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Optically active hydrogen dimers in crystalline silicon

A. N. Safonov, E. C. Lightowlers, and G. Davies
Physics Department, King’'s College London, Strand, London WC2R 2LS, United Kingdom
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We report the effects of uniaxial stress and magnetic-field perturbations and of H-D isotope substitution on
luminescence at 1.151 and 1.138 eV in crystalline silicon. The two centers responsible for these luminescence
systems are shown to have symmetry and atomic compositions similar to those predicted for hydrogen dimers.
The centers create acceptet/0) levels near the conduction-band minima and are paramagnetically inactive in
their neutral states. The mechanism of formation of the defects is discliS€4dh3-182607)50148-2

Diatomic hydrogen centers have been long suggested toound to isoelectronic acceptors that contain two hydrogen
be one of the most fundamental forms of hydrogen impurityatoms either in equivaleriB ;) or inequivalentB?,) posi-
in crystalline semiconductors. The existence of moleculations, and which create localized electron levels near the
hydrogen in crystalline silicon was first proposed in 1883. conduction-band minima.
Since then, centers containing two hydrogen atoms have The material employed in the work reported here was
been considered in many theoretical calculations, but untimainly high purity ¢(~1000 (2 cm) float-zone Si, saturated
recently little experimental information has been availablewith ~1.5x10'® cm™2 H, D, or a H+D mixture by heating
about the properties of these centers. Theory predicts twt flowing gas for 30 min at 1300 °C and rapidly cooling in
kinds of hydrogen dimers, Hand H: , with comparable Silicone oil.> The samples were irradiated either with a total

17 Ay =2 ; ; :
stability in crystalline silicorf,® and the observation of local gux 8‘1710 7sz2 neutrlons, W'thfa”Cd rgt't? of 25, ?r W'fth
vibrational modes attributed to Hhave been reported in <1077 cm MeV electrons, followed by annealing for

. . . . 30 min at 450 °C. Photoluminescence measurements, with
proton implanted silicofi.The H, vibrational mode has been + e .
observed recently in Raman spectra of silicon treated in h 514 nm Ar” laser excitation, were carried out at 2 and 4.2 K
yin P . .Jusing a Bomem DA8 Fourier transform spectrometer fitted
drogen plasmd,but it has been argued that the signal is

with a North Coast Ge detector. Uniaxial stress measure-

associated with the high concentration of molecules in th(?nents were made on x-ray-orientedX2x 2 mn? samples
near-surface damaged region and not with separated mol;,q4 magnetic fields upt5 T were employed.

ecules at interstitial sit€sOne of the questions of particular Figures 1a) and 1d) show the spectra of the 1.138 eV

interest concerns the electrical properties of diatomic hydro(B%l) and 1.1509 eMB ;) luminescence systems obtained
gen complexes. Despite different views on the stability andyt 4.2 K from hydrogenated silicon. Both spectra have simi-
structural properties of hydrogen dimers, it is generally bejar structures and contain three sharp lines associated with
lieved that these centers are electrically and paramagneticalye zero-phonon transitions from the excited electronic states
inactive, accounting for the difficulties of their experimental of the defects. The intensity ratios of the lines vary with
observation. The existence of a negative charge state,of Hremperature and the variations are proportional to Boltzmann
has been suggested from the observation of the NL-52 elec-

tron paramagnetic resonan@PR center® Later, this sug- ' ' ' ' ' ' '

gestion was rejected on a theoretical ba¥isand a more — 2H
recent investigation has shown that NL-52 is probably asso- HD HD

; . L —
ciated with a hydrogen-vacancy compféxThe purpose of DH D

T 1

this paper is to show that hydrogen can form electrically and 2D
15 1

1 1
optically active diatomic centers in crystalline silicon, whose
. i o @H @H
symmetry, atomic composition, thermal stability and para-
magnetic inactivity exactly match the properties of hydrogen %
dimers predicted by the theory. The results of photolumines- M ®)D ﬂ (D

cence(PL) investigations of two complexes, with principal

zero-phonon transitions at 1.1509 eV and 1.138 eV, are re-S
ported. It has been shown previously that these Iuminescencg M M
systems are associated with the recombination of excitons

1 | 1

bound to trigonal centers, called ,B and B}, : : : :
respectively:>'*although the defect structures and the origin 11375 1138 11385 1.139 11505 LIS L1515
of exciton binding have not been .dis.cussed. In this paper we PHOTON ENERGY (eV)

present detailed analyses of uniaxial stress and magnetic-

field measurements and also the effects of H-D isotope sub- FIG. 1. Spectra of the & (a)—(c) and By, (d)—(f) centers ob-
stitution on the luminescence features. It is shown that theained at 4.2 K from silicon deliberately doped wii and(d) H,
transitions are consistent with the recombination of excitongb) and(e) D, (c) and (f) H+ D mixture.
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population factors with energies close to the spectral separa- . e
tions between the lines. Substitution of hydrogen by deute—; 1151k ¥,

rium produces relatively large shifts of the zero-phonon tran-
sitions towards lower energy, which allows the line
structures in the mixed isotope case to be resolved. The spec
tra of Si saturated with D and-HD mixture are presented in
Figs. 1b) and Xc) for B%l and Figs. 1e) and Xf) for B 4;.

