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H tunneling transport in crystalline Si of different doping
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'H has been implanted into crystalline Si at temperature$-e%0—300 K in order to study its transport
properties. At low implantation energies a major fraction'tdfis mobile; the rest remains trapped up to 500
K. At T>200 K *H our data complies with the established Arrhenius behavior with an activation energy of
E,~0.5eV and a preexponential factor Bf,~ 102 cné/s; at T<200 K, however, the transport follows a
power law ofD~T" with n=5.6 indicative of a tunneling mechanism. In this range, diffusion is found to be
unaffected by the Fermi-level position. Tunneling parameters have been derived and transport paths selected.
[S0163-182698)03848-X

. INTRODUCTION in 'H depth profiles. The low-temperature results will be

discussed in terms of a quantum diffusion mechanism in-

With the increasing interest in the material properties ofcluding possible lattice sites and diffusion paths for intersti-

Si the influence of impurities on device performance has alstial *H.
been investigated at a steadily rising level. In the past de-
cade, it was found that H can modify the electrical properties

of Si by passivating both useful and harmful point defects. Il. EXPERIMENTAL DETAILS

After realizing H incorporation to take place in certain fab- A. lon beam facilities
rication steps, whether intended or not, diffusion measure- The experiments have been carried out at the Max-
ments have become important. Planck-Institut fu Kernphysik at Heidelberg by using the

Already 40 years ago van Wieringen and Warmoltz3 \y tandem accelerator together with the low-level back-
(VWW) investigated solubility and transport of H in Si using ground facility for *H detectiont*!> A Penning-type ion
the permeation techniqueThe narrow temperature range of source has been used for in-line implantation'sf The
approximately 1100-1200 K could be represented by thexperimental setup is sketched in Fig. 1. The target holder is
classical Arrhenius law with an activation energy Bf  coupled to a two-stage cryogenerator system in order to pro-
=0.48 eV and a prefactor @,=1x10" 2 cn¥/s indicating  vide low target temperatures at UHV conditions better than
interstitial diffusion. During the past two decades measured10 ° mbar. Inside the #-cold shield, it is mounted on top
ments of 500—900 K are characterized by large discrepanciexf the second refrigerator stage providing 6 sample positions.
in the diffusion coefficienté;* as emphasized by Pearton, In addition, a lamp can be used to heat the targets at a rate of
Stavola, and Corbett and Pankove and Johigditl data by ~ 10—15 K/min; temperatures in the range of 40-750 K are
VWW extrapolated to lower temperatures are up to three oraccessible.
ders of magnitude larger than, for example, thediffusion
coefficients reported by Ichimya and Furuichi.

Later experiments, however, at near room temperature _
again agree with the extrapolation of the vWw dath. ~ The samples were prepared from float-zofid1) Si
Moreover, these experiments indicate that H has to be inSingle crystals of low-impurity background with C and O at
jected under carefully controlled conditions in order to avoid@ level of about 18 at/cn?. The material is near intrinsic,
formation of the much less mobile molecule or even larger-€-, lightly doped with 5<10'° P/cn?, except for a few

B. Sample preparation

clusters and trapping by radiation damage. specimens with X 10*° at/cn? of B, P, and As.
Recently, first observations of quantum-mechanical mo-

tion have been made ofH transfer between energetically Plastic Scintillator Iron Shield

equivalent sites in an impurity complex in &efs. 10 and X e

11) and on 'H diffusion in the Si matrix at low lon Source. /) Neutron Shield

temperature&? In accord with these latter observations by us o Beam ’

calculations by Herrero now predict tunnelingtf in Si at 7] Monitor |/ Al | Nal Detector

temperatures below 80 ¥. RN O A /. /UHV Chamber
This paper is a quantitative extension of our previous™Nseam] S

short report? Including the effects of doping on transport " cotlimator Sits

we explain the experimental conditions in more detaila)
injection of H into Si with minimum radiation damagéb)
optimization of H concentration with respect to,Horma- FIG. 1. Scheme of the in-line ion implantation apdaay detec-
tion and measurability criteridg) detection of small changes tion system(top view).

