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Interstitial-Carbon Hydrogen Interaction in Silicon
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The T-line luminescence system is created in Si by annealing at 400260@hifts and splitting
of the spectral features withC and D isotope substitution identify the presence of two C atoms and
one H atom in the center. Uniaxial stress and magnetic field measurements show tiiateheer
has monoclinicIl symmetry and possesses an acceptof() level at 0.2 eV below the conduction
band. Ab initio cluster calculations lead to a structure in which an interstitial C-H defect binds
with a substitutional C atom. The calculated vibrational modes are in good agreement with those
observed. [S0031-9007(96)01761-9]

PACS numbers: 78.55.Ap, 71.55.Cn, 78.20.Bh

It is well established now that hydrogen is a commonthe four observed local vibrational modes and account for
contaminant in silicon [1-4]. It can interact with both their isotope shifts.
shallow and deep level centers and eliminate their elec- The material employed in the work reported here was
trical [1] and optical [1,4] activity. However, hydrogen mainly FZ silicon with [C]~2 X 107 cm™3; one sample
can have a quite different effect. In this Letter we reporthad a!*C/'2C ratio of~1.4. All the material was saturated
the structure and properties of an optical center created with ~1.5 X 10! cm™3 H, D, or a H+ D mixture by
silicon which is stabilized by the interaction between hy-heating in flowing gas for 30 min at 130G, and rapidly
drogen and interstitial carbon. This center gives rise taooling in silicone oil [8]. The material was then irradiated
the T-line (0.9351 eV) luminescence system which is cre-with a flux of either10'” cm™2 neutrons, with a Cd ratio
ated in either float-zone (FZ) or Czochralski (CZ) grownof 25, or2 X 107 cm™2 2 MeV electrons, followed by
silicon by radiation damage and subsequent thermal treaénnealing for 30 min at 45@C. The photoluminescence
ment in the temperature range 400—6QG0 or by thermal (PL) was excited by a 514 nm Arlaser and detected with
treatment alone in carbon-rich CZ Si [2—6]. It can alsoa Fourier transform spectrometer fitted with a North Coast
be created in some [5,6], but not all [7], FZ Si by thermalcooled Ge diode detector. Uniaxial stress measurements
treatment without radiation damage. This center has beemere made with stresses up to 160 MPa. Magnetic fields
long known to be carbon related, a conclusion originallyup to 5 T were employed.
based on sample statistics [5], but subsequently confirmed Figure 1 shows a PL spectrum of tlfeline system
by a shift in the zero-phonon line witAC isotope substi- obtained at 35 K from a sample saturated with deuterium.
tution [6]. However, recent investigations of silicon de- The line at 1.75 meV higher energy than tlieline is
liberately doped with hydrogen-deuterium mixtures haveassociated with a zero-phonon transition from a higher
shown that hydrogen is also involved in this center [2—4].excited state. The phonon-assisted region at lower energy
We present the effects of isotope substitution on the locatontains a broad sideband of perturbed lattice modes, typi-
vibrational mode features observed in the luminescenceal of carbon-containing defects [9], together with several
spectra, the effects of uniaxial stress and magnetic fieltbcal mode satellite;—Ls and resonance modés and
perturbations on the zero-phonon line, and temperaturg,. Above 10 K, all theL mode features are doublets
dependence measurements. These show that the centairroring the two zero-phonon transitions, showing that
contains two inequivalent carbon atoms and one hydrogethese features are all associated with the same defect.
atom, has monoclini¢ symmetry, and creates an electron We first discuss the isotopic shifts of local mode features
trap at 0.2 eV below the conduction band. Within thesewhich reveal the chemical composition and atomic struc-
constraints, we usab initio local density functional clus- ture of the center. I®’C +* C + Hand’C + H + D
ter theory to show that the structure consists gfl@) mixed isotope materials, thE line splits into two com-
oriented pair of carbon atoms which share a lattice siteponents establishing that the center contains carbon and
together with one hydrogen atom attached to one of th@ydrogen (Fig. 1). Similar isotopic splitting can be ob-
carbon atoms. The calculation also allows us to assigserved for the zero-phonon transition associated with the

4812 0031-900796/77(23)/4812(4)$10.00 © 1996 The American Physical Society



VOLUME 77, NUMBER 23 PHYSICAL REVIEW LETTERS 2 BCeEMBER 1996

gests that the splitting of the line is due to the lift-
ing of orientation degeneracy. The number of compo-
nents and the absence of thermalization suggest that the
e ptc symmetry of the center is monoclinit [11]. This is
b) ‘/\[L not in agreement with the results of earlier study [6],
where a smaller number of split components was ob-
served, probably due to the lower spectral resolution
employed. Temperature-controlled measurements have
shown that with increasing temperature in the range 20—
60 K, the PL intensity decays with an activation energy
of 32 meV, which is much smaller than the total bind-
T ing energy of the electron-hole pai235 meV. This is
800 840 880 920 consistent with thel'-line luminescence being related to
Photon energy (meV) the recombination of an exciton bound to a neutral cen-
FIG. 1. PL spectrum of theT-ine luminescence system ter, where one particle is bound into a deep level state