For the B,; center the splitting of each line into three com-  4.1s50
ponents shows the presence of two equivalent hydrogen at-

oms. In the case of the 1B center the additional splitting of

the central components, corresponding to the defects with
mixed isotope composition, is caused by two hydrogen at- FIG. 2. The circles show the energies of the transitions from the
oms in inequivalent positions. Note that isotope substitutiorB,,; center as a function of magnetic field alof@p0, (111), and
does not change the energy separation between the excitétll0 directions. The lines are the calculated fit.

states, and that all three lines at thg,Band B}, centers

energy (€

Photon

o T
r
F

Magnetic field (T)

undergo identical isotope shifts and have similar isotop exchange interaction is described by a paramé®s defined
o §n Ref. 18 and which essentially is the splitting of the lowest-
splitting. _ L energy pair of lines.

To investigate the nature of the optical transitions, the The combined effect of internal strakﬁ which splits the
effects of uniaxial stress and magnetic field perturbations are Lrfold I'y hole state, and determinesl t’he energy separa-

con5|deireddf |nbdeta|l_. B?th thde Ief;ects_tcanb be guthessfullyions between the exciton states and the ratios of the transi-
accounted for by a SImple Model of Exciton bound (0 ISOeleCy;, , probabilities from the different excited states. This ex-
tronic acceptor. The basic assumption used in the calcul Jlains the observed structure of the zero-phonon

tions is that the excited states of the defects can be describ inescence spectréFig. 1), which contain three sharp

as localized exciton states, where the electron is bound by fhes associated with different exciton states. In the case of

neutral defect potential in a shallow orbitally nondegenerate . o .
state while the hole is primarily bound by the Coulomb ﬁekﬁrlgonal sz/mmetry allot.h&” components are equivalent and
qual toe®/3, wheree® is the strain along &111) direction.

of the electron. We assume also that the defect in its groun : - ;
S L e find that the splitting between the bound exciton states

state has spis=0, so that exchange coupling is expected S " o
and the relative intensities of the observed transitions can be

only between the bound exciton particles. : .
. i accurately fitted by two zero-field parametérs0.266 meV
As a result of being bound by a long-range Coulomb po and €°=—0.12x10"2 for the By, center ands=0.434

tential, the hole has characteristics similar to those ofithe N .
Mg eV ande®=—0.2x10"2 for B3,. The calculations also

hole in a shallow acceptor ground state. The effects of mag- ~ . » . .
porg gmedlct two additional exciton states. The transitions from

netic field and uniaxial stress perturbations ohigghole are pr A
well known® and we can write the hole Hamiltonian as these states are prohibited in the unperturbed crystal but can

HM"=H"(e)+H"(B). Here the effect of strain is described by be observed in a magnetic field. Both systems have similar
Zeeman splitting structures and the magnetic properties of
g the excitons bound to the centers can be accurately described
1 by the same parametegs=1.0,9,=0.03. The circles in Fig.

Hh(e):blz (Jiz_l)e““Lﬁ%: iditei, (D 2 show the effect of the magnetic field on the transitions

associated with the B center, where the lines are the calcu-

lated fit. It can be seen that under magnetic-field perturba-

tions additional transitions originating from the forbidden
tates become allowed through their mixing with the other
ound exciton states.

Figure 3 shows the effect of uniaxial stress on the lower-
energy luminescence lines associated with th#}l.BThe
HN(B)=ugg1 > BiJi+0,> BiJ?, (2)  circles represent the experimental data and the lines are the-

| I

where{J;J;}=1/2(3;J;+ J;J;), J; are the angular momentum
projection operatorsg;; the strain tensor components, and
b,, d, are deformation parameters. The effect of a magneti
field with component®, , By, B, is described by

1.138
where ug is the Bohr magneton and,,g, are the holeg
factors.

