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Th e electr ic al and optical prop ertie s of semicond uctors are lar gely de-
termined by the defects and impuriti es they contain . Without a doubt , hy-
drogen is the impurity w hich exhibi ts the most varied and exotic prop erties.
I n most semiconductors , it is found in three charge states and four conÙg-

urations. I t forms (at least ) tw o typ es of dimers as well as small and large
precipitates such as platelets. H also interacts w ith impurities and defects.

I t remo ves or changes the electrical activity of many shallow and deep cen-
ters, and cataly zes the di ˜usi on of interstitial oxygen (in Si). Sometimes, it
exhibits quantum tunnelin g and is associated w ith unusual e˜ects such as
Fermi resonances. But one of the most exotic forms of hydrogen in Ga A s and

Si is the interstitial H 2 molecule , w hich app ears to play a critical role in pro-
cesses such as the \smart cut ". I t is the only interstitial molecule observed
(so far) in semiconductors . In GaA s, it b ehaves li ke a nearly- free rotator,
w ith prop erties very much as one w ould expect them to be. But in Si, the

early experiments w ere puzzlin g. N o or tho/ para splitti ng w as observed, the
symmetry app eared to be C 1 , the single H D line w as at the wrong place and
had the w rong amplitude, and other features seemed strange as w ell. Recent

experimental studies have now resolved many issues. H ow ever, the behavior
of the simplest molecule in the U niverse pro ved to be a tough nut to crack,
w hich goes to show that devils can be a lot more fun than angels af ter all.

PACS numb ers: 61.72.{y , 66.30.Lw , 72.10.Fk

1. H y d r ogen in cr y st a l l in e sem ico nd uct or s

Hy drogen is an una voidable impuri t y in m ost semiconducto rs. It penetra tes
into the m ateri a l duri ng the growth ( from the source m ateri al or the ambi ent)
and duri ng m any pro cessing steps such as wet etchi ng, the depositi on of surface
layers (wet oxi des, ni tri des, organi c masks), or even m etal l ic conta cts. Hydro gen
can also be intro duced by exposure to plasma at a few hundred degrees Cel sius or
pro to n impl anta ti on. It is vi rtua l ly always present som ewhere duri ng a process and
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rem ovi ng i t norm al ly requi res high-tem perature trea tm ents. A num ber of revi ews
on hydro gen in semiconducto rs have been publ ished in the past few years [1{ 3].

Once hydro gen Ùnds i ts way into a crysta ll ine semiconducto r, i t di ˜uses
readi ly and seeks di storted or stra ined regions of the crysta l where i t form s a co-
valent bond, usually wi th a host ato m . Such distorted or stra ined regions of the
crysta l always exi st near defects (i mpuri ti es as wel l as nati ve defects). The tra p-
pi ng of H resul ts in som e rel ief of the stra in around the defect, a change in i ts
geometri cal conÙgurati on, and a shift of the associated energy eigenvalues. Thus,
hydro genati on shifts energy levels. The levels can shift from the gap into a band
( \ passivati on" ), from a band into the gap (\ acti vati on" ), or wi thi n the gap. Hydro -
gen passivates shal low acceptors and donors as well as m any deep levels associated
wi th nati ve (p oint or extended) defects. It is wel l -known for tyi ng up dangl ing
bonds at vacanci es. It acti v ates substi tuti onal C in Si, and shi fts the deep levels
associ ated wi th many tra nsi ti on m etal impuri ti es [4]. In addi ti on to changing the
electri cal properti es of the materi al , hydro gen also changesi ts opti cal pro perti es by
creati ng centers vi sible by photo lum inescence (PL) or Fouri er- tra nsform infrared
absorpti on (FTI R) and Ram an spectroscopi es.

Hydro gen also cata lyzes the di ˜usi on of intersti ti al oxyg en in Si [5]. Even
smal l am ounts of H dram ati cal ly enhance the form ati on rate and concentra ti on of
O-related therm al donors, wi tho ut H becoming i tsel f a part of these com plexes.
Two typ es of m odels have been proposed to expl ain thi s pro cess (f or a revi ew,
see [6]). In one, H satura tes a Si dangl ing bond whi le O is at i ts saddl e point for
di ˜usi on. Thi s stabi l izes the saddl e point, thus lowering the acti vati on energy. In
the other, H atta ches di rectl y to intersti ti al O thus tra nsform ing the Si{ O{ Si struc-
ture wi th two \ Ùxed" points (the two Si ato ms) into a Si. . .H{ O{ Si conÙgura ti on
(H is at an angle) in whi ch the f H, Og pai r can rota te about i ts only remaini ng
Ùxed point, the Si ato m. Thi s issue is f ar from resolved but il lustra tes how diverse
the intera cti ons of H in semiconducto rs are.

