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Energy levels of isolated interstitial hydrogen in silicon
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This paper first describes the quantitative determination of the static and dynamic properties of the locally
stable states of monatomic hydrogen dissolved in crystalline silicén:H4, and H. The monatomic hydro-
gens were created controllably near room temperature by using hole-stimulated dissociation of phosphorus-
hydrogen (PH) complexes. Drift velocities and charge-change rates were studied via time-resolved
capacitance-transient measurements in Schottky diodes under changes of bias. These data enable the donor
level ep of 2H to be located at-0.16 eV below the conduction baiidonfirming that theE3’ center found in
proton-implanted Si corresponds to interstitial H in undamageda®id the acceptor level, at ~0.07 eV
below midgap, so that hydrogen is a “negatiyésystem. The experimental values of ande, are consis-
tent with predictions from first-principles calculations, which also provide detailed potential-energy surfaces
for hydrogen in each charge state. While the phonon-mediated reactierHFi+e™ is fast, the reaction
H™—H%+e™ has an activation energy0.84 eV, well above the energy difference0.47 e\j between initial
and final states. Our experiments also yielded diffusion coefficients near room temperafité,fé *, and
2H". The asymmetrical positioning af, ande , in the gap accounts for many previously unexplained effects.
For example, it is shown to be responsible for the much greater difficulty of passivating phosphorus-doped than
comparably boron-doped Si. And while modest hole concentrations dissociate PH complexes rapidly at tem-
peratures where thermal dissociation takes years, we could not detect an analogous dissociation of BH com-
plexes by minority electrons, a process that is expected to be frustrated by the rapid thermal ionizafion of H
The distribution of hydrogen im-on- epitaxial layers hydrogenated at 300 °C can be accounted for if the
donor-hydrogen complexes are in thermal equilibrium withddmplexes whose binding energelative to
H*+H") is of the order of 1.75 eV. With this binding energy, the measured migration,at200 °C and
below must be by diffusion without dissociation.

DOI: 10.1103/PhysRevB.64.125209 PACS nuniber71.55.Cn, 61.72.Tt

[. INTRODUCTION pend on charge state, it is clear that an adequate understand-
ing of phenomena involving hydrogen will be possible only
A number of attributes of hydrogen dissolved in crystal-when the energetic and kinetic descriptors of these species
line silicon, especially its high reactivity for formation of are reliably known. To this end we developed an experimen-
complexes with other impurities or with lattice defects andtal technique to study the kinetics of 'Hand H-, which
its high mobility even at room temperature, have stimulatednvolves their release at a sharply defined time by hole-
considerable research both by workers interested in devicdgduced dissociation of donor-hydrogen complexes. Results
and device reliability and by those concerned with the funfor the mobility of H™ and bounds on some charge-change
damentals of defect kinetics in solilldJnfortunately, these rates, obtained by this method, have been previously
same attributes, combined with the low equilibrium solubil- published® Here we provide detailed descriptions of the ex-
ity of hydrogen in silicon, have conspired throughout muchperimental techniques and analyses for determining
past history to thwart the efforts of experimentalists to dis-which establishes the negatiltieeharacter of isolated hydro-
entangle the various mechanisms and material parameters igen in silicon. This includes an extension of previous work
volved. Thus, although it has been known for some time thaon the diffusion coefficient of H as well as that of H, near
hydrogen dissociates into monatomic species in intrinsic silifoom temperature, on the isotope effect for,Fand on some
con at high temperaturésand that it forms complexes with of the charge-change rates. We also undertake to resolve sev-
acceptors, with donors? and probably with itself, it has  eral controversies and uncertainties about these species, and
only fairly recently been established that*Hhas high to show that a straightforward model based on three hydro-
mobility,® and that there is a stable Hspeciebalso of high  gen species, H H°, and H, fits nicely a variety of experi-
mobility.? Indeed, doubts continue to be expressed about thenental data on hydrogen redistribution frtype Schottky
H™~ species.Other properties of the monatomic species, suchiodes subjected to various sequences of hole injection, elec-
as donor and acceptor energies and temperature-depend#ian flooding, and reverse bias. The model uses universal
rates of charge change by emission and absorption of eleenigration and charge-change parameters, and assumes re-
tronic carriers, were not established up to the time of thecombination of hydrogen with donors to occur only via the
present work. H™ species. It also assumes that near and above room tem-
Since migration of hydrogen in silicon is normally domi- perature charge change H>H™ occurs through the ground-
nated by drift and diffusion of the monatomic species, andstate configuration of ¥ although H never achieves a large
since both drift and the kinetics of complex formation de-relative abundance in equilibrium.
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FIG. 2. First-principles results for relative formation energies
for different charge states of hydrogen interstitials in Si, as a func-
tion of Fermi levele, with eg=0 corresponding to the top of the
valence band. The formation energy of I4 chosen as the refer-
ence. The band-gap error was addressed with a simple correction
scheme, as discussed in Ref. 10.