Cryo-cooled Target Stage
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TABLE I. H diffusion data for 100 cm n-type Si. Depth [nm]
20 0 20 40 60
Ta (K) ts (S€0 D (cn/s) ! L L I
H e oS
225 60 8. 10 1 61 e
213 60 2.6¢10° 4 g I
205 180 2.x10° 1 T 4l Typ. Erord 5
200 180 1.Xx10 24 = P * I
195 180 5. 10715 3 e = s 2
177 1.8<10° 6.0x10° 15 >>:: 21 =
170 1.8<10° 1.4x107 1 s 7 ©
158 1.8<10° 1.1x10°° SR o
- 16 - , I:III:II:ID —_— I-----------------I -------------- ; =
ﬁi 1§ 1? i'gi 187 15 8360 6380 6400 6420 6440 6460 6480
134 18107 3.2x10° 1 Eneray fkeVl
134 7.2<10° 5.0x10 16 FIG. 2. *H depth profile obtained by th&®N nuclear-reaction
129 1.8< 10° 4.0x10° % technique. The surface pe#totted ling, due toH-bearing con-
129 7.2<10° 3.2x107°16 taminants, is subtracted from the measured prdiiled squaresto
110 7.2¢103 1.4x 1016 yielq the as-implanted depth distribution tfl (open squares and
110 2.9 10" 1.3x10°16 full fine).
89 4.2<10 3.8x10°Y . ,
89 11x10° 6.2% 107 an energy of AE~10keV full width at half-maximum
89 2-2>< 100 3.6>< 10°7 equivalent to an uncertainty in depth &k~ 7 nm; (b) chan-
89 1.7><105 2.4><10*17 neling of *H ions during implantation causing penetrating
79 2'®< 16 1.0>< 10-Y7 tails; (c) energy-loss straggling of th®N beam increasing
50 6.4¢10° 1.7x 10718 with depth.

We have investigated the influence of th#& analyzing
beam on both!H components: After exposure to 1
X 10 "N/cn? the surface component, initially about 1.5
sivation, is standard: At room temperature Si samples arML (1 ML.:7'8.X1014 lH/(.:mz on(11D S, decr_eased 0.1
etched 'in a mixture. of HFHNO3;+CH;COOH saturated R./IL by radiolytic desorption, whgregs the gs-lmplantgd pro-
with I. By removal of nearly 10()Lm3repr03ducible conditions files have not shown any modification during analysis. The
) . Cﬁuestion of radiation effects during analysis is nevertheless

The further preparation procedure, including surface pas

for clean and passivated surfaces are established. After rin Uite important® As we have observed, a typical exposure

ing with deionized water the samples are quickly mounte 0 1055 18v/cn? is already sufficient to trap alH atoms at

inside the target chamber and evacuation is started at ONC&heir lattice sites. Therefore, we have used each sample for

,?fter CgO“.?r?;lrE fetl)mples to 4(? P;*b'r'lﬁ'af‘tal‘_t'ong WEre " giffusion measurements only once at the temperatures and
performed wi 2" beam provided by the in-line Penning . "\ o4 in Table |

ion source at energies betweBg= 0_'3_7'5 keV/amu at_ cur- As reported previously? we have observed the time evo-
rent levels ofl =O.1—2MA,4resp(raT§:2t|ver. F_Iuences 'pr|ca||y lution of the 'H profiles to agree with regular diffusion ki-
ranged between 1_1010.1 l'._”c . After |mplant_at|on t_he netics. Thus, we infer that also the results in this paper rep-
samples were annealed in situ at temperatures in the interv, sent equilibrium conditions
betweenT,=50-225 K for periods of abouty,=1-10 '
minutes, as Table | lists in detail. .
D. Data analysis
Data evaluation proceeds as follows: First the surface
peak, fitted by a Gaussian function, is subtracted from the
The H depth profile analysis was performed by using thetotal spectrum to yield the as-implantéd profile. This lat-
H(*™N,a@y)*C nuclear reaction at the resonance energy ofer is fitted well by a Pearson-IV function. After annealing
E=6.385MeV with a Lorentzian width ol’=1.86 keV. the resulting profile changes are evaluated in terms of diffu-
The analyzing currents were about 600 nA'@%* into a  sion coefficients by using the mathematical formalism given
beam spot of approximately 3 mm. The yield curves, re-by Eqgs.(1)—(4) in Appendix A.
corded in the automatic energy-scanning mode of our accel- These differential equations were solved numerically, us-
erator system® were converted to depth profiles by using aing the finite difference methoi;??with the boundary con-
specific energy loss of 145 eV/A fdfN in Si'” The detec- ditions: (a) a perfect surface sink, i.eG¢(0t)=0, and(b)
tion limit was of the order of 18 *H/cm?® with a depth reso-  50% 'H permanently trapped, i.e.C(x,0)=C,(x,0)
lution of the order of 1 nm. =50%. The latter assumption is based on the results of Sec.
The typical depth profile of Fig. 2 consists of two parts: IIl. Thus, no further trapping and detrapping events had to be
there is a surface peak due d bearing contaminants and, taken into account during annealing at lower temperatures.
in the deeper region, the implantétl profile. The profiles  Vacancy depth profile€(x), obtained with the computer
are broadened by characteristic effé®$’ (a) Gaussian codeTriM 91,17 were used for calculating the initial distribu-
Doppler broadening due to the zero-point vibratiortidf by tion of trapped!H.