In a defect- and impuri t y-free semiconducto r, intersti ti al H is found at a
di storted bond-centered (BC) site [7 , 8] or a tetra hedra l intersti ti al (T) site. In Si,
i t exists as H+

B C ; H0
BC ; H 0

T ; and HÀ

T . Hydro gen in Si has negati ve-U properti es [9],
m eani ng tha t the energy of two isolated H 0

BC is higher tha n tha t of H+
BC and HÀ

T .
Fi gure 1 shows a schemati c potenti al energy di agram f or intersti ti al hydro gen in
Si [10]. However, there is a barri er for the tra nsiti on of H0 from the T to the BC
sites. The BC site becomes a minimum of the potenti a l energy only when an Si{ Si
bond distorts. In the perfect crysta l , the ti m e needed for thi s distorti on to occur is
of the order of 100 f s as i t is governed by the gamm a phonon. Mo lecular-dyna m ics
(MD ) simul ati ons show tha t thi s ti m escale is much longer tha n the ti me spent by
H 0

T at a given T site: the barri er for T- to-T di ˜usi on is incredi bl y low. Fi gure 2
shows the barri er for di ˜usi on of H0

T calcul ated dyna m ically at T = 0 K. In these
calculati ons, H is pushed wi th a Ùxed force from T to T site and the crysta l is
al lowed to relax. The faster H0

T i s pushed, the lessti me the Si ato ms have to react.
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Fig. 1. Potential energy diagram (Ref . [10 ], with permissio n) for the various charge

states of isolated H in Si. H + (top curves) exists only at the BC site and HÀ (b ottom

curves) only at the T site. H 0 (E3 ' center) is stable at the BC site and metastable at the

T site. I t di˜uses much to o fast from T to T site to overcome the T to BC barrier. T his

conversion occurs w hen H 0
T arrives in the vicinity of a defect or impurity (E3" center)

and self-traps at a nearby BC site.

Fig. 2. N eutral H is pushed at 0.3 eV / ¡A or 0.5 eV / ¡A from T site to T site in Si at

0 K . T he host atoms are allow ed to relax (con j ugate gradients) using Ùrst- principl es,

density- functiona l based MD simulations in 64 host atom supercell s w ith a 2 È 2 È 2

Monkhost{Pack k -p oint sampling. T he time step is 0.2 fs. The calculated barrier for

di˜usi on (0.155 eV ) must be reduced by the zero- point energy of hydrogen ( : eV ).

The T to BC tra nsiti on occurs onl y when the fast H self- tra ps at a BC
site in the vi ci ni ty of a defect or impuri t y [10], m ost comm only intersti ti al O in
Czochra lski Si or substi tuti onal C in Ûoati ng-zone m ateri al. Theo ry shows [6] tha t
H is indeed attra cted to such regions of the crysta l .

H{ H intera cti ons lead to the form ati on of di mers and larger preci pi ta tes. The
two best-kno wn dim ers are H2 and H2 , but at least two other dim ers (wi th the
H ' s farther apart) have been reported [11, 12]. The intersti ti al H2 molecule has
been predi cted to be stable over 20 years ago [13, 14] but has only recentl y been
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observed. T o date, seven disti nct Ram an l ines associated wi th H2 m olecules in
di ˜erent surro undi ngs in Si have been reported. The H Ê

2
com plex [15, 16] consists

of one host-host bond replaced by two host-H bonds, wi th one H near a BC site
and the other in an anti bondi ng positi on along the sam e tri gonal axi s.

W hen large concentra ti ons of H are present, for exam ple in the Ùrst few
m icrons of a sam pl e exp osed to a hydro gen plasma, H tends to preci pi ta te into
extended structures cal led platel ets, most often in f 100g and someti m es in f 111g

pl anes. The growth of these pl atel ets m ost probably involves H2 m olecules [17]
and is cri ti cal to the \ smart cut" [18] process.

The story of hydro gen in semiconducto rs is rich and fascinati ng. It involv es
a wi de range of phenomena, al lows the cl ose col laborati on between ab ini ti o theo -
ri sts and exp erimenta l ists, especial ly tho se using m icro scopic to ols such as FTIR ,
R aman, or PL. Thi s paper is a revi ew of the properti es of the isolated intersti ti al
H 2 molecule in the tw o crysta l line semiconducto rs in whi ch i t has been observed:
GaAs and Si .

2. T h e f ree H 2 m olecu l e

The energy spectrum of the free, neutra l H2 m olecule incl udes electronic,
vi bra ti onal , ro ta ti onal , and (nucl ear) spin states. W e are interested in the states
of the m olecule in the tem perature range in whi ch exp eriments in semiconduc-
to rs ha ve been perform ed, tha t is 4 K up to room tem perature. Li ght exci ta ti ons
inv olved in the FTIR and Ram an experim ents result in vi bra ti onal tra nsi ti ons.

The e l ec t r o n ic states are separated by several eV. Under the condi ti ons of
interest, only the ground electroni c state is inv olved.

The v i br ational states, E v ibr = ( n + 1 =2 ) ñh ! , are well separated in energy.
The m easured vi brati onal m ode of the free molecul e, 4161 cm À 1 , means tha t the
separati on between adjacent vi brati onal levels is about 0.5 eV, whi ch is of the
order of 6,000 K.

