadru- 7
pole parameters cannot be obtained from the experimenta
data, only a lower limit of theQ parameter can be estab- L | Outer pair Outer pair
lished. Once the ratios of th@ parameters are fixed, the 7 SN SRR SIS AP CHUII. S Ja/Q,
hyperfine constants are calculated from the absolute value:

of the splittings using Eq(2). For spectrum Si-NL62 the
analysis is illustrated in Fig. 4. Following E@) the split-
ting of the inner pair is plotted with the positions of the lines
of the outer pair normalized to unity. From the experimental 2 “ [
field splittings the ratios of quadrupole parameters are ob-g 11

—
Inner pair Inner pair

Q Values

tained asQ,/Q3=—1.23, Q3/Q,=+4.85, and Q,/Q, § ol ]
= —0.20. These ratios are taken as input data for the numeri: R e (I A
cal computer diagonalisation of E(L) with the calculation A .

of resonance fields. Spin-Hamiltonian parameters calculatec
from fitting the resonance fields are given in Table I. Princi-
pal values of theQ tensor are determined &3,=+q, Q,
=-5.29, and Q3= +4.2q, with q>15MHz, as given in . -
Table I. The average least-squares error ofullDis much Line Positions

smaller than the experimental uncertainty. There exists a re- gG, 4. Separation of the inner pair of resonance transitions as a
markable similarity between the parameters of the Si-NL6Zraction of outer pair line distance, as a function of the ratio of
center and the only other monoclinic gold-related center, thguadrupole tensor principal value3;, Q,, and Qs, calculated

Cy, center of Htine?? One can notice a clear correspon- from Eq. (2) in text. Magnetic field is parallel to a principal axis of
dence between the principal values of theA, andQ ten-  theg, A, andQ tensors, which are assumed to coincide. Fit of data
sors, even if differences are several tenths of times outsidier spectrum Si-NL62 indicated.

ey A N
-1.0 -0.5 0.0 0.5 1.0

'
«
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TABLE I. Spin-Hamiltonian parameters for the spectra Si-NL62, Si-NL63, and Si-NL64, following from analysis bylFgad(3). All
centers are described by electron sSiﬁ%. For the monoclinic centers, the direction labeled 1 is parall¢0id], direction 3 is inclined
against{100] by an angled (degrees

Parameter 01/A11Q, 0,/A,1Q, 03/A3/Q3 0 Units
Spectrum Si-NL62—Symmetry monoclinic-I
g 1.8424 2.2435 1.7165 15
AAu (-) 314 (+)57.5 (-) 65.7 15 MHz
QY +q -5.29 +4.2q lg|>15 15 MHz
Aflog 110 MHz
Spectrum Si-NL63—Symmetry monoclinic-I
g 1.9138 2.2942 2.0387 21
|AAY) 34.5 46.8 42.2 10 MHz
Spectrum Si-NL64—Symmetry triclinic
g Oxx=2.1282 gyy=2.0690 g,,=2.0039
Oxy=—0.0732 gy,=0.0394 0,=0.0361
|AAY] A,,=13.8 A,y=23.5 A,~=18.1 MHz
Ay=8.72 A,,=—6.36 A,,=1.06 MHz
AH A,,=8.68 A,y=11.39 A,,~=8.54 MHz
A,,=1.73 A,,=-0.24 A,,=0.14 MHz