We assume that the electron is bound in an orbitally non-

degenerate state with spa+ 3and isotropicg factor of 2
and has a linear response to the small stresses considered 2 1.136+
this work. Its stress dependence can be described a
H®(e)=ZAj€; by two coupling parametera;; within the L Lo
approach developed in Ref. 17. The symmetry-lowering ef- 8 0 40 80 0 40 &

fect of a defect potential on the hole states can be accounteu Stress (MPa)

for by internal strain components; . Note, thatej; is not FIG. 3. The circles show the energies of the transitions from the
necessarily a real strain but parametrizes the defect potentia?, center as a function of uniaxial stress algi§0), (111), and
The coupling between the electron and the hole through thé110) directions. The lines are the calculated fit.
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oretical fits obtained with the hole strain parametersenergy separation between the luminescence lines and that
b,=—1.9 eV,d;=—4.8 eV, and electron strain parametersthe structures of the spectra associated with different isotope
in Kaplyanskii’s notatioh’ A;=1.3 eV,A,=—2.2 eV. Simi-  compositions are similar. This is related to the fact that all
lar to this the effect of stress on the lines associated wijth B the bound exciton states have the same electron but different
can be accurately accounted for with the same hole paranhole components. Therefore, the identical shifts of all the
eters andA;=1.6 eV,A,=—1.1 eV. lines show that it is the coupling between the electron and
The two luminescence systems appear to have many simiattice that is responsible for the H-D isotope effect. The H-D
larities associated with the properties of the effective-massisotope substitution disturbs only the electron part of the
like holes, which reflect the characteristics of the valencebound exciton confirming the localized nature of the electron
band maxima, in agreement with the holes being bound by state.
Coulomb field. The hole parameters are identical for both The results of the external field perturbation measure-
centers and very close to those corresponding to the otherents show that the nature of the luminescence transitions is
shallow effective-mass-like states and also to the valenc&onsistent with the defects having accefitor0) levels close
band parameters. The strong anisotropy of the Zeeman g the conduction-band edge. The unusually small total bind-
spllttlng observed_ for both centers is the direct effect of theIng energies of electron-hole pairs relative to the band-gap
trigonal perturbation on thEg hole states. In contrast to thea?nergy,~19 and 32 meV for B, and 3%1, respectively, do

hole, the electron occupies a much more localized orbit . . . .
reflecting an electron attractive nature of the defect potential, ot cgntrad|ct this concluspn. Although the hole is bounq by
he field of the electron its energy can be substantially

While the stress dependence of the hole is determined pri- ller than that ding to th Coulomb pot
marily by deformation of the silicon lattice, since stress ha maller than that corresponding fo the pure L.oulomb poten-

no direct effect on the Coulomb potential, the energy of thdial created_ by a point charger The finite size of the electron
electron state critically depends on the deformation of theVave function and the repulsive character of the defect po-
defect itself. The latter effect cannot be accounted for by thd€ntial can reduce the hole energy. _
properties of the conduction-band minima, despite the small We discuss now the atomic structures and the formation
electron binding energies. For example, stress alo(a) ~ ©f the By and By, centers. Investigations carried out on a
direction splits electron states associated with differently oriWide range of materials provide no indication that oxygen,
ented centers, although the six conduction-band valleys resarbon, any group-Iil and -V elements or any other impuri-
main degenerate. The critical dependence of the electron efi€S that can be present or inadvertently incorporated, except
ergy on the position of the defect atoms is consistent with thélydrogen, are involved. Both centers have been observed
electron being bound by a neutral short-range potential angfter electron or neutron irradiation and subsequent anneal-
suggests a strong localized coupling between the electrofd at 420—480 °C in various types of material, includimg

and the lattice. Two features observed in PL spectra provid@nd p-type float-zone and also Czochralski-grown silicon,
evidence for the high degree of localization of the electronProvided that the donor or acceptor concentrations are less
First is the presence of a broad band on the low-energy sid&an 2<10%° cm™2. In addition, a detailed investigation of

of the B, spectra, associated with phonon-assisted transiSamples with different carbon isotope composition has been
tions, with total intensity corresponding to a Huang-Rhysca”'ed out which reveals no carbon isotope effect on the
factor ~1.3 and with coupling to modes with all wave vec- Z&ro-phonon lines. It is worth noting that the paramagnetic
tors. It is well known that the vibronic sideband is producediNactivity of the defects in their neutral states puts certain
by the molecular configuration being different in the groundCoNStraints on their atomic compositions. In particular, it im-
and the excited electronic states of the center and is criticallplies that if the centers contain any other impurity atom in
dependent on the magnitude of the electron-phonofddition to the two hydrogen atoms then it should have an