The r otational states have energies E r o t = j ( j + 1 )ñh 2 =M R 2, where R i s the
bond length. These states are separated by an am ount inv ersely pro porti onal to the
reduced mass of the m olecule. The heavi er the m olecule, the closer to each other
the rota ti onal sta tes are. For somethi ng as heavy as N2 , thi s is j ( j + 1 )0 : 4 7 m eV,
whi ch m eans tha t the states j = 0 ; 1 ; . . . ; 7 or so are occupi ed at room tem perature.
For H2 on the other hand, the rota ti onal energies are j ( j + 1 )7 : 3 m eV and onl y
j = 0 and j = 1 are occupied at ro om tem perature. Occupyi ng j = 2 requi res
som e 800 K ! Since j = 0 has only m j = 0 , it is spheri cally symm etri c, whi le j = 1

has m j = À 1 ; 0, +1 . Unl ess an electri c Ùeld gradi ent is present, these m j states
are energeti cal ly degenerate and H 2 in the j = 1 state is a l inear com binatio n of
these three states wi th equal coe£ ci ents. Thus, the j = 1 state also resembles a
sphere. In order to get di recti onal i ty , a m olecule tha t looks l ike a dum bb ell , one
needs l inear com binatio ns of m any j -sta tes, tha t is a m ore m assive m olecul e, wi th
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cl osely-spaced rota ti onal energy levels or a hi nderi ng potenti al whi ch m ixes the
j -sta tes.

Fi nal ly, the (nucl ear) s pin states must be considered. The two proto ns are
two fermions and thi s impl ies tha t the to tal wa vef uncti on must be anti sym metri c.
There are four com binati ons of the two spins. The three symm etri c combi natio ns
are " " ; " # + # " , and # # whi ch im pl ies tha t H 2 can only have odd rota ti onal
sta tes, tha t is j = 1 in our tem perature range. Thi s is or tho -hydro gen (o -H2 ), the
lowest energy state wi th an even spi n com bina ti on. The only odd com binati on of
spi ns is " # À # " whi ch impl ies even rota ti onal sta tes, for us onl y j = 0 . Thi s is
par a -hydro gen (p -H2 ), the ground state. T ransi ti ons from odd to even rota ti onal
sta tes (or vi ce versa) are forbi dden unl essthere is a mechanism f or Ûippi ng nucl ear
spi ns. Thi s requi res for exam ple large magneti c Ùeld gradients. Thus, the free H2

m olecule seen by Ram an spectroscopy shows tw o l ines wi th intensi ty rati o 3:1,
separated by 6 cm À 1 (p -H2 at 4161 and o -H 2 at 4155 cm À 1 ). The separati on
between the j = 0 and j = 1 states has been m easured [19] to be 120 cm À 1 . The
case of D2 i s opposite because the nucl ei are bosons and the wave functi on m ust be
sym m etri c. Since \ ortho " refers to the species wi th the largest stati sti cal weight,
o -D 2 is lower tha n p -D2 (by ¤ 2 cm À 1 ), the two l ines have intensi ty rati o 1:2, and
the separati on between j = 0 and j = 1 i s 60 cmÀ 1 .

It is useful to get a feel for timescal es . The vi brati onal frequency of the free
H 2 m olecule is 4161 cm À 1 . Using Ñ¡ = c and § ( vi b :) = 1=¡ , one Ùnds tha t the ti m e
inv olved in one com plete oscil lati on is ¤ 8 fs. But how long does i t ta ke for the
m olecule to rota te? The pro ton wa ve functi ons are not delocal ized over the enti re
m olecule and the proto ns are l imi ted by the speed of l ight: a 360£ ro ta ti on ta kes
a Ùnite am ount of ti m e. An estim ate is obta ined semiclassical ly f rom L = I ! . If
we set L 2 = l ( l + 1 )ñh

2 and l = 1 , wri te the m oment of inerti a of each pro to n as
M ( R =2 ) 2 ( R i s the bond length), and use § ( ro t : ) = 2¤ = ! , the am ount of ti m e
requi red for rota ti on is of the order of 250 fs. Tha t is long enough for about
30 vi bra ti ons! Let us note tha t the sam e order of m agni tude results from the
m easured energy separati on [19] between j = 0 and j = 1 , 121 cm À 1 = h= § (ro t. ),
whi ch gives 280 fs.

3. In t er st it ial H 2 i n G aAs

The hydro gen molecule has been detecte d in pl asma-exposed GaAs by R a-
m an spectroscopy [20, 21]. Its observed pro perti es are very m uch l ike one woul d
exp ect them to be. At room tem perature, the R aman m ode is at 3911 cm À 1 , about
250 cm 1 lower tha n the f ree-m olecule value. Such a dro p is expected because the
wa ve functi on of the molecule in GaAs tends to overl ap wi th i ts nearest neighbors
(NNs), whi ch weakens the H{ H bond. At low tem peratures, an or tho= par a spl i t-
ti ng of ¤ 8 cm 1 is cl earl y resolved (Fi g. 3) wi th the exp ected 3:1 intensi ty rati o.
Thi s im pli es tha t only the j = 0 and j = 1 states are involved. No l ine spli tti ng
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is observed under h 0 0 1 i ; h 1 1 0 i or h 1 1 1 i uni axi al stress [21], impl ying tha t H2 has
spheri cal sym metry , an observati on consistent wi th a nearly- free rota to r in the
j = 0 or j = 1 states. W hen a mixed H / D plasma is used, l ines corresp ondi ng to
H 2 , a sing le HD , and D2 are observed. These lines show the anti cipated am pl i tudes
and anharm onic shifts, except tha t the intensi ty of HD is rather low. None of these
l ines has yet been seen by FTIR .