C. Depth-profile measurements
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(a) EnlkeV] FIG. 4. Isochronal annealing ofH implants inc-Si at T,
=300 K (squaresand atT,=T, (dots. In both cases a major frac-
90 tion of the trappedH becomes mobilél ,~500 K. Note that at
+ Typ. Efror E,=7.5keV nearly 100% ofH is trapped during implantation,
o"\o" even atT,=450 K.
Q 'H—c-Si ThereforeC,<5x 10 H/cm?® and E, = 0.6 keV were cho-
© m 0.3keV sen as optimum initial conditions.
60+ v 06keV In order to find out more about the bound fraction we
T,= 40K performed two further experiments. First, samples implanted
T. =300 K at T,=300 K with 6x 10'* H/cn? at E,=7.5 keV exhibit a
A trapped fraction of nearly 100%, as indicated by Fip)3
The results of isochronal annealing Bf=300—600 K for
ta=30 min are displayed in Fig. 4. Up to 475 K there was
30 0 ] " ) 3 practically no release, while from 500 K upwards as much as
(b) C 0% Hiem?] 75% diffused out.

In a second experimentH was implanted and annealed

FIG. 3. (a) Fractional retention of low-temperatutel implants ~ at T;=T,=300-600 K fort,=5 min. Again, there is com-
of different energies after warming up to room temperatui®)  plete trapping up tar,~475 K, whereas above about 70%
H fractional retention of low-energy implants as a function of im- diffuse out. These results prove that under both conditions a
planted concentration. The solid line is drawn to guide the eye. sufficient number of deep traps exists to render all implanted

H immobile until detrapping temperatures are reached. In
ll. EXPERIMENTAL RESULTS principle, one vacancy could suffice to trégt least one*H.
Due to a correlation of the “end-of-range” damage with the

In a first experiment, we implanted fluences of (1-6) particle range, correlated trapping is likely to happen at the
X 10" H/cn? at energies oE,=0.3—5 keV corresponding end of range. Even for a single damage center per implanted
to peak concentrations of=8x10" 'H/cn®. These im-  impurity remaining theory predicts a noticeable effect as
plantations at 40 K were followed by annealing steps at 30@Ghown by Eq.(A6) in Appendix A.
K for about 1§ s. The retained fractions dH, as shown in After having explored the problem of retardéd trans-
Fig. 3(@), exhibit two distinct regions: Abovée,~1keV  port in sufficient detail we now turn to the diffusive motion
nearly all'H is trapped, whereas at lower energies up to 50%pf free H. A typical result is shown in Fig. 5, where an
diffuses out with the complementary fraction remaining in-initial and diffused'H depth profile are displayed. Appar-
side the implanted region. Thug;~0.6 keV appears to be ently, a fairly good agreement is obtained between experi-
close to the optimum condition for diffusion measurementsmental and calculated points indicating a diffusion coeffi-
it leaves a major fraction ofH free to diffuse with the im- cient of D=1.5x10 " cnf/s. In this way, all other
planted profile still sufficiently separated from the surfacediffusion coefficients were derived for the investigated tem-
peak. Still lowerE,, further suppressing radiation damage perature interval of ,=50-225 K. The results of additional
but producing a spectral overlap of bulk and surface compoisothermal annealing steps are summarized in Table I.
nents, were found difficult to entangle. Figure 6 is an Arrhenius plot of our present and some

In a second step, we investigated the influence of H conrecent results by othel8.The diffusion coefficients can be
centration on diffusion. H impurity sites, with a capture ra- classified into two groups, if temperature dependence is ap-
dius of the order ofr;~1nm, tend to form immobile plied as a criterion. Above 200 K our data points are quite
molecule&® or even higher aggregate centers, e.g.compatible with data reported by Seager, Anderson, and
platelets* After implantation afT ;=40 K and a subsequent Brice, Tavendale, Williams, and Peart8ikamiura, Yoneta,
anneal aff =300 K for a duration ot,=10° s the results and Hashimotd,and extrapolated from the high-temperature
of Fig. 3(b) were obtained. Evidently, the critical concentra- regime of vWW?! Below 200 K the temperature dependence
tion is roughly 18° H/cm®, above which 100% is rendered of the diffusion coefficient, however, is drastically reduced,
immobile and below which about 50% is free to diffuse. indicating a different transport mechanism.
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FIG. 5. Full line, Pearson-IV fit to the as-implantéd profile;
dashed line, numerical calculation of the diffused profile.
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TABLE II. *H diffusion coefficients in the tunneling regime for
Si of different doping.