coupling? The presence of short-wave-vector lattice mode£Ven number of electrons. Certainly, radiationldamage plays
in the vibronic sideband, which reflects the features of the? crucial role in the formation of the 8 and By, centers,
phonon density of states, indicates the localized nature of th@ince both of them have been observed only in irradiated
coupling. Second, the relatively large zero-phonon H-D iso/material. However, it does not follow that they involve va-
tope effect can be accounted for by such electron-phonof@ncies V) or silicon interstitials (). In fact it is virtually
interaction. For light impurities like hydrogen, vibrational impossible to construct realistic trigonal models involving
modes involve predominantly the motion of only one or atwo hydrogen atoms and vacancies or silicon interstitials
small number of atoms near to the center. The substitution ¢tnd, to the best of our knowledge, the theoretical calculations
H by D changes the atomic configuration of the defect due t®n hydrogen-related centers, including radiation damage de-
the anharmonicity of local vibrations, which is equivalent to fects, predict no centers with this observed symmetry and
the introduction of local strain. It can be shown that suchatomic composition other than Hand H; . The hydrogen
isotope induced strain has an order-00.025 for hydrogen- molecule inside a vacancy is expected to be unstable since
related centerst The magnitude of linear electron-phonon the configuration of hydrogen saturating dangling bonds has
coupling can be estimated from the effect of uniaxial stres@ considerably lower energy than the H-H bdnallso, one
on the localized electron and is an order-ei eV per unit. ~would expect that vacancy or silicon interstitial complexes
This gives an isotope shift of 0.25 meV, in qualitative agree-not totally saturated with hydrogen should produce deep lev-
ment with the observed experimental values. els in the band gap. In contrast, the,Band B}, centers
The observed isotope effect provides a strong argument iproduce very shallow levels, indicating that they do not con-
favor of the proposed model of the bound exciton. We havdain dangling bonds. To explain the role of irradiation dam-
noted before, that the H-D substitution does not change thage we have to note that the,Band B}, centers appear only
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after annealing at temperatures above 400 °C, which sugsbstructs their complexing. Finally, we have to note that the
gests that they may be not the radiation damage defects babove mechanism involving,,H,, andl ,H,, might possibly

the products of their dissociation. The results of infrared abtake place during the formation of Hin plasma-treated
sorption measurements, carried out in conjunction with phosilicon,” where the maximum K concentration is observed
toluminescence measurements, show that during isochronat T~400 °C, similar to that for B, and BY;.

annealing in the temperature range 350—400 °C the forma- Most of the characteristics of the 48 and B}, centers
tion of the By, and B}, centers coincides with the annealing appear to coincide with the description of hydrogen dimers
of many Si-H stretch vibrational modes in the region nearProvided by theory, except for the electrical activity of the
2000 cm %, including the 2223 cm® line, which has been centers which has not been predicted in theoretical calcula-

attributed to the fully saturated vacancy compleld—lg).zz tions. However, the latter is not a serious contradiction con-
Possible mechanisms of the,B B2, centers formation sidering the very small binding energies of the electrons at
71

could involve an interaction betweén,H,, complexes and the By, and By, centers. In principle, given the method of
silicon interstitials or betweeh H . complexes and vacan- Producing the centers, the shallow state may be derived from
cies, which can remove radiation damage and leave a pair nearby local defect, but we have argued above that this is

hydrogen atoms in a close configuration. For example nlikely.
AT g ' P&, conclusion, it has been shown that the luminescence

ViHa+21=H,. The efficiency of such reaction will rapidly 5 ngjtions associated with two diatomic hydrogen centers,
decrease for large value of so the production of a high B, and B% can be successfully accounted for as a recom-
concentration of dimers will require a high concentration of i vion o' 6xcitons bound to isoelectronic acceptors. The
complexes Wilth smalh. This could account for the fact that ,p,coeq H-D isotope shifts and the structure of Iumines-
the B,; and By, centers can be produced by 2 MeV electrons;gycq features under magnetic field and uniaxial stress per-
and thermal neutron irradiations, but not by irradiation with¢,rhations are shown to be consistent with the defects creat-
fast neutrons which produce large radiation damage clusterg,q |ocalized electron statés-/0) near the conduction-band
Thus the hydrogen-vacarieinterstitia) complexes pro- minima The observed trigonal symmetry, paramagnetic in-
duced by radiation damage can play the role of dimer prez ity and similar thermal stability of the defects, together
cursors, which provide the mechanism for bringing hydrogen,;i, their atomic compositions, are consistent with the prop-
atoms together. The latter can be an important factor in thgies of hydrogen dimers predicted by theory. These results

formation of multiatomic hydrogen complexes since theoretyongly suggest the existence of electrically and optically
ical calculations predict that hydrogen atoms commonly existtive dimers in crystalline silicon.

in a negative or positive charge state in crystalline silicon
depending on the position of the Fermi lek&knd, conse- This work was carried out with funding from the Engi-
quently, there is a Coulomb repulsion between the atoms thateering and Physical Sciences Research CoudcH.).
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