Fig. 3. The Raman spectrum of H 2 in GaA s show s the expected o r t ho = p ar a splittin g

(Ref . [20] , w ith permissi on).

The theoreti cal predi cti ons [22{ 25] for H 2 in GaAs are ful ly consi stent wi th
the exp erimenta l data . The m olecule is found to be stable at the T G a site (the
center of mass is at the T site wi th four Ga NNs) wi th a very smal l barri er for
ro ta ti on, im plying a nearly free rota to r. The H{ H stretch frequency calcul ated
by vari ous autho rs is wi thi n 5% or so of the m easured one. W e have perform ed
Ùrst- pri nci ples (cl assical as far as the ato mic nucl ei are concerned) MD sim ulatio ns
in 64 host ato m periodi c supercel ls, ab initio pseudopotenti als, and ato m ic-l ik e
basis sets using the SIEST A [2 6 ; 2 7 ] metho d. A ti m e step of 0.2 fs was used.
As expected, the T = 0 K results Ùt ni cely wi th the stati c calcul ati ons of other
autho rs. The vi brati onal frequency of H{ H calcul ated from l inear response theory
[28] is 3824 cm À 1 , in close agreement wi th the observed R am an m ode. MD runs
at room tem perature [29, 30] show tha t the center of m assof H 2 moves around in
the T G a cage and tha t the m olecule underg oes a weakl y hindered rota ti on.

4. In t ers t it ial H 2 in si l ico n

Iso lated intersti ti al H 2 was seen by Ram an [31] (i n sam ples exposed to a
hydro gen plasma around 2 5 0 £ C) and, unexp ectedly, by FTIR [32, 33] (in thi ck
sam ples annealed around 1 2 5 0 £ C in a gas, then rapi dly quenched). Let us note
tha t the few m icrometers probed by R aman must conta in of the order of
1 0 1 9 m olecules per cm 3 , whi le the high- tem perature trea tm ents results in some
1 0 1 6 m olecules per cm 3 thro ughout the volum e.
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The H2 l ine is at 3601 cm À 1 (R aman, room temperature) and 3618 cm À 1

(FTIR , 10 K). The IR l ine wi dth is less tha n 0.1 cm À 1 wi th about 100 to 1
signal -to -noise rati o. The frequency drop by over 550 cm À 1 rel ati ve to f ree H2

i s m uch larger tha n anti cipated. It indi cates tha t the NNs Si ato ms around H2

\ steal " some electron density from the H{ H bond, weakeni ng i t, whi ch lengthens
the bond and reduces the stretch frequency. But a single H2 l ine was observed
instead of the exp ected two l ines wi th 3:1 rati o, corresp ondi ng to o - and p -H 2 .

Ano ther surpri se came from FTIR experim ents invol ving a m ix of hydro gen
and deuteri um . The D2 l ine is observed as well as a single HD l ine [34]. But the
intensi ty of the IR l ine associated wi th HD is less tha n one- thi rd tha t of H2 or
D 2 , whi le i t should be twi ce thei r size i f one assumes equal form ati on probabi l i ti es
for H2 , HD , DH, and D2 . Indeed, the hydro gen solubi l i ty as a functi on of the
hydro gen parti al pressure P vari es [35] as P 0 : 5 6 . Thus, in the hi gh- temperature
hydro genati on, H2 or D 2 di ssociate at the surf ace of the crysta l , di ˜use into the
m ateri al as atom ic species, then form intersti ti al m olecules duri ng the quench.
Yet another strange feature of the HD line is tha t i ts anharm onic shift is much
larger tha n expected [36]. The l ine is higher by 85 cm À 1 tha n estim ated (i ncludi ng
anharm onic correcti ons).

Uni axi al stress IR experim ents [36] for H 2 in Si show tha t the l ine spli ts for
al l stress di recti ons, and the spli tti ng pattern impl ies C 1 sym metry! Further, the
sam e exp eriments wi th D 2 show quanti ta ti vely identi cal spli tti ngs [37]. But the
rate at whi ch the l ines spli t (i .e. the elements of the pi ezospectroscopic tensor)
should be pro porti onal to the frequency, i .e. inversely proporti onal to square root
of the m ass, and rate of spl itti ng shoul d di ˜er by

p

2 for H2 and D2 . But the
observed spl itti ngs are identi cal (wi thi n 1%).