the resonances are close to the gold structure, the angulAt this temperature the EPR spectrum of phosphorus be-
dependence could not well be followed. Only the value in thecomes weakly detectable and the Si-NL62 spectrum requires
BI[ 10Q] direction could be measured and is given in Table Lvisible-light illumination. After annealing at 600 °C the P
No other hyperfine structure was revealed in the EPRspectrum has recovered to its original doping concentration,
spectra. A conclusion toward a single isolated gold atom isbut Si-NL62 remains visible under illumination. After 650 °C
however, unlikely as it has been shown that the gold centeannealing for two hours the Si-NL62 signal has disappeared
has tetragonal symmetry and is unobservable in EPR due twithout creating any new center. The Si-NL62 center has a
its vanishing perpendiculag value3' Since in the same remarkable thermal stability, in contrast to established
sample the Au-Fe pair appeared to be present, the involvérydrogen-complex centefs.
ment of other transition element impurities in the Si-NL62  While the Si-NL62 spectrum is observed in all gold-
center has been examined. In additional experiments with thdiffused samples, its strength varies between the different
introduction of copper, silver, iron, and othed 3mpurities,  sets of samples. Samples from the sets 1 and 2 gave rather
with or without gold codoping, the Si-NL62 spectrum was weak signals compared to those observed in the samples
not observed. from sets 3 and 4. The difference in the concentration of the
In the startingn-type material the phosphorus EPR spec-Si-NL62 center is correlated to the creation ability of the
trum is strongly present, but no trace of it is left after thenew centers Si-NL63 and Si-NL64, to be described in the
diffusion with gold. This hints at an electron capture of thefollowing paragraphs. Spectrum A23 of the Au-Fe center is
Si-NL62 center, becoming paramagnetic in a possibly negaebserved in all gold-dopeatitype samples, ip-type material
tive charge state. Consistent with this observation, the goldnly after additional hydrogenation. Its spin concentration,
diffusion in the boron-doped-type floating-zone silicon estimated at 1 to 10> cm™ 3, depends on preparation con-
gave neither the Si-NL62 spectrum nor other gold-relatedlitions. Figure 1 shows the Au-Fe concentration to be
signals. However, right after the hydrogen-doping treatmentsmaller than NL62, whereas, after hydrogenation, see Fig. 5,
the Si-NL62 spectrum, and the Au-Fe spectrum as well, ar¢he concentration is two orders of magnitude larger. The
observed in all samples. A role of hydrogen in the formationAu-Fe concentration also increases during room temperature
of the centers is thus indicated. As the monoclinic symmetrysample storage.
of the Si-NL62 center indicates a complex core, a direct
involvement of hydrogen as a constituent of the center is
suggested. As this possibility is not supported by observed
hydrogen hyperfine structure, the thermal stability of the as- The same samples in which the Si-NL62 center is present
sumed gold-hydrogen complex has been studied by isochravere subjected to a further heat treatment in which hydrogen
nal anneal. Samples were enclosed in ampoules with argds uniformly introduced throughout the sample volume by
gas at 200 mbar and annealed at temperatures in the rand#éfusion, as described. Following this processing step, a new
100 to 650°C, with temperature increments of 20 °C, forEPR spectrum, labeled Si-NL63, is observed. Figure 5 shows
durations from 1 to 2 h. The Au-Fe pair is lost by dissocia-the spectrum, simultaneously present with the spectrum Si-
tion after 520 °C/1 h annealing. The Si-NL62 center is ob-NL62 in a similar concentration and the much stronger
servable under normal measurement conditions until 580 °CAu-Fe pair.

B. EPR spectrum Si-NL63
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Si:Au,H ! - Si-NL62
M — Si-NL63
- 'M - —--= Si-A23
S i (AuFe)
P FIG. 5. EPR spectra observed
O after gold doping and hydrogena-
._E l tion for a wide range of magnetic
~ l field, with direction of B about
.a‘ 1° away from the[011] crystal-
» l l lographic direction. Microwave
g l l l frequency»=23.0217 GHz, tem-
"E peratureT=4.2 K. The observed
— spectra Si-NL62, Si-NL63, and
© Si-A23 of Au-Fe are indicated by
c bold, solid, and dashed arrows, re-
=L spectively.
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Also spectrum Si-NL63 has monoclinic-l symmetry, as structure is easily explained as the superposition of spectra of
indicated by the angular rotation shown in Fig. 6. Principal two equivalent = 2 nuclei, i.e., gold, and is usually taken as
values following from the pattern are given in Table |. Spec-its unambiguous fingerprint. In other directions the spectrum
trum Si-NL63 is exceptional by its complex hyperfine struc-is collapsed into four lines with equal distance and intensity,
ture. Spectral lines with a typical width of 0.7 mT are aboutas shown in Fig. 8 for orientatiorsd and (bd+cd) in a
four times broader than line widths of the Si-NL62 center.deuterated sample. While this would be typical for a one-
Characteristic hyperfine structures are observed in the prirgold center, the structure is hard to explain by two such
cipal directions of the center. F&i[011], i.e., for the reso- atoms on symmetry-related positions. Assuming, as usually
nance in they, direction, seven equidistant components with
the typical intensity ratio 1:2:3:4:3:2:1, as shown in Fig. 7, -
are observed on the orientations andch. Such a structure, Si:AuH g,
composed of a total of 16 transitions, cannot be explained l

with a singlel =2 nucleus of gold. On the other hand, the

Si-NL63

[100] [11] [011]
Si-NL63

840

(-3
=
o

780

750

Magnetic Field (mT)

720

Signal Intensity (linear scale)

690

Angle (degrees)

845 850 855 860 865 870 875

FIG. 6. Monoclinic-l angular dependence pattern of the Si-

NL63 spectrum for rotation of the magnetic field in tf&—1,1) Magnetic field (mT)

plane from[100] to [011]. Experimental data recorded at tempera-

ture T=4.2 K for microwave frequency=23.0217 GHz are pre- FIG. 7. EPR spectrum Si-NL63 recorded in the principal direc-
sented byX. Solid lines are from the computer fit using the spin tion BI[011] on defect orientationsbic+cb). The typical line
Hamiltonian of Eg.(1) without quadrupole interactioiQ=0). structure with seven equidistant lines with the intensity ratio
Labeling of the defect orientations is indicated. 1:2:3:4:3:2:1 is indicated by stick diagram.
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to be described in Sec. Il C, are generated only in the gold-
rich samples of sets 3 and 4. This evidence relating the for-
mation of the Si-NL63 center to the presence of gold in

higher concentration supports the pair model.