The process of moving the host atoms introduces a level in
the band gap, derived from an antibonding combination of Si
hybrid orbitals'! This level is empty in the positive charge
state, but is occupied with one electron when the hydrogen
interstitial assumes the neutral charge stat®) (Aihe wave
function corresponding to this level has zero amplitude at the
proton, and is antibonding with respect to the Si atoms. This
theoretical prediction was confirmed in a number of experi-
ments in which the defect state was probed with electron-
spin resonanc? or with muon-spin rotation® The latter ex-
periment was performed on muonium, a pseudoisotope of
hydrogen. Theory and experiment thus agree that the stable
state of neutral interstitial hydrogen is also at the bond cen-
ter, with host-atom relaxations as illustrated in Fi¢o)1
Interstitial hydrogen in the negative charge staté) lds-
sumes an entirely different configuration from that of.H
FIG. 1. Schematic illustration of the minimum-energy atomic COUlomb repulsion now drives the impurity toward the re-
configurations for hydrogen interstitials in silicon, as derived fromdions oflowestcharge density in the crystal, which occur at
first-principles calculationgéRef. 10: (a) the positive charge state, the tetrahedral interstitial site. Relaxations of the host atoms

(b) neutral, andc) the negative charge state. are negligible for this configuration, which is illustrated in
Fig. 1(c).
Il. BACKGROUND The relative stability of the various charge states can be
addressed by using the total energies obtained from the first-
A. Theory principles calculation&’ Figure 2 depicts the formation en-

ergies for the lowest-energy configuration of each of the
charge states, that is, BC for'tand H, andT4 for H™. The
First-principles calculations have produced a wealth offormation energies of Hand H™ depend on the Fermi level,
information about the energetics and atomic configurationsvhich is the reservoir with which the impurity exchanges
of isolated hydrogen in silicotf. Hydrogen in the positive electrons. The Fermi-level position for which*Hand H
charge state (H) behaves essentially as a proton, seekinghave equal energies defines thé0 transition level, that is,
out the regions of highest electronic charge density. In a silithe donor levek ; similarly, the acceptor level, (i.e., the
con crystal, the maximum charge occurs at the bond centé/— transition) is defined as the point wheré’ldnd H™ have
(BC), midway between two Si atoms. The Si atoms have taequal energy. Figure 2 shows the first-principles predictions
move outward in order to accommodate the hydrogen; théor these values:e, is located approximately atec
relaxations are illustrated in Fig(d). The energy gained by —0.6eV, andep is approximately at-—0.2eV. As dis-
forming the three-center SiH—Si bond suffices to com- cussed in Ref. 10, the error bars on these values are quite
pensate for the strain energy required to move the Si atom$arge because of the band-gap error associated with the

1. Interstitial hydrogen
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ration, the H absorbs a hole to becomé,Hand the H can

then diffuse away without a Coulomb barrier to overcome.
The final charge state of the isolated hydrogen is determined
by subsequent carrier-capture and -emission processes, the
quantitative articulation of which is presented in later sec-
tions.

C. Hydrogen donor level

Several studies contributed to the identification and char-
acterization of the donor level for isolated hydrogen in sili-
FIG. 3. Schematic illustration of the atomic structure of the con. The level was first reported in 1978, with deep-level
hydrogen-phosphorous complex in silicon, as derived from firsttransient spectroscogfpLTS), as one of several deep levels
principles calculationgRef. 15. introduced into specimens oftype silicon by proton bom-
bardment at low temperaturés.g., 45 K.*® In the catalogu-
density-functional calculations. It is thus fortuitous that theing of defects generated by the implantation, the particular
calculated donor and acceptor levels are so close to the elevel of interest was labeleB3 and observed to anneal out
perimental values, as derived in the present paper. Still, that 120 K, although in this earliest report neither was the
calculated values were considered sufficiently reliable to prethermal ionization energy quoted nor was the level associ-
dict the negatived character of the hydrogen interstitial, ated with isolated hydrogen.
with U=gp—ep=—0.4eV. Broad consensus now exists A subsequent DLTS study, also onn-type silicon im-
about the atomic configurations assumed by interstitial hyplanted with protongat 80 K), reported several new obser-
drogen in silicon, as derived with various computationalvations for this level, now labeled tHe3’ center. The areal
methods; results from various approaches are reviewed idensity of the level was found to coincide with the proton-
Ref. 14. implantation dose, which suggested that the level is associ-
ated with a hydrogen-related defect. The electron thermal
2. Hydrogen-dopant complexes emission rate was found to depend on theerage magni-