In oxygen-rich Si sam ples, three H2 -related IR l ines are present [34, 38, 39].
No ne shows an or tho= par a spli tti ng. Two l ines are associ ated wi th H 2 tra pp ed
near intersti ti al oxygen (O i ) and the thi rd is isolated intersti ti al H2 . Anneal ing
studi es show tha t the bindi ng energy of H2 to O i i s 0 : 2 6 Ï 0 : 0 2 eV and tha t the
acti vati on energy for di ˜usi on of H 2 i s 0 : 7 8 Ï 0 : 0 5 eV. Ho wever (Fi g. 4), the O i

l ine shifts and spli ts into two l ines wi th intensi ty rati os 3:1 (for f Oi ; H2 g ) and 1:2
(f or f Oi ; D 2g ).

Yet, the (sta ti c) theoreti cal predi cti ons for intersti ti al H 2 in Si are tha t i ts
center of m assis at the T site, wi th the H{ H axi s along a h 1 0 0 i or h 1 1 0 i di recti on
and a barri er for ro ta ti on very close to zero (typi cal ly 0.1 eV or less, excludi ng
the zero-point energy). Various autho rs alm ost invaria bly Ùnd a stretch frequency
substa nti al ly reduced relati ve to the free m oleculevalue, typi cal ly wi thi n 5% of the
m easured value. Sim ilar concl usions were reached by more tha n a dozen autho rs,
som e using molecular cl usters, others periodic supercel ls; som eusing semiempiri cal
Ha rtree{ Fock, others ab ini tio Ha rtree{ Fock (wi th or wi tho ut Mo l ler{ Plesset cor-
recti ons for electron correl ati on), others yet wi th density- functi onal theo ry (wi thi n
local density appro xi m atio n (LD A) or general ized gradient correcti on (G GA));
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Fig. 4. FT IR spectra for D 2 (b) and H 2 (a) trapp ed near interstitial O in Si. T he

oxygen line splits into two comp onents w ith 1:2 and 3:1 intensity ratios (Ref . [37] , w ith

p ermissio n).

som e wi th local basis sets, others wi th pl ane wa ve (f or deta i ls references, see the
di scussion in Ref. [30]).

W hi le the vari ous predi cti ons di ˜er in the Ùner deta i ls, the general pi cture
painted by al l of them is tha t of a nearl y- free rota to r centered at the T site:
a hi gh-sym metry , IR -inacti ve, molecule, wi th no hi nt as to why the or tho= par a

spl itti ng should be missing, why the HD l ine should be f ar o˜- center and about
8 ti m es weaker tha n expected, or why the stress-spli tti ngs of H 2 and D 2 should be
identi cal . The spli tti ng of the Oi line is usual ly not di scussed.

Fi rst- pri ncipl es MD simula ti ons [30] done at 0 K conÙrm the stati c predi c-
ti ons. The center of m ass is at the T site, the H{ H axi s points along h 1 0 0 i wi th
other orienta ti ons very close in energy. The vi bra ti onal m odes of H 2 , HD , D2 ob-
ta ined from l inear response theory are 3549, 3081, 2511 cm À 1 , respecti vely: wi thi n
69, 184, 132 cmÀ 1 , respectively from the measured ones. Let us note tha t the HD
m ode is at the wro ng place.

MD simulati ons are constant tem peratures (30 K, 77 K, and 300 K) show
tha t the m olecule rapidl y bounces around in i ts cage. The center of m assis nearl y
free to m ove wi thi n a volume of radi us ¤ 0 : 5 ¡A around the T site (Fi g. 5). The
typi cal ti m e needed to abruptl y change di recti on is of the order of 120 fs. No
compl ete rota ti on of the m olecule is observed. However, since a free H2 m olecule
in the j = 1 state needs som e 250 fs to make one turn, a hi ndered rotato r should
need longer ti m es | possibly beyond the reach of MD simul ati ons wi th a 0.2 fs
ti m e step. Under uni axi al stress, the calcul ated average positi on of the center of
m assapp ears to move o˜ the hi gh-symmetry axi s, but again, the sim ulati on ti m es
are to o short for such predi cti ons to be sol id.
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Fig. 5. MD simulations for H 2 at the T site in Si at 77 K show that its center of mass

mo ves very rapidly as the molecule bounces within its cage [30]. Let us note the very

abrupt changes of direction. The maximum displaceme nt of the center of mass is about

0. 5 ¡A aw ay from the T site.

R epeated attem pts to induce the form ati on of H 2 m olecules in the cell start-
ing from two H intersti ti als have been unsuccessful , m ayb e because of insu£ cient
sim ulati on (rea l ) ti mes. However, whenever one of the tw o hydro gen intersti ti als
in the cell is H BC , the H Ê

2 compl ex inv ariabl y results: we have never observed
H +

BC + HÀ

T to give H2 : i t always gives H Ê

2 instead.
Thus, the vari ous experim enta l data for hydro gen m olecules in Si agree onl y

on the presence of intersti ti al H2 and D 2 in Si and i ts low vi bra ti onal frequency.
But the m olecule is IR -acti ve, the or tho= par a spli tti ng is not observed (except
in the spl i tti ng of O i l ine), the symm etry appears to be ri dicul ously low, the
pi ezospectroscopic tensors of H2 and D2 are identi cal , the single HD l ine is much
to o weak and at the wro ng pl ace, and al l the theori sts m ake predi cti ons whi ch are
at odds wi th the data .