m Following from its formation conditions, the presence of

Si:Au,D Si-NL63

hydrogen in the Si-NL63 structure is expected. Hyperfine
interaction with hydrogen often has a strength of 10 MHz,
corresponding to splittings in the EPR of 0.3 mT. Structure
of such a magnitude is abundantly observable and deter-
mines the line shapes of Si-NL63 resonances as shown
in Fig. 7. The hydrogen origin is confirmed by replacing
hydrogen with deuterium, diffused under the same conditions
of time and temperature. A slow scan with optimized resolu-
tion, as presented in Fig. 8, shows the different deuterium-
related structure. As the resonance lines are broad, the angu-
M M lar dependence could not be followed and interaction tensors
U not quantitatively be determined. Neither could the number
of hydrogen atoms be unambiguously established. However,
| | ' ' in view of the rich structure, their number should be from 2
1 1 1 1

Signal Intensity (linear scale)

to 4.

1 ] ! ]
705 708 711 714 717 720 723 726 729 732 C. EPR spectrum Si-NL64

Magnetic Field (mT) Under visible-light illumination, in the hydrogenated
gold-diffused samples, another previously not reported spec-
FIG. 8. EPR spectrum of the Si-NL63 center showing the effectirym appeared to be present. The spectrum, labeled Si-NL64,
of deuterium substitution on defect orientaticasand (bd+ cd). arises from a low-symmetry center with a corresponding
Magnetic field is in the0,—1,1) plane at an angle of 20° away from |arge number of fine-structure lines reflecting the orienta-
_[011]. _The typlcal line strl_Jcture of four lines at equal distance andtional degeneracy. As the center is observed in the simulta-
intensity ratio as 4:4:4:4 is observed. neous presence of the Si-NL62, Si-NL63, and Au-Fe centers,
the complete recorded spectrum is rather full of resonances
correct for gold centers, a large quadrupole effect, there is aaver a field range less than 100 mT. As a result the angular
abundance of normally forbidden transitions which becomealependence of the Si-NL64 spectrum is difficult to follow. In
allowed and which can actually dominate the spectrum, buthe experiment, fortunately, the Si-NL64 spectrum could be
their number is likely to be large and odd, contrasting to theenhanced. First, the three centers Si-NL62, Si-NL63, and
observed four. In a similar case, in the analysis presented f@i-NL64 are observed under different conditions of field pas-
the two-gold center LAu2 no four-line spectra octum an  sage and can be optimized individually. Secondly, the inten-
alternative model, offering more matching parameters, a cersity of the Si-NL64 spectrum increases in a sensitive way
ter with one gold atom plus an additional impurity also with with the level of illumination. Since at the same time the
a nuclear spin =2 can be considered. Suitable candidatesSi-NL62 intensity decreased significantly, the Si-NL64 could
for this additional impurity are a second inequivalent goldbe made the dominant spectrum. Thirdly, by a heat treatment
atom, and®3Cu, ®°Cu, or B atoms. Although for general of the sample at 150 °C the Si-NL64 spectrum became ob-
directions of magnetic field a more complex hyperfine strucservable without illumination.
ture is observed, in no case of defect orientation and direc- Spectrum Si-NL64 has a clear and informative hyperfine
tion of magnetic field a line structure is met which can bestructure. Each fine-structure transition shows as a main
decomposed as a superposition of two hyperfine quartdeature a fourfold splitting which can be ascribed to the
structures with a different splitting. In view of all observa- hyperfine interaction with a gold atom. In addition, a
tions, our preference is still for a model incorporating two threefold splitting of each gold component reveals further
gold atoms on symmetry-related sites. We have not sudayperfine interaction with two nuclei=3, identified as
ceeded in finding a unique and convincing match to theséydrogen atoms. Altogether, the hyperfine structure is a
data rigorously based on a spin Hamiltonian. In that respectwelve-line  group  with  relative intensities  of
the hyperfine parameters given in Table | and the fitting(1:2:1):(1:2:1):(1:2:1:(1:2:1). Those splittings are all just re-
curves in Fig. 6 should be considered as indicative. solved in EPR as illustrated in Fig. 9 on an expanded field
To further examine the relation to gold, the formation of scale. Of course, in the triclinic symmetry of the center, no
the spectrum Si-NL63 was quantitatively monitored in thesymmetry-equivalent positions are available for two hydro-
samples from sets 1 to 4. In samples with a low concentragen atoms. However, in view of the quite constant hydrogen
tion of gold, those from sets 1 and 2, after hydrogenatiorhyperfine interactions found in a number of independent
only the Si-NL62 spectrum is detected, no Si-NL63 nor othercases, the assumed equal interaction for two sites does not
centers. Spectrum Si-NL63, and another spectrum Si-NL64present a problem in the practical sense. Confirmation of the
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FIG. 10. Triclinic angular dependence pattern of the Si-NL64
spectrum for rotation of the magnetic field in tk@—1,1) plane
from [100] to [011]. Experimental data recorded at temperatiire
LELEELL LT =4.2 K for microwave frequency=23.0217 GHz are presented by
X. Solid lines represent simulation of the spectrum using the spin
L L Hamiltonian of Eq.(3) and parameters of Table |I.