D (cn/s)
100 Q cm, 10Qcm, 0.004Qcm, 0.01Qcm,
Ta (K) n type p type n type p type
130 3.210°*% 5.0x10° 16
170 1.4<10°% 2.0x10°%® 58x10°% 1.6x10°1°

=(0.49+0.01) eV are supported by our data points. Surpris-
ingly, these values are very nearly the same as those obtained
by VWW in the rather narrow range of 1000—1200 KD
=9x10 2 cmP/s andE,=0.48 eV(*+10%). The observance

of the Arrhenius law indicates @uasjclassical mechanism
with parameters typical for interstitial diffusion betwe&n
=200-1200 K.

Higher dopant concentrations were studied in order t0 The discrepancies with other measurements between
check whether type and/or concentration of doping influenceng_ggg KZ-4where much lower diffusion coefficients were

H diffusion in c-Si. Highly dopedn- and p-type material,
with specifications listed in Table Il, was implanted wi
at T;=40 K and annealed a&,=130K and 170 K fort,

found, can be attributed to trapping effe€tdn particular,
this applies to all previous experiments using ion implanta-
tion: Lanford et al?® and Whitlow et al?” implanted 18°

=1800 s. The averagh concentration was kept below the 1/cn? at 7.5 and 25 keV, respectively, and Fiekal?®

doping levels in order to minimize both,Hormation and

10%-10" H/cm? at 100 keV. In all these cases diffusion

dopant compensation. The results are shown in Fig. 8 toyas suppressed, even up to temperatures as high as 500 K.
gether with those from lightly doped Si: no dependence on These results are quite understandable in the light of the
doping level or type is revealed. In view of the experimen-effects described in Sec. Ill: Above a certain kinetic thresh-
tal uncertainties, up to about a factor of 3 in the evaluation of|q energy,E;~ 150 eV for*H in Si, damage in the form of
D(T) in intrinsic Si, we can neither exclude nor prove the prenkel pairs is created during implantation. This occurs pre-

effects of additionafH trapping in the highly doped speci- dominantly at the end of the range of the projectile, where
mens within this error bracket.

IV. DISCUSSION

A. High temperature regime

In the Arrhenius plot of Fig. 6 the straight lireis a fit
over all data shown in the temperature rangelaf200 K.
The parameters Dy=(1.1+0.2)x10 2 cn¥/s and E,

0
1H/c-Si = VWW56
= . v TWPS88
2 7 \2 +  SAB90
5 . o KYH91
—~ -104 o FKKBL97
I
a
o
S 15
-20 . ; . . :
0 5 10 15 20
1000/T [1/K]
FIG. 6. Arrhenius plot ofH diffusion data inc-Si. VWW356 is

from van Wieringen and Warmoli®Ref. 1), SAB90 is from Seager,
Anderson, and BricéRef. 7), TWP88 is from Tavendale, Williams,
and PeartoriRef. 8, KYH91 is from Kamiura, Yoneta, and Hash-
imoto (Ref. 9, and FKKBL97 is from this work. Note: lina rep-

resents classical behavior, while lihéndicates tunneling transport.

nuclear stopping dominates. This effect is clearly demon-
strated by calculations of radiation defect generation by swift
protons using theér2D routine described by Biersack and
Haggmarlé® Figures Ta) and 7b) refer to*H projectiles of
E,=7.5 and 0.6 keV producing, on average, approximately
3.5 and 0.5 vacancies/ion, respectively, for a displacement
energy ofEp=20eV. As the results of previous gas reten-
tion measurements sho\®the probability is quite high that
each H projectile is trapped by one of its self-generated
vacancies at the end of its track. Figuré&)7displays the
predictions by Eq(6) for a certain set of implantation and
trap properties® Thus, p~10% per correlated vacancy for
ro=21nm andr;=10 nm, which explains our experimental
observation of major fractions of trappéti. This effect is
largely independent of other implantation events at low dose
rates and operates at any implantation energy exceeding the
threshold energ¥ . Therefore, a substantial fraction of free
'H can only be observed if the generated lattice damage is
reduced to less than 1 vacancy/ion. As demonstrated above,
the conditions for free diffusion can only be achieved by a
proper choice of implantation energy and concentration.

An analysis of the data of Fig. 4 by use of E@\7)
indicates that the initial annealing rate of trappetfollows
first-order kinetics with a dissociation energy Bfj=1.6
+0.1eV and a trap depth &,=1.1+0.1 eV, according to
Eq. (A5) of Appendix A. With increasing release, retrapping
modifies the kinetics. It is interesting to note tHat diffu-
sion in amorphous silicon is characterized by a similar acti-
vation energy ofE,~1.5eV31% saturation of dangling
bonds is known to occur, likely in a vacancy in crystalline Si
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FIG. 8. Double log plot of diffusion coefficients vs temperature;
best fit by a power relatioB o« T" with n=5.6 (solid line).

the data of curveb in Fig. 6, the resulting parametei,
=(2+1)x10 ¥ cm¥s andE,=43+4 meV are difficult to
explain within the framework of classical bulk transport
theory. Since no transient effects have been observed so far,
i.e., the usual dependence of the diffusion lengtioft®°

for thermodynamic equilibrium systems is obeyéd re-
combination enhanced mechanism involving electronic
carriers® can be ruled out as well as any other exhaustible
source of additional energy.