5. Th e solu t i on

Tha nks to the persistence and cleverness of Mi chael Sta vola and hi s col lab-
orato rs at Lehi gh Uni versi ty , everythi ng has recentl y been shown to be perfectly
sim ple and logical. The key was the observati on [40] of a second HD line in Si,
a new l ine tha t is not present at 4 K but is dom inant at 77 K (Fi g. 6). The ex-
perim ents were done in sam pl es exposed to a mixed H2 / D2 gas at 1 2 5 0 £ C then
quenched. The \ new" HD l ine is at 3191 cm À 1 , very close to i ts expected positi on
relati ve to the H2 and D2 l ines, and 74 cm À 1 lower tha n the \ old" HD l ine at
3265 cm 1 . A pl ot of the log of the relati ve intensi ti es of the 3191 and 3265 l ines
vs. inverse tem perature [40] gives a stra ight l ine and yi elds the acti vati on energy
7 1 4 cm 1 , very close to the 74 cm 1 separati on between the two HD l ines. Thi s
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value is also very close to the separati on between j = 0 and j = 1 ro ta ti onal states
of the free m olecule (Sec. 2). In contra st to H 2 and D 2 (f or whi ch onl y rota ti onal
sta tes wi th even or wi th odd pari ty are al lowed, depending on the nucl ear spin
state), even and odd rota ti onal sta tes are al lowed f or HD .

Fig. 6. FT I R spectra of H D in Si vs. temp erature (Ref . [40] , w ith permissi on).

Thus, the H2 , HD , D 2 l ines at 3618, 3191, and 2643 cm À 1 are al l purel y
vi bra ti onal tra nsiti ons wi th j = 1 in both the ground and Ùrst exci ted vi bra ti onal
sta tes. The \ o ld" HD line (at 3265 cm À 1 ) is a ro-vi bra ti onal tra nsiti on f rom j = 0

in the ground vi brati onal sta te to j = 1 in the Ùrst exci ted state. Thi s tra nsi ti on
incl udes one quantum of rota ti onal energy, the 74 cm À 1 . The corresp ondi ng tra n-
siti on is forbi dden for or tho - and par a - H 2 and D 2 . The j = 0 to j = 0 tra nsi ti on
of HD is not seen, suggesting tha t i t is electri c-di pole forbi dden.

These experim ental data imply tha t the selection rul es for the electri c-di pole
al lowed tra nsiti ons of H2 , HD , and D 2 in Si are Â j = 0 but the j = 0 to j = 0

tra nsiti on is not IR acti ve. Thus, the usual selecti on rul e Â j = Ï 1 for the rota ti onal
sta tes of a free rota to r is bro ken in tetra hedra l symm etry f or the j = 1 state but
not for the j = 0 state. Appl yi ng these rul es to H2 and D 2 im pl ies tha t only o-H2

and p -D 2 are vi sible by FTIR (both invol ve j = 1 to j = 1 tra nsiti ons). Theref ore,
no or tho= par a spl i tti ng shoul d be expected in the FTIR spectra . Further, onl y
75% of H2 and 33% of D2 , but 100% of HD are vi sible. An estimate [40] of the
e˜ecti ve di pole mom ents of the three molecules combi ned wi th the vi sible fracti on
of each species and the intensi ty of the new 3191 cmÀ 1 line suggests tha t the
relati ve concentra ti ons of al l three species are cl ose to the expected ones.

Further evidence tha t these selection rul es hold and the expl anati on of the
stra nge uni axi al stress data were soon obta ined by the sam e group [41]. In tetra he-
dra l sym metry , the j = 0 state becom esA 1 whi le the j = 1 state becom es T2 and is
threef old degenerate. Theref ore, the j = 1 to j = 1 tra nsiti on between degenerate
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states invol ves a rotro ni c coupl ing [42] leading to a dyna m ic breaki ng of the usual
selecti on rul es. The positi ons and streng ths of the l ines under uni axi al stress Ùt
perfectl y the ones calcul ated by Ka plya nski i [43] for T 2 to T 2 tra nsiti ons under
uni axi al stress. Further, as noted by Chen et al . [41], the spli tti ng arises from a
perturbi ng potenti al energy who se e˜ect is calcul ated from the m atri x elements
of ro ta ti onal wa ve functi ons, al l of whi ch are independent of the m ass. Thus, the
spl itti ngs shoul d be identi cal for H 2 and D 2 , as observed.