808 810 812 814 816

Magnetic Field (mT) forming the core atom in a silicon vacancy. In the bonding
between gold and surrounding silicon atoms issues of inter-
FIG. 9. Part of the EPR spectrum of the Si-NL64 center with est are the symmetry of the resulting defect structure and the
clear presence of the hyperfine interaction with one gold and twalistribution of electrons over the defect site. From theoretical
quasi-equivalent hydrogen atoms, resulting in the structurecalculations by Lowther and Fazzét al. the isolated substi-
(1:2:1:(1:2:1):(1:2:2:(2:2:1) of spectral lines. The spectrum is re- tutional gold atom in silicon tends to bond with two silicon
corded at temperaturd=4.2 K, with microwave frequency  atoms, with the bonds on the other two atoms of the vacancy
=23.0217 GHz, and with magnetic fieklin the (0,~1,1) plane at  sjte reconstructeti:> The model results in an amphoteric
an angle about 10° away frof011]. two-level system with three charge states of the gold atom

hydrogen identification has been obtained by deuterium sulRossible?>® With a Fermi level above the donor stateft
stitution. With a nuclear spih=1, the number of hyperfine +0.35 €V and below the acceptor stateFat-0.55 eV, the
states will be larger than for the proton. As the deuteron als@eutral defect is paramagnetic and an obvious candidate for
experiences quadrupole interactions, many more transitior@gPservation by EPR.
will be possible. As a result, the nuclear structure in the Experimentally, an unambiguous interpretation for the
spectrum no longer is resolvable. The clear isotope effecdtomic configuration and electronic structure of neutral sub-
provides direct evidence for hydrogen incorporation in thestitutional gold in silicon has been presented. From Zeeman
Si-NL64 center. studies of the donor and acceptor excitation spectra at 793
An angu|ar dependence pattern of the Si-NL64 center proand 611 meV, Watkingt al. have concluded that the neutral
duced under optimized conditions is shown in Fig. 10 andsolated gold center is paramagnetic, is described by electron
has the unique features of the triclinic symmetry. QuantitaSPin S=3, and has an axia tensor withgy;10q~2.8 and
tive analysis has been performed with the Hamiltonian 9. 109~0, corresponding to a static tetragonal distorfibn.
The fact thatg, ~0 prevents the EPR detection of Au
H=ugB g S+S AN IMLS, S ALY, (3) For a theoretical interpretation the vacancy model, follow-
taking into account hyperfine interactions with one gold andng Watkins’ E%Qy propos&fﬁ was developed into a quanti-
two hydrogen atoms. No quadrupole energy was invoked. If@tive modef;*** and provides the most powerful tool for
view of overlap of the Si-NL64 resonances with the Au-Feanalysis of data. _For the present application to the Sl—_NL62
spectrum, the experimental data points in the magnetic fiel§enter reference is made to these papers for the definition of
range 775 to 780 mT are omitted. The experimental datguant!tles and thg meaning qf symbols. The electron state is
show a good coincidence with the simulated angular deperfiescribed as a linear combination of gap states of the
dence using the spin Hamiltonian of E@). Parameters de- Vacancy andd states of the gold atom. Normalized wave

termined by fitting are given in Table 1. function coefficients are given as v, andw, with u+v?
+w?=1. The relative localization on the gold atomNg.
IV. DISCUSSION Deviation of theg value from its free-electron valug,

=2.0023 will be due to admixture of orbital angular momen-
tum which is attributed to the heavy gold atom only. Taking

In all models of gold and gold-related centers in silicon,into account the opposite sign of matrix elements in the ef-
the gold impurity is concluded to be on a substitutional sitefective spin for the triplet, the orbita) factor isg, = —NZ.