recorded at 35 K. The local mode satellites are Iabeled”,md the other is Weakly bound in the Colulom.b poten—
L;. The inset shows the isotope splitting of the zero-phonoriial produced by the first. The thermal dissociation of
line at 4.2 K in material containing (a¥C + H+ D and the bound exciton and PL decay, in this case, is asso-
(b) 2C +13 C + H. ciated with an excitation of the weakly bound particle
to the nearest band. A detailed analysis of the uniaxial
higher energy excited state. However, unlike the zeroStress and ma_gneticfielo! measu.rem.ents has shown that the
phonon line, theLs local mode splits into four components shallow effective-mass-like particle in the bound exciton

in the mixed carbon isotope material (Fig. 2) which unam-S @ hole, contrary to a previous suggestion [6], and conse-

biguously shows that the defect contains two inequivalenfluently the defect possesses a deep acceptor levi)(

carbon atoms, contrary to a previous conclusion [6]. Th L O.dZ ?1\/ bﬁlo"l‘)’ t::e _condfucr;[ior;] k;and 57]' It has |bf'ee|3
splitting of a zero-phonon line is dependent on the naturéoUNd that the behavior of the hole under external fie

perturbations, as well as the strong anisotropy ofgthen-

of the electron-phonon coupling [10], and, although this X -
effect is extensively used for chemical characterization, i or, can be successful!y degcrlbed by the charactensﬂcs of
' the valence band maxima, in agreement with the hole be-

does not unambiguously reflect the atomic structure of th g bound by the Coulomb potential [7]. In addition, the

center. The modes and their isotope shifts are listed it X X
Table I. They give no indication thz§ more than one hy_anaIyS|s of the magnetic data has shown that the defect

drogen atom is involved in this center in its neutral ground state has an uncoupled electron with

1 .

Next we discuss the results of external field perturbaSPin 3 and ag factor close to 2. Upon photoexcitation,
tion measurements, which reveal the symmetry of the cenfvhen an exciton Is bound to the defect and an additional
ter and the origin of the luminescence transitions. BotH!€ctron occupies the acceptor level, the two electrons are

the zero-phonon lines split into 2, 3, and 4 componentSPUPled in a singlet state with = 0, so that the magnetic
under uniaxial stresses alo00), (111), and(110) di- splitting of thg exmtgtlj state is determmed by the weakly
rections, respectively [7]. The relative amplitudes of thePound hole with spin; and strong anisotropig factors

peaks do not depend on temperature, which strongly sud‘-’h”e the splitting of the final state is determined by the
electron. This fully accounts for the observed structure of

the Zeeman splitting, which corresponds to transitions be-
tween states with spié\ and explains the absence of ther-
a) malization between the two sublevels of the final ground
state and the absence of exchange coupling between the
bound exciton particles [6]. Note that the paramagnetic
nature of the center in its neutral state is consistent with
the presence of one hydrogen atom in the defect.

Having established the chemistry and symmetry of the
b) center, we now describe the results alf initio cluster
calculations which lead us to a unique model of the defect.
Details of the method and applications to substitutional
T O S S T SO S carbon (G), interstitial carbon (@, and the dicarbon

805 810 defect (¢ — C;), as well as defects containing hydrogen,
have been given previously [12—-14] and will not be
Photon cnergy (meV) repeated here. A trigonal 88 atom clusterHSi;3H4,
FIG. 2. PL spectra of thes local vibrational mode feature Was used in all calculations presented here, all atoms were
from material containing (aC + H and (b)!>’C +'* C + H. relaxed until the equilibrium structure was determined.
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TABLE I. Comparison between calculated and (experimental) vibrational modes, &on the(100) oriented C-(CH) and C-(CD)
defects, along with their downward isotope shifts.

Sym Mode 12C-(12C-H) A 12C-(13C-H) A BC-(2C-H) A BC-(13C-H)
A 2913.6 8.3 0.0 8.3
A 1180.4 1.8 5.5 6.9
A Ls 1097.8 (1056.0) 19.2 (18.0) 20.7 (27.0) 40.8 (45.0)
B 870.7 1.7 0.0 1.7
A Ly 743.6 (796.0) 1.0 22.0 (25.0) 23.1 (25.0)
A Ls 558.0 (567.5) 4.9 (7.5) 3.4 (3.0) 7.6 (10.0)
A L, 542.4 (531.5) 3.7 (4.0) 0.2 (2.0) 3.8 (5.5)
Sym Mode 12C-(12C-H) A 12C-(13C-H) A BC-(2C-H) A BC-(13C-H)
A 2138.3 12.1 0.0 12.2
A Ls 1102.2 (1052.0) 17.1 (16.5) 24.3 (20.5) 42.3 (38.0)
A 892.6 45 8.1 12.5
A Ly 713.7 (759.0) 0.9 16.6 (16.5) 17.3 (16.5)
B 643.6 4.0 0.2 42
A Ly 552.7 (558.5) 4.0 (5.3) 2.7 (2.5) 6.1 (7.7)
A L, 539.2 (528.0) 2.5 (1.3) 0.1(—1.8) 2.5 (2.3)