A quantum-mechanical tunneling mechanism, however,
can explain our experimental ddaThe theory of thermally
activated tunnelinghopping processes, as formulated by
Flynn and StoneharnFS) is based on Holstein’s principle of
the small polaron, a particle in an energetically relaxed lat-
tice site®®3” It has been applied to the diffusion of light
interstitials in fcc and bcc metals. The corresponding expres-
sions take relatively simple forms only for high and low
temperatures of > 0y and T<#p/3, respectively; the for-
malism for the latter is given in the section Appendix B.

According to Fig. 8, our low temperature data are fitted
well by a straight line with a slope of=5.6+0.3. This is in
agreement with the FS prediction of~5-7 for a two-

FIG. 7. (a) Six trajectories of'H ions of 7.5 keV energy in
crystalline Si in a 2D projection. The final position of ealt is
shown together with those of the produced vacangiearked by
the respective numberNote: the correlated distancéd/vacancy

3.5/ion. (b) Seven trajectories o of 0.6 keV energy in crystal-
line Si in a 2D projection. The final position of eatH is shown
together with those of the produced vacandiesirked by the re-
spective number Note: the correlated distancési/vacancy are
approximately 10 nm, average number of vacancies 0.5/i¢t).
Probability p of a diffusing atom to get trapped at a center of cap-
ture radiusry at distance; for a diffusion length ofL =20 nm.

as well. These experimental figures, however, are considel

ably below theoretical values &,=2.1 and 2.4-2.7 e¥>*

B. Low-temperature regime

phonon tunneling procesg where one phonon is absorbed
for excitation to the coincidence level and reemitted for de-
excitation to the neighboring ground stdfeFrom the
straight line the quantitya of Eq. (B7) can be derived, if the
coincidence energy of the excited st&teis known. Figure 9

are approximately 10-50 nm; the average number of vacancies ig an energy scheme of the relevant particle states involved in
the diffusion process. Fdt;.~54(27) meV(Ref. 40 we ob-

\

Ay

@

~

Bo

©

FIG. 9. Thermally assisted tunnelingg) the ground state of a
self-trapped atom in a wellp) the excited state in a coincidence
configuration for tunneling into a neighboring site, af@ the

Below 200 K the temperature dependence of the diffusioryround state after the transition. The chosen energy levels=gre:
coefficient is very weak. If an Arrhenius equation is fitted to =500, E,= 100, AU =100, E.=50, B,=500, andEj =100 meV.
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3 TABLE lIl. Tunneling paths of interstitiatH in Si.
A TH/c-Si
M-I\N Path aA) B, (eV)? ES (meV)
O
1 .
%. ] M-C-M\ M-M 0.96 2.30 224
s O, M-C-M 1.36 1.15 112
A
E,+E BC-BC
T Td H% BC-BC
- ex_
AB-Ho AR AB-AB 1.92 0.57 56
Hex-Hex
C-C
01 T T T v T
1.0 15 2.0 25 3.0 C-AB-C
alA] AB-C-AB
FIG. 10. Potential barrier8, correlated with tunneling dis- E_Heg_g 2.36 0.38 37
tancesa for a tunneling parameter ofa=70neV A; zero-point ex-L-Hex
energy levelsES of H in the coincidence state are taken into ac- C-BC-C
count. Td-Hex-Td
AB-Hex-AB 2.72 0.29 28

tain Ja~70(40) neV A. This value is quite low as com- AB-BC-AB

pgreq toJa~ 100 gnltlev A for reorientational tunneling in the *Evaluated from Eq(B6). Note: x—yaBol?~075A eV2
Si-B-'H complex®** or to Ja~50 meV A for tunnel trans- —052 E*/B-~0.1

port of *H in bee transition metals, but it is very roughly in Tomerme

the range observed for fcc metals, e.gJa o o .
~0.01-10 neV A for 'H/Pd*L42 Probably, larger tunnel N9 diffusion, (3) momentum conservation in tunneling tran-

distances and/or higher tunnel barriers, typical for fcc lattice>/tions, and(4) extended tunneling transport paths through

structures, are also responsible for the small values for th'€ crystal. _
system*H/Si. The first requirement means that transport events have to

The further analysis of the quantifia is carried out by start from a lattice site of lowest energy, so that its occupa-
using the tunneling formalism as given by K&hThe mea- tion by the diffusing particle is sufficient under thermal equi-

sured value ofatogether with an assumed range ofa-3 librium _ conditions. In general, classical and quantum-
A yields a correlated bandwidth for the tunnel barrierSef mechanical diffusion must occur from the same ground state.