A. Center Si-NL62
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Solving for the eigenvalues of the Zeeman Hamiltonian, thep?82=0.94 is calculated. This could easily lead to a conclu-

g tensor has the following principal values: sion of almost a full hole in the shell of gold, in a strong
contradiction to the basic idea behind the vacancy model.
Uxx= e 2Uv —W?) — 2vV2g, W(U—v), (4 The discrepancy with the earlier result fdf can, however,
be traced to be due to neglect of orbital interaction in the
Oyy= ge(2Uv +W?) +2v2g W(u+v), (5)  LCAO treatment, which can lead to substantial errors, such
and as, e.g., demonstrated in the calculations for the Au-Li and

Au-Li, centers’’ 38
U,,= go(1—2W?) — 2g, (U2—0?). (6) Analy_zing theA_ tensor in its _fuII anisotrc_)pic for_m, after

subtraction of the isotropic matrix.1, the anisotropic trace-
With the experimental data for thg tensorg,,=1.8424, |ess tensorB has componentsb,,=—18.2 MHz, byy
gyy=1.7165, andg,,=2.2435, the valid exact solution of =-525MHz, andb,,=+70.7 MHz. One notices that
Egs.(4) to (6) will give u=0.83,0=0.55,w=0.09, andg. b, /b,,=+2.9 andb,,/b,,=—3.9, showing a good corre-
=—0.37. The small value ofv reflects the small admixture spondence to the ratio’s as derived for the quadrupole tensor
to the wave function of the higher-lying orbital singlg} Ayy/Gux= +4.2 and q,,/q,=—5.2. Both hyperfine and
formed after Jahn-Teller distortion which lifts the degeneracyquadrupole parameters are related to the occupancy of the

of the trlplet level in the Original tetrahedral Symmetry. How- go|d 5d orbitals. Components are given, respective|y, by
ever, the small nonzero value of with the result thag,,

#9,y, and nonaxial structure of the center andgtsensor, b= 72B%(2/7)(wol4m)guednmn(r " *)sq, (7
allows centers with a near-axial symmetry, such as the
present Si-NL62, to be treated. The resiP=—g, a=7°B4(2/7)(L4meo)[€2Q/21(21 = 1) (r 35, (8)

= +_0.37 shows a remarkable similarity to the electr_on Iocal-and are, therefore, related by
ization of the single gold atom, for which, following the
simp!zified treatment 02f IEzef. 35, the _Iocalizatipn is_, found to q/b=e2Q/21 (21 — 1) eguomalnitn - 9
be N“=(g,—2)/(4—g7)"=0.40. This result implies con- o ] .
siderable support for a comparable electronic structure of theubstituting the physical parameters for tHéAu isotope,
two centers. =%, 9,=0.09717, andQ=0.59x 10" % m?, the ratioq/b