The second derivatives of the energy with respect t®58 and542 cm™! are close to the Raman frequency,
atomic positions were calculated for the C and H atomsand involve predominantly the motion of;CGand G,
as well as their nearest Si neighbors. Energy seconrkspectively, as well as their Si neighbors. There is close
derivatives for the remaining atoms were taken from theagreement between the modés to Ls; observed by
Musgrave-Pople potential found by a previoais initio  PL and the calculated vibrational modes which enables
calculation [15], and the dynamical matrix of the cluster,them to be identified (Table I). The two highest energy
and hence its vibrational modes, were calculated. modes at 2913 and180 cm™! are undetected by PL.
We first note that the C-relatdds mode atl056 cm™!  However, the intensities of the phonon-assisted transitions
lies within 130 cm™! of modes due to £and more than are critically dependent on the exciton-phonon coupling,
400 cm~! above those of C[16]. This suggests that the and not necessarily all local modes can be detected by
T center contains C We now argue that the observed PL. In addition, there is an experimental problem in
C-isotope shifts of the.s mode suggest the presence ofobserving the highest energy local mode since the Ge
a C-C bond. This follows as the reduced mass of arletector is insensitive in the region where the position
isolated C-C unit implies that its stretch frequency wouldof the corresponding luminescence line is expected. The

shift downwards by 20, 20, andl cm™! for '3C-2C,  C;-C, stretch mode lies close fo; and has carbon isotope
12Cc-13¢C, and'3C-13C, respectively. These shifts roughly

agree with the observed values of 18, 27, a@ddcm™!

for the H case, and 16.5, 20.5, ad8icm™! for D. The
different shifts in the two mixed C-isotope cases imply
that the C atoms are inequivalent, and the distinct shifts in \ ’
the H and D cases suggest that H is bonded with one of the
C atoms. Thus we look for models wiifi;, symmetry
containing G and C-C-H units.

Several models were examined [17], and the ground
state structure was found to be the one shown in Fig. 3
where a(100) oriented C-C pair share a substitutional
site. The H atom is attached to one of the carbon atoms,
denoted ¢, and the second undercoordinated carbon atom
is labeled G. The calculations show that the;<C,,

C4-H, GC;5-Si, and G-Si bond lengths are 1.46, 1.11, *

1.91 (2), and 2.05 (2) A, respectively. The calculated
vibrational modes and their isotope shifts are given in X
Table I. Now, PL only detects modes df symmetry, _,4// 3
and we concentrate on those at 2913, 1180, 1098, 744,
558, and542 cm™!. The first four modes correspond

predominantly to G-H stretch, G-H wag, G-Cy stretch,  FiG. 3. The proposed structure of the defect giving rise to the
and G-Si stretch, respectively. The last two modes atT center.
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shifts 19, 2141 cm™! in the H case and 17, 242 cm™! provide further evidence that thermal treatment of CZ Si
in the D case. These shifts are in good agreement witteads to a generation of ;Siwhich can be subsequently
the experimental values 18, 2% cm™! and 16.5, 20.5, trapped by G to produce mobile € The stability of
38 cm™!, respectively, observed foks. We therefore the T center over an important temperature range (400—
identify the Ls mode with G-C; stretch. The &Si  600°C) where thermal donors are generated may enable it
stretch mode a?44 cm™! involves the movement of H to be used to monitor Sproduction. The results reported
as well, but has little amplitude onyC As a consequence, in this paper show that the presence of hydrogen can
this mode displays large isotope shifts with bétle and  lead to the formation of unusually stable electrically and
D—23 cm~ ! and30 cm™!, respectively—but essentially optically active defects.
no additional modes appear in the mixed C-isotopic cases. In conclusion, a combination of high resolution pho-
These results allow us to identify the mode with at  toluminescence experiments, Zeeman and uniaxial stress
796 cm™!, which decreases by 25 asd cm™! for 3C  studies, andab initio theory have successfully eluci-
and D, respectively, and involves the motion of only onedated the structure and properties of an interstitial carbon-
of the C atoms. Finally, the two lowet modes at 558 hydrogen defect in silicon.
and542 cm™! (H) are in good agreement witky andL,, This work was carried out with funding from the
at 567.5 and31.5 cm™ !, respectively. These modes are Engineering and Physical Sciences Research Council.
more delocalized and have only small shifts with D andR.J. and P.L. thank the HPCI for computer time on the
the various combinations of the C isotopes. T3D at Edinburgh. S. Oberg thanks the Swedish National
The neutral defect has a deep midgap donor leveScientific Research Council for financial support as well
occupied by one electron, although the theory is unable tas the PDC for computer time on the SP2 at Stockholm.
locate it exactly. This donor level has not been reported
so far. The acceptor level &. — 0.2 eV would then be
explained by a large Hubbard-term of at least 0.4 eV.
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