~3-0.3 eV. As explained in Appendix B, the key tunneling In contrast to classical motion, where the particle can take

i different directions from the saddle point, quantum-
- 12__ 12 : _ '
parameter isc=yaBy“~0.75 A V", Kehr treats only the mechanical transfer has to follow a straight path segment.

case of negligible zero-point energy of the excited particleginaly, a complete transport route through the crystal in all
for which the form factory= 2/ is obtained for a sinusoidal three directions is required, i.e., reorientational or one-

tunneling barrier. We Obtaim=0.52, if ZerO'pOint effects on dimensionaKlD) motions have to be ruled out.

the tunneling integral are considered. In addition to the sta- From Table IlI, listing 14 straight diffusion paths charac-
tistical error of the measured quantitg of 5%, the uncer-  terized by five groups of nearest-neighbor pairs, the selection
tainty of the expression B;/hwp in Eq. (14) by an esti- proceeds by using calculated site energies. This discrimina-
mated factor of 2 leads to a systematic errorAdd, /By~
+5%. Thus, a total error oABy/By~*=10% has to be
accepted in the correlation plot of tunneling barrier versus
distance displayed in Fig. 10.

The results of the evaluation of the individual barrier
heights for different tunneling distances are listed in Table
[ll. We note that the ratio of zero-point energy/barrier height
of the coincidence configuratigsee Fig. )] is very nearly
constant for all cases:Ey/By~10%. All of these values
appear reasonable and also compatible with total energy-
surface calculation®~*®so that we see no objections against
the application of FS theory to the tunneling regime®sif
diffusion in Si.

We now turn to the interesting question of which tunnel-
ing path is taken by the interstitidH. The lattice positions
of six interstitial sites, as described in the literatthé® are
shown in Fig. 11. The following criteria have to be satisfied FG. 11. Lattice sites of interstitial H in a diamondlike lattic:
for tunneling transport: (1) occupation of minimum-energy  (substitutional, BC (bond centex, AB (antibonding, Hex (hexago-
ground stateq;2) same ground state for classical and tunnel-nal), M (middle), C (corney, and T (tetrahedral

S
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fuon procedure constitutes a very sha_rp measure f_o_r compet- A r\/

ing sites under thermodynamical equilibrium conditions. s 8 4
According to several theory groups, the bond-ce(i&) A N

site is energetically most favorablg?*4*4'Thus, it is a can- P ’,,‘—'@/ ,

didate for tunneling along a straight path to a neighboring ﬁ N4ae / 7

BC site at a distance of 1.92 AWe note that we previously Rl

excluded the straight tunneling path BC-BC on the basis of a @ II |

too crude estimate of tunneling probabilf. Our experi- [EEAN YR @

mental value of Ja yields a potential height ofB ‘ @\ ) @ o p

=0.57 eV, quite close to the classical value B§=E, | 2 R i

+E(~0.5+0.05=0.55 eV, where the estimated zero-point e CZK@./—"

energy of the ground statEy=50 meV, is somewhat uncer- [

tain. The proposed classical path BC-C-B#&here C is cor- FIG. 12. The tw t likelv 3D-t i ths between int

nen is characterized by a calculated activation energy of "=~ 'N€ WO MOSLIKEly SW-IUNNEINg paihs beween Inter-
. stitial sites of'H in the Si lattice. The cube length is half the lattice

E,~0.3 eV (Ref. 48 to be compared with the measured one L

17-9 constant of the Si unit cell.

of E;=0.5 eV It was recently also proposed for tunnel-

ing by Herrera® Since it is not a straight path, it has to be

ruled out for direct tunneling transitions because of the vio

lation of momentum conservation.

The middle(M) site was proposed by Corbeit al. as the
ground state of interstitidiH; ** van de Walle found M to be
only slightly higher in energy than the BC site and the po-
tential surface in-between fl&t,so that the particle possibly , 568 X
occupies both places with similar probabilities. As regardsStirated the existence of charged”™. Depending on the

energetic conditions, high-temperature transport could prof €Mi-level position it can assume the .charge.stat*e,smq’,
ceed along M-C-M over a calculated barrier of only and H . Another theory maintains that it constitutes a nega-

E.~0.3 eV which, in view of the computational uncer- tive U system with the result that only Hand/or H states