With the wave function characterized, the hyperfine inter-S calculated as 2.51. The result supports the earlier assump-
actions may as well be considered. The lengthy expressiori#n of large quadrupole effects on the spectrum, which is an
for the tensor components as given in Ref. 34 will not beestabliShed SpeCifiC feature for gOld fOIIOWIng from its un-
reproduced here. On substituting the values calculated,for usually smallg, factor and large quadrupole momeQt
v, and w, and putting g,=—N? one obtainsA,, With q/_b=2.51 the quadrupole component for the Si-NL62
=+0.91A.+16.2MN?, A, =+0.92A.—98.20N?, and A,, center is estimated af=(1/6)(2q;;~ Gxx—dyy) =90 MHz.
=+0.98A.+150.5:N2. To obtain the result, the factd? ~ One electron is therefore held responsible for both the un-
= 2(wol47) pOnin(r ~2)sq/h for orbital magnetism on the palred spin density and the charge unbalance in the center. It
gold atom has been taken Bs=132 MHz3® Parameters, 1S also (_:oncluded that all three tensgrsA, andQ, have a
accounts for the, nearly isotropic, core polarization. On comNear-axial symmetry along a common axis. _ _
paring with the measured data, one must realize that in the !N addition to gold, the ligand hyperfine interaction with
experiments signs of hyperfine constants are not determined.Si Was also observed in the experiment and associated with
With the help of the above theoretical result, one can coniWo neighbor atoms. In the vacancy model the electron dis-
clude thatA,, will be the largest value, andl,, the smallest.  tribution over the neighbor pairs, labeléa, (d) and(b), (c),
Taking account of this indication, the experimental valuesis given by p,q=(3)(u+v)? and py.=(3)(u—v)2. With
are taken a®\,,= —31.4 MHz, A;,=—65.7 MHz, andA,,  the numerical values fon andv substituted, these occupa-
=+57.5 MHz. A best match with the data from experimenttion ratio’s becomep,4=0.96 andp, .= 0.04. The orbital on
is then obtained foA.= —25.34 MHz and\N?=+0.48. For  the a and d atoms strongly predominates over the orbital
these values oA, andN? the calculated hyperfine constants between thé andc atoms, consistent with the experimental
become A,,=—15.2MHz, A/,,=-70.2MHz, and A,, observation of hyperfine interaction with only two of four
= +46.8 MHz. Given the approximations in the theoreticalsilicon neighbors. In experiment the isotropic part %88i
treatment, and also the fact thatv, andw parameters as hyperfine interaction is determined as 110 MHz, correspond-
obtained fromg-tensor analysis were used without any fur- ing to ans-type densitya?7?=2.2%. When accepting a real
ther optimization, the result should be considered as quiterbital of hybridizedsp*-type the neighbor bonda and d
satisfactory. Parametek. has an expected negative value could each account for as much as 8.8% of an electron. With
with a comparable magnitude to core polarizations calculatethe estimatedN?~40% for the localization on gold the de-
for Au-Li and Au-Li; centers’’*® Decomposing the hyper- scription of a molecular orbital constructed from gold states
fine tensor into its isotropic pa# and anisotropic paib in ~ and four vacancy neighbors does not fully cover the whole
an axial approximation, one obtaing=(1/3)(A.+A,,  region of electron distribution.
+A,)=—132MHz and b=(1/6)(2A,,—Ax—Ayy) Following from the discussion, the Si-NL62 center is con-
=+35.4 MHz. Relating the anisotropic part to the gold 5 cluded to be a one-gold center. On the basis of experimental
orbitals in the common LCAO analysis, an occupationcharacterization an equal conclusion has been drawn earlier
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for the Si-NL50 centée? and for a center observed in optical nance lines would be difficult to reconcile. For large quadru-
Zeeman spectroscopyto which it became customary to re- pole effect, the four levels for eaams separate into two
fer to just as single substitutional gold. In this difficult situ- doublets, at about the energy3Q.x for the statesm,
ation where three spectra are the competitive candidates for =3 and around energy-3Q.4 for the statesm,=* 3.
one center, brief arguments pro and con can be presented @Ris leads to a spectrum with an intensity structure 4:8:4 at
follows. Whereas the Si-NL62 center shows distortions leadenergiest+ 6Q., 0, and— 6Q.¢, respectively. Finally, the
ing to the observed low monoclinic symmetry, there are natensor of center Si-NL63 does not lend itself to analysis
other indications of strong perturbations of its electronicwithin the vacancy model. The conclusion toward two gold
structure, e.g., by the formation of a gold-impurity complex.atoms in the center is therefore strongly raised for the dis-
Any hyperfine interaction with an additional impurity is ab- cussion. As the given spectra are characterized by equidistant
sent in the spectra, which, together with the high purity oflines, the gold atoms are most likely on symmetry-equivalent
the materials used, strongly reduces the available optionattice sites.
This leaves open the possibility of accommodation of the Homonuclear impurity pairs are by no means exceptional
gold atom in an intrinsic defect, such as the vacancy or @omplexes in silicon. Such defect structures have been iden-
larger defect. The divacancy with monoclinic symmetry intified for the transition elements irdf:** copper*? silver*>**
both positive and negative charge states is a suitable candiatinum?~4" and also for gold. A gold-gold pair of
date. All the same discussion as for the spin-Hamiltoniarorthorhombic-1 symmetry, the Si-LAu2 center, has been ob-
parameters of spectrum Si-NL62 applies to @g spectrum  served in electron paramagnetic resonafiGéhe appearance
as well, with the conclusion that the two associated centeref a 1:2:1 structure of spectral lines was explained as being
must be very similar, if not identicaf. The orthorhombic the result of two equivalent Au atoms lying in one of the
EPR center Si-NL50, another one-gold center without anymirrorplanes, on sites symmetrically placed above and below
observed other component, has also been considered as tihe other mirror plane. The spectrum was also observed in
single substitutional gold cent&tIn recent experiments the the present experiments under illumination by visible light.
formation of AuFg pairs was observed with a simultaneous Although being formed under similar conditions of gold
one-to-one decrease of the intensity of the Si-NL50 specdiffusion and hydrogenation, center Si-LAu2 is distinct
trum. A reaction in which the single substitutional gold, from the Si-NL62 spectrum, having different symmetry and
monitored by its Si-NL50 EPR spectrum, is lost by complex-g tensor.
ing with one iron atom, a well-established process, is an In optical spectroscopy a different gold pair of trigonal
almost compelling model. The Alg center, with EPR symmetry was identifietf On the basis of detailed studies
spectrum A23, is firmly identified as the complex of onethe equivalence of the two gold atoms was established. As a
substitutional gold atom and one interstitial iron atom. §he model, a pair of gold atoms inside a divacancy was pro-
tensor of the NL50 does not lend itself to analysis within theposed. This defect might well be the core of the Si-NL63
vacancy model. Strong evidence in favor of the center obeenter. Experiment shows that formation of the Si-NL63 cen-
served in Zeeman optical spectroscépfias also been pre- ter follows the formation of the Si-NL62 center, and the pres-
sented. Especially the ability of this center to reorient at lowence of Si-NL62 might be a strict requirement.
temperature is evidence of the absence of any locking field In the previous section, for Si-NL62 a half-filled diva-
related to a nearby impurity. Being observed in optical speceancy was presented as a suitable defect model. From this
troscopy, with no hyperfine structure revealed, the identificastructure the trigonal optical center can be formed by the
tion of the observed impurity in such spectra is based orsubsequent capture of another gold atom taking the position
indirect evidence. In spite of the large amount of availableof a neighboring vacant site. With the accommodation of two
data, the final modeling of the three centers requires morgold atoms, each with thed§%s configuration, the analog
experimental and theoretical studies. of a V2~ defect is created, which by itself is not a para-
magnetic center. Adding two hydrogen atoms in symmetry-
equivalent positions will create a monoclinic-1 point-group
B. Center Si-NL63 2/m (C,,) center, which upon ionization becomes paramag-
As described in the experimental Sec. Ill B, the Si-NL63netic. Alternatively, adding three hydrogen atoms, in one
center is only formed after hydrogenation/deuteration of thé110 plane, will still create a monoclinic defect with a point-
samples from sets 3 and 4 with high gold concentration an@roup symmetrym (C,) but with the gold atoms no longer
strong presence of the Si-NL62 center. The participation oPn strictly equivalent positions. The center is paramagnetic
one gold atom is suggested by the hyperfine structure 4:4:4:\hen neutral. Some of the options for Si-NL63 modeling are
as observed for defect orientatioad and (pd+cd), illus- illustrated in Fig. 11b).
trated by Fig. 8. In spite of this evidence, the conclusion
towards one gold atom is not adopted. In other directions, .
see, e.g., Fig. 7, a line structure 1:2:3:4:3:2:1 is observed. C. Center Si-NL64
Although these 16 transitions could be understood as the For the center Si-NL64, a most attractive feature is the
observation of all transitions between the upper fourwell-resolved hyperfine structure in its EPR spectrum. For all
|+1/2m,) levels and the lower fouf—1/2m,) levels, this  defect orientations and several directions of magnetic field
would require equal probability of four allowed and twelve four equally spaced identical groups of lines are observed,
forbidden transitions. Also, the equal distance between res@ach consisting of three equally spaced lines with an inten-
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TABLE Il. Comparison of the hyperfine interactions observed
for Au- and Pt-related centers with a similar structure. Parameters
for Au-H, are from the spectrum Si-NL64.