The next questi on is tha t of the m olecule tra pped near intersti ti al oxygen.
The story is inherentl y m ore com pl icated because there are m any more l ines to
di scuss. The low- tem perature FTIR data show tha t Oi l ines spli t into two com po-
nents wi th intensi ty rati o 3:1 for f Oi ; H2 g and 1:2 for f O i ; D2 g . At 4.2 K, (i ) the
f O i ; H 2g com plex has two l ines associated wi th H 2 at 3731 and 3789 cm À 1 (no te:
they are separated by 58 cm À 1 ) as well as a weak satel l i te at 3737 (6 cmÀ 1 f rom
the 3731 l ine); (i i) the f O i ; D2g com plex has two l ines associ ated wi th D2 at 2715
and 2775 cm À 1 (note: they are separated by 60 cm À 1 ) as well as a weak satel l i te at
2716 (1 cm À 1 from the 2715 l ine); (i i i ) the f O i,HD g compl ex has tw o lines at 3285
and 3304 cm À 1 (separated by 19 cm À 1 ) and no satel l i te. The ini ti al expl anati on
pro posed [34, 38, 39] wa s tha t there are two inequi valent conÙgurati ons for each
of these compl exes, but thi s fai led to expl ain the strange spli tti ng of the Oi l ine.

Ag ain, the key wa sto look at the temperature dependence of the HD line [44].
As the tem perature is increased from 4.2 K to 50 K, the two HD l ines disappear
to gether and two new l ines appear to gether, 3282 and 3341 cm À 1 (no te: these are
separated by 59 cm 1 ). A pl ot of the log of the intensi ty rati o of the 3282 and
3285 lines vs. 1/ T reveals an acti vati on energy of 19 cm 1 , preci sely the spli tti ng
of the two low-tem perature HD l ines.

Several points are cri ti cal here. F ir st , increasing the tem perature popul ates
a rota ti onal level of HD located 19 cm 1 above j = 0 . Thus, 19 cm 1 is the
separati on between j = 0 and j = 1 . Let us note tha t the j = 0 to j = 0 tra nsi ti on is
no longer forbi dden (the sym metry is lower because of the presence of Oi ). S econ d ,
the pai rs of HD l ines appear and di sapp ear to gether, indicati ng tha t one deals
wi th two tra nsiti ons of a sing le com plex, not wi th two metastabl e conÙgura ti ons.
Thi s must be true for f Oi ; H2g and f O i ; D 2g as well . T hir d , the two tra nsi ti ons
observed for H2 , HD , and D 2 are al l separated by ¤ 5 9 cm 1 , independent of the
m ass. Thi s suggests tha t the same tra nsiti ons are responsibl e and rem inds us of
the mass-indep endent spli tti ng of the l ines observed under uni axi al stress. Then,
the j = 1 level spli ts because of the appl ied stress. Here, the j = 1 level spli ts
because of the presence of oxyg en, more preci sely, because O has a large electron
a£ ni ty , resul ti ng in a large dipole m oment, hence an electri c Ùeld gradient. Thi s
is summari zed in Fi g. 7, whi ch shows the ro-vi brati onal energy diagram and the
observed tra nsiti ons for (a) isola ted HD and (b) the f O i ; HD g compl ex at (i ) 4.2 K
and (i i ) T > 1 0 K. Let us note tha t the j = 1 state has m = À 1 , 0, +1 and should
spl it into three components even tho ugh only two are seen in the exp eriments.
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Fig. 7. O bserved IR transitio ns for (a) isolated interstitial H D in Si and (b) for the

f O i ; H D g complex at (i) 4.2 K and (ii) T > 10 K (see text). From Ref . [44] , w ith

p ermissio n.

The consequences are the fo llowing . There is a single conÙgurati on of the
intersti ti al m olecule tra pped near O i . The O i l ine spli ts because the intera cti ons
between o -H 2 and Oi and between p -H2 and O i are not qui te identi cal . The electri c
Ùeld associated wi th oxyg en spli ts the j = 1 level. The two stro ngest H 2 lines are
tra nsiti ons involving o-H2 , from the lower branch of j = 1 in the ground vi bra ti onal
sta te to the lower and upp er bra nches of j = 1 in the Ùrst exci ted vi bra ti onal
sta te. The same holds for p -D 2 . Fi nal ly, the weak satel l i tes observed at 3737 (or
2716) cm À 1 f or H2 (or D 2 ) are the j = 0 to j = 0 tra nsi ti ons, dipole al lowed
when O i i s nearby , tha t is p -H2 (or o-D2 ). For a detai led discussion of the relati ve
intensi ti es of these l ines, see Ref. [44].

6. O p en qu est ion s an d discu ssion

Thus, the behavi or of intersti ti al H2 molecules in semiconducto rs, so easy
to understa nd in GaAs and so tri cky in Si, is now ful ly expl ained. Or is i t? Even
tho ugh p -H2 and o -D 2 are not IR -acti ve in Si, they should be vi sible by Ram an
spectroscopy. The Ùrst experim ents fai led to detect both species even at low tem -
peratures. But recent work has shown tha t the local tem perature at the laser spot
(no w m easured from the Stokes/ anti -Sto kesrati o) is substa nti al ly hi gher tha n tha t
m easured elsewhere on the sam pl e because of the low therm al conducti vi ty of the
pl asma-exposed layer. Thi s resulted in broader l ines and unresolved spli tti ngs. Thi s
techni cal probl em is now solved and the m ost recent Ram an spectra [45] do show
the or tho and par a species (Fi g. 8).