. . . . ' 3
tainties, is not too far away from the experimental value of¢@n €xist depending on the Fermi-level pos!ﬁéﬁ. Thus,
E,=0.5eV. According to Fig. 10, however, the correlategdoping effects would cause large changes in the diffusion
tunnel barrier height has to l&,=1.15 eV for the distance coefficients, if the diffusion barriers change with the charge

a=1.36 A. Since for the same path the potential barriers foptete of H. Quite surprisingly, our diffusion coefficients in

jumping over and tunneling through should be roughly thethe tunneling transport regime have not shown any differ-

same, the difference betwed, and B, is too large as to ence between the heavily doped and the nearly intrinsic ma-

justify this choice. In addition, M-C-M would be a 1D path terial. At present, we cannot draw any conclusion other than
only, which is another argumént against it. that the tunneling barriers must be nearly the same, since the

The straight path M-M, proposed as a tunneling path begifferences in the atomic mass due to one or two excess

fore in Ref. 12, is characterized by the short distaace electrons are negligible as regards tunneling probabilities.
—0.96 A aﬁd t’he correlated barrier heigBi=2.30 eV Built-in fields, as usually encountered in the near-surface

which appears to be too high in view of theoretical estimateéegion of semiconductors, would influence both classical and

by van de Wallé® Another problem is seen in the fact that quantum-mechanical motion of chargéd. As outlined in
there would be no classical path originating from an M site*PPendix B, an electrical field oF~1V/um would en-
e both transport coefficients by abayfa/kT and

for the high-temperature regime for reasons given above. fpanc 12 12 )
we disregard this two objections, then the only explanatiofdFX ™7/ mBo™*, respectively. Fora~0.1nm, Bo~1eV
left would be to postulate an energetic degeneracy of M an@nd T~300 K both effects are roughly 0.3%. %y using the
BC sites with a vanishing barrier in betwe¥in this case, re!atlon between drift and diffusion lengthss= p 5~ with the
the particle would classically jump along BC-C-BC at high drift sitlgengthllz parameters pg=qF/kT —and = pgn
temperatures satisfying the condition®f=0.5 eV and tun- = 4dFx /7B, we find drift and diffusion lengths equal
nel along M-M at low temperatures. We emphasize, howfor A=6~30 nm. Tables | an_d Il indicate typmal diffusion
ever, that the permitted energetic difference of M and BClengths of this order. Thus, if these conditions apply, the
sites would have to be rather small in order to facilitate argffect of a superimposed drift o (H*) or D(H™) should
approximately equal population down to temperatures of 5¢€ inside our quoted experimental errors.
K, with an energy equivalent of approximately 5 meV.

All other possibilities listed ir_1 Table Il can be ruled out V. CONCLUSIONS
by the consensus of all theoretical groups, i.e., all these site
levels are energetically too high as to be populated. At 100 The low-temperature diffusion dfH in c-Si can be rec-
K, for example, a relative level difference of only 0.1 eV onciled with the tunneling theory by Flynn and Stoneham for
would reduce the respective population of the upper level bya two-phonon mechanism. Tunneling transport path¥-of
a factor of 10°. Thus, even if the tunneling parameter may be realized between BC-BC sites, which are also be-
should allow this transition, as possibly in the cases AB-ieved to be the ground states for classical transport. Tunnel-
Hex-AB (where AB is antibonding and Td-Hex-Td**°  ing between M-M sites could occur, only if BC and M levels
there would be no atoms to participate in. Figure 12 visual-are energetically degenerate and not separated by a barrier.

izes the remaining tunneling paths BC-BC and M-M over
several atomic distances together with the classical path BC-
C-BC.

We now turn to the question of the electronic charge of H
in Si. H is known to exhibit deep electronic levels in the
band gap! drift experiments have convincingly demon-
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Tunneling probabilities ofH have been found independent 06
of the Fermi-level position irc- Si. 0.5 1H/c-Si
Y
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APPENDIX A: DIFFUSION AND TRAPPING KINETICS 0.0

. _ . - o 010 015 020 025 030 035
The differential equations describing particle diffusion in E,*/B,

the presence of one type of trapping center read
) ) FIG. 13. Form factor for tunneling through a sinusoidal barrier
dC;/dt=Dd"Cs/dx“— uCi+vCy, (A1)  ys ratio of zero-point energy and barrier height of the excited state.

dC/dt=uCs—vC;, (A2) J=8Box Yexp —2x¥ m),

whereC;(x,t) andC,(x,t) are the concentration of free and
trappedféart)icles, ré(spe)ctively, a@=C;+C, is the total x=2ma’Bo /4%, (B2)
particle concentratiorD is the diffusion coefficientu andv  whereB, is the barrier heighta the tunneling distance, and
are trapping and detrapping rates, respectively, given by thg the mass of the diffusor. As depicted in Fig. 9, the zero-
usual relations: point energyE; of 'H in the coincidence configuration of
Fig. 9b) has to be considered unleB§ = 3% w§ <B,. This
criterion seems not too well fulfilled in the present case.