Tensor Ratio
Center component Au Pt Au/Pt
Au/Pt On 0.09717 1.2190 0.0797
Au-Li/Pt-Li Ay 85 118 0.072
Au-Liz/Pt-Li; A 51.7 696 0.074
A 36.3 321 0.113
""" Au-H, /Pt-H, A 7.0 175.7 0.040
A, 17.7 237.3 0.074
Aj 30.7 541.2 0.057

log of the well-established negative Pj-ldenterr*?>4°Re-
cently, a similar situation was met in the study of lithium
complexing with gold and platinum, leading to defects with a
comparable trigonal or orthorhombic structdfeHyperfine
interaction with the transition metals arises mainly from
orbital and dipole-dipole interaction, which both are pro-
portional to the nucleag factor. As evidenced by the data
in Table Il, the hyperfine interactions scale corresponding
(®) to g,, which is g,=0.09717 for *’Au and g,=1.2190
for 19Pt. Applying a similar scaling to the hyperfine interac-
tions of Pt-H, the values obtained match well with those
for the Si-NL64 Au-H center, indicating a similar electronic
density. The suggestion on similar electronic structure is
firmly supported by the hydrogen hyperfine interactions. For
both the gold and platinum centers the isotropic part is
found near 10 MHz, corresponding to a very lsatype
v_ spin density around 0.7% on the hydrogen position, probably
(c) (0 by nearly complete filling of the 4 states by two electrons
of opposite spin. Anisotropic hyperfine interaction with
FIG. 11. Atomic models considered for the observed EPR spechydrogen is due to remote electron spin density, assumed
tra. () A single substitutional gold atom together with another lat- t0 be mainly present on the gold/platinum site. With param-
tice vacancy on #011) plane in monoclinic-l symmetry for center eter b=1.3 MHz for the Si-NL64 spectrum and usiry
Si-NL62. (b) Two substitutional gold atoms on a comm@®il) =(,u0/47-r)g,ung,unR_3, the distanceR~0.4 nm is calcu-
plane for the Si-NL63 center. Sites labelkid andH, allow the  lated. With this distance the preferred position of hydrogen is
decoration of the gold core by two, four, or six hydrogen atoms inon an antibonding site of a nearest silicon neighbor of the
the formation of a center with the observed monoclinic-I symmetry.transition metal, an identical result for both the gold and
(c) One substitutional gold and two hydrogen atoms for the Si-platinum centers.
NL64 center. A spontaneous off-center distortion of the gold atomis  \Whereas the analysis of hyperfine interactions indicates a
required for consistency with the observed triclinic symmetry.  strong similarity of the two centers, their overall symmetry is