Ho wever (Fi g. 9), the tw o l ines have a very di ˜erent anneal ing behavi or:
p -H2 disappears at much lower temperatures tha n o -H2 [45]. The same is observed
for H 2 in GaAs. The autho rs attri bute thi s to a hi gher di ˜usi vi ty of p -H2 tha n
o -H 2 . Indeed, o -H 2 and p -H2 are su£ cientl y di ˜erent to induce measurably disti nct
shi fts in the O i line. The autho rs pro pose tha t thi s could be the case for HD as
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Fig. 8. Most recent Raman spectra show ing o r t ho - and par a - H 2 and D 2 species in Si

(Ref . [45] , w ith permissi on).

Fig. 9. T he p -H 2 line anneals out much faster than the o-H 2 line, leading to speculatio n

that the activ ation energy for di˜usi on of H 2 depends on its rotational state (Ref . [42] ,

w ith p ermission).

wel l , m ost of whi ch being in the j = 0 , m j = 0 state. Thi s suggests an al terna ti ve
expl anati on for the low intensi ty of the HD line in both Si and GaAs. W hi le i t
is possibl e tha t the deta i ls of the shape of the wa ve functi on a˜ect acti vati on
energies, quanti fying thi s e˜ect rem ains to be done.

Ano ther open questi on is the com parison of Si and GaAs. Since o -H2 and
p -D2 are IR -acti ve T 2 to T 2 tra nsiti ons in Si, shoul d not they be IR -acti ve in GaAs
as well? But the uni axi al stress Ram an data [21] fai led to show a spli tti ng of the
l ines in GaAs whi le the spli tti ng is very vi sibl e in the IR data in Si [36]. Thi s
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could be associ ated wi th the wi dth of the R aman l ines and thei r broadening under
uni axi al stress, and the insu£ cient resoluti on of the Ram an setup used.

Fi nal ly, there is the issue of the form ati on of H2 starti ng wi th intersti ti al H.
La rge concentra ti ons of intersti ti al m olecules are present fol lowing both pl asma
exp osure and hi gh- temperature anneals in a hydro gen gas. If onl y H +

BC or onl y H À

T

intersti ti als are present (as suggested by the negati ve-U argum ent [9]), long-range
repul sion should prevent the form ati on of m olecules. Further, MD simul ati ons of
H +

BC (or H0
BC ) wi th H À

T (or H 0
T ) in the sam e cell al w a y s result in the im medi ate

form ati on of H Ê

2 , never H2 . Al tho ugh these simul ati ons are to o short to dem onstra te
tha t H2 cannot form , they do demonstra te tha t H Ê

2 i s a possibl e | i f not l ikely |
resul t. Yet, H Ê

2 has never been observed in the sam ples in whi ch H 2 i s seen (except
when associated wi th platel ets). Since the IR intensi ty of the H Ê

2 l ines is at least
one order of m agnitude stronger tha n tha t of H 2 , even smal l am ounts of HÊ

2
woul d

be very vi sible in the spectra.
But i f we rul e out both charge states of H BC as possibl e precursors for H2

form ati on, and rul e out intera cti ons between negati vel y charged H À

T species (un-
l ikel y to be abunda nt in p -typ e Si anywa y), we are left wi th the m etastable H 0

T .
W hy would there be such an abunda nce of thi s m etastable (a lbeit fast-di ˜usi ng)
species in the bul k?

An al terna ti ve is tha t there exi sts a m echani sm other tha n the sim ple H{ H
intera cti ons whi ch tri ggers H2 f orm ati on. So far, our sim ulatio ns succeeded onl y
once in form ing intersti ti al H2 m olecules wi thi n a few ps sim ulatio n ti me. Thi s
calculati on was unrel ated to the H 2 i ssue and the form ati on of molecules came as
a surpri se. But the tri gger was substi tuti onal Cu: room-tem perature sim ulatio ns
of the f Cu, H 4 g com plex pro duced Cu + 2H 2 , leavi ng Cu in pl ace as a tra p for
m ore hydro gen. Of course, we do not suggest tha t Cu is the culpri t. But could the
form ati on of H 2 be tri ggered by the m ulti ple tra ppi ng [46] of H at some defect or
im puri ty (m ayb e O or C), whi ch woul d act as a catalyst for H2 form ati on?

W hat are the lessons to be learned from al l thi s? The abunda nce of mislead-
ing or m isinterpreted exp erimenta l data for H2 in Si rem inds us tha t any measured
spectrum , regardl ess how sharp and clean, m ay onl y be a part of the story. The
interpreta ti on of raw data is rarely uni que, and ab ini tio theo ry often plays an
im porta nt ro le in thi s interpreta ti on. Careful measurements of m icro scopic nature
(FTIR , Ram an, PL, EPR , or other), obta ined under contro lled condi ti ons, always
pro vi de pi ecesof a puzzle. Ho w these piecesÙt together, and even to whi ch puzzle
they belong, are questi ons rarely answered when a sing le techni que is used. Nature
wo rks in som eti mes mysteri ous, but always cl ever, ways.
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