The zero-point energy of the excited state is obtained
from Eq.(B1) as

u=4mr,DCq(x), (A3)

v=rvoexp( —Eq4/kT). (A4)

Herer, is a trapping radius an@g(x) the local trap concen- . 2 2 2
tration, while v, is the attempt frequency to leave the trap E§ = 2fiwg = mBg ' Ya(2m)**=0.14B,"7a, (B3)

andE, the corresponding detrapping energy, is the sum  ith units of energy in eV and of distance in A. For example,
of the binding energ¥,, and the activation enerdy,, equal e obtain forB,=1eV anda=1A a zero-point level at
to the migration energy in the case of an interstitial dlffusor:Eg =142 meV, which is not small. Its effect on the form

E,=E,+E,. (A5) factor of the tunneling integral is

The important process of correlated trapping of the im- :J' B 1124 :f ir1+ 2mx/a) Y2 d
planted particle and the damage generated by itself at the end Y [BOO I dx {3[1+coq2mx/a) [ dx,

of range can be described by the relatfon

p=(ro/ryertd (ri=ro)/L)], (A6) as upper and lower integration limit, respectively. Figure 13
wherep is the trapping probabilityr; the distance diffusor demonstrates the strong dependence of the form factor
trap, ro the trap capture radius, ad=2(Dt)*?2 the diffu-  the ratioE/B,. With our value ofkx=0.75 A eV*”? we de-
sion length. rive

The corresponding dissociation energy is readily derived
by applying Eqs(A2) and(A4). If retrapping is negligible, a E§/Bo=my/k(2m)Y?~0.19y, (BS)
straightforward integration gives

with xo==*a cos Y(2E}/By—1)/27 (B4)

which ratio assumes a value of nearly 0.1 §or 0.52 for all
Eq=kT In[IN(C,/Cq)/ v4t], (A7) cases considered in Table Ill. Since for a chosen tunneling
path of lengtha vy is uniquely determined bB,, we have
where a vibrational frequency of,~ 102 s for H seems

to be appropriate. ¥(Bo)= xlaBy?. (B6)
By plotting both left- and right-hand side of E@B6) versus

APPENDIX B: MATHEMATICAL FORMALISM B, we obtain the lines of Fig. 14, where the crossing points

FOR TUNNELING TRANSITIONS determine the barrier heights for each chosen tunneling dis-

The estimation of quantum-mechanical transition rated@ncea given by the unrelaxed lattice positions. o
starts with the assumption of a simple lattice potential. For a 1€ temperature dependence of the diffusion coefficient
sinusoidal potential of the form in the tunneling regime is by a power law reflecting the op-

erating phonon process. For the low-temperature regime of
B(x)=3Bo[1+cog2mx/a)], —al2<x=<a/2, (B1) T<Op/3 Flynn and Stoneham specifiéd

Kehr derives for the tunneling matrix elem&nt D=ga’l'(T),
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"H/c-Si

FIG. 14. Graphical determination of the form factor for a sinu-
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from the actual conditions for a BC-BC tunnel transition.
The influence of an electrical field on the transport coeffi-
cients is given by the expressions

na=qFa/kT, (B8a)

Ngm=40qF x4 7B,"2. (B8h)

The quantum-mechanical enhancememp, amounts to
about 0.3% for typical conditions d~0.1 nm,By~1eV,
andF~1 V/um for *H in Si; the classical factor would
also be about the same &t 300 K.

By using the relation between drift and diffusion
lengths>*

soidal potential of different barrier heights including zero-point en-

ergy effects. Note thay=0.52 for all cases.
[(T)=A(T/Op)",

A=57 6007 wpJ?E2exp —S5E./hwp)l (hwp)?, (B7)

whereg is the geometrical factos the tunneling distancd;
the tunneling ratewp=k® /%A the Debye frequency®p
the Debye temperature, e.@(Si)=640*=40 K, E. the co-
incidence energysee Fig. 9, J the tunnel transition matrix
element, andh the order of phonon process, elg=5-7 for
a two-phonon process.

A=pé&?, (B9)

with the the drift-strength parameters
pPa=qF/kT, (B10a
Pam=4qFx Y4 wBo2, (B10b)

we find drift and diffusion lengths equal f@t=1/p, which
may serve to estimate the relative importance of the two
transport mechanisms. In the present case we firgd 1/
~30 nm.

It should be noted, however, that drift causes displace-
ments of concentration profiles, whereas diffusion effects
broaden their shapes. Thus, the cas&®fs should be iden-

For the purpose of illustration we have chosen a set ofified easily, whereas the unidentified case)of 6 could
typical energy levels in Fig. 9, which may be not too far lead to a change i® by about[ (5+\)/5]?~ 4.
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