sity ratio 1:2:1. For an illustration, see Fig. 9. In view of the different, as indicated b_y t'he'g tensors. It is not poss?ble to
present sample preparation conditions, such a structure forng§12lyze theg tensors within the vacancy model, which can
almost compelling evidence for a center consisting of one’® taken as an indication of strong distortion in the core of
gold atom ( =3/2, 100%, responsible for the fourfold split- the cente_r_ where a vacancy provides room to accomm_odate
ting, and two hydrogen atoms £ 3, 100% with an equal the transition metal. The Pttenter has an orthorhombic-|
hyperfine interaction. For spectrum Si-NL64, in contrast toSymmetry, in which the two hydrogen atoms are positioned
spectrum Si-NL62, the splitting of resonances by the nuclea@n Ssymmetry-equivalent sites on a®11) mirrorplane
interactions always shows a pattern with equal distances b&hrough the platinum atom. For the AusHenter the lower
tween lines. Even though quadrupole effects are almost irtriclinic symmetry suggests to use more flexibility in the po-
evitably present and large, there is no manifestation of thersitions for gold and hydrogen in modeling the center. This
in the recorded spectra. For this reason angular dependenciesuld be allowed as long the distané&~0.4 nm is ob-
are analyzed, using E3), without a quadrupole interaction served. With reference to the model of the Si-NL62 center, it
energy. might well be that the low triclinic symmetry is derived by
As the neutral gold is isoelectronic to negative platinum, abinding two hydrogen atoms to this one-gold center with one
neutral center Au-klcould be an atomic and electronic ana- hydrogen atom outside the monoclinic mirrorplane. An
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atomic model in this spirit is presented in Fig.(@1 The V. CONCLUSION

center is observed in magnetic resonance in its neutral state

[Aug(H;)1(Hi),1°. If both hydrogen atoms form a center of  In this paper the atomic and electronic structures of three
one negative charge, the gold atom, having transferred twaew paramagnetic centers observed in silicon after doping
electrons to the stable hydrogen orbitals, has become doublgith gold or gold plus hydrogen/deuterium are discussed. A
positive. With an electron configuration on the gold a®5  center labeled Si-NL62 requires the diffusion of gold only
the center is not a good candidate for a treatment in th@ng reveals itself in the measurements as a single substitu-

vacancy model. tional gold atom, but in a monoclinic-1 environment. It can

Gold-hydrogen centers have also been observed in othgfg characterized by Zeeman interactigrgold hyperfine in-
expenmenta} stud|es_. Espgually in DLTS and the te‘:hn'qu‘?eractionA, and quadrupole interactio® of nearly axial
of wet chemical etching to introduce hydrogen, several eIeCéymmetry with axes of the three tensors coinciding. The cen-
tronic 'gz‘gez'f due to gold-hydrogen complexes have_: beelf'er is successfully discussed within the vacancy model and
reported.”* The actual number of hydrogen atoms in thethen shows almost equal electron localizatidf~0.40 in

centers can vary from one to four. In particular for the case ; . .
of gold, three different electric levels, named G1, G2, anothe 5 electron shell of gold as the established single substi-

G4, were assigned to one-gold—one-hydrogen complexes. wtional gold genter. Center Si-NL63 ha{s a more complex
level G3 was assigned to a one-gold—two-hydrogen comstructure consisting of two, probably equivalent, gold atoms

plex. By infrared absorption Evaret al®® observed vibra- decorated by two, three, or four hydrogen atoms, with all
tional modes ascribed to a neutral Ay-Benter with ortho- ~&0ms in a monoclinic-I configuration. Hydrogen atoms oc-
rhombic symmetry, i.e., with features very similar to thoseCupy the common interstitial antibonding sites to a silicon
observed for the Pt-Hdefect. These results, though unani- Nearest neighbor. The third center, Si-NL64, has one gold
mously reporting the binding of hydrogen to gold, platinum,and two nearly equivalent hydrogen atoms in a triclinic ar-
etc., to be an effective process, differ nevertheless still in th&angement. It appeared to be quite similar to the well-studied
details of complexes formed and their activity. Further stud-platinum center Pt-Hand the(dis)similarities between the
ies, in which theoretical work on stability, symmetry and two centers are discussed. In all modeling the idea of accom-
electrical activity of centers will play an important rofe>?>  modating gold atoms in a silicon divacancy has been a lead-

are required for future progress in this field. ing thought.
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