Computational studies have also produced microstructurdtde of the applied electric field in the depletion layer of a
models for hydrogen-dopant complexes in silicon. Of par->Chottky diode. This phenomenon is termed the Poole-
ticular importance for the present paper are hydrogen-doncﬁr,e”ke' effect and arises from thg eIectnc-ﬂeId-mduged low-
complexes, which have been established theoretically as weffing of @ Coulomb energy barrier for thermal emission.
as experimentally. The structural model for the PH comp|e)pbservat|on of_the Pool_e-FrenkeI eff_ect thus esta_lbhshed that
as obtained in Ref. 15 is shown in Fig. 3: other computa-the E3’ center is _donorhlge. I_3y applying a correc_tlon for the
tional approaches have produced very similaréffect, th(_e zero-field actlvat_|on energy was estlmate_d to be
configurationg? The hydrogen is located in an antibonding 0-2 €V- Finally, the authors included in their speculations on
site of a Si atom adjacent to the P atom. Both the Si and B¢ Possible origins of this center the suggestion that the

atoms undergo sizable relaxations along the bond axis. level might arise from a hydrogen atom at a single interstitial
site.

A third DLTS study® further established tha3’ is a
hydrogen-related defect, reported an activation energy of
0.16 eV after correction for the Poole-Frenkel effect, and

In the experiments to be reported in this paper, PH comeguantitatively characterized the annealing stages. In particu-
plexes provided the source of isolated hydrogen. The hydrdar, it was observed that the annealing temperature depends
gen was released from the complexes by the phenomenon oh the presence or absence of free electrons.
“minority-carrier-enhanced dissociation,” in which the intro-  The application of electron paramagnetic resonance
duction of minority carriergi.e., hole$ destabilizes the PH (EPR techniques contributed decisively to the microscopic
complexes such that dissociation can occur at temperaturégentification of theE3’ center. Studies of silicon implanted
where thermal dissociation in the absence of minority carriwith hydrogen at low temperatures revealed a characteristic
ers is negligibld®*’ The dissociation may be expressed by paramagnetic defect that was designated the AA9 cénter.

B. Minority-carrier enhanced dissociation
of PH complexes in Si

the following initial reaction: Subsequent studies by Bech Nielsen and co-wotkéts
clearly established that the paramagnetic center AA9 and the
PH+h't—P"+HC. (1) deep level defect cent&3’ are identical. This conclusion is
based on the following observations:
A physical model has been proposed for this reactidn. (i) The change between plus and zero charge states occurs

is envisaged that thermal fluctuations produce a configurdor both centers at the same donor energg~ec

tion P"+H~ where the atoms are displaced from their —0.16¢€V,

minimum-energy configuration but still in close proximity,  (ii) Both centers disappear upon annealing at near 100 K,
hence, a configuration that is of lower energy than for widelywhile illuminating the AA9 center with a standard light in-
separated Pand H . In such a partially dissociated configu- tensity, or for the E3’ center while in the “electron-
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flooding” regime of ann-type diode(This was interpreted as Namely, it is the mean energye)=(ep+¢e,)/2 that is lo-
transitions from either H or H® to metastable H.) cated below e,+0.3eV. This implies thates<gp,
(iii) Both centers disappear on annealing in the dark at-0.25eV. A direct quantitative determination of is pre-
around 200 K(for a given prehistory (This was interpreted sented in the present paper.
as the migration of H to traps)
The above observations and interpretations in support of IIl. MEASUREMENT STRATEGY
the identity of the AA9 andE3’ centers have been further
strengthened by the work of Gorelkinskii and Nevirfiyin For a negatived system there is a difficulty with the nor-
the effects of uniaxial stress on the AA9 center. These result&al method of locating an acceptor level by measuring the
can be summarized as follows: dependence of its charge state on Fermi lexel since the
(iv) The relative densities of AA9 centers of the four pos-impurity goes from being nearly all positive to nearly all
sible orientations can be changed by equilibrating the assd€gative where passes througke); the energy separation
ciated H" species in an anisotopic stress field at temperaturesp — € a affects the charge-state statistics only in the always-
from 77 to 170 K, and recovered by similar anneals at zer¢mall concentration of ¥ Even for the positivéd case,
stress.(This indicates that H as well as M occupies BC ~measurements withg as close to the midgap energy, as
sites) expected fore , would be difficult since the material would
(v) The coupling constant for the orientation to stress,be nearly intrinsic. While in principle the acceptor level can
measured by this effect, is of a sign appropriate to an outbe determined from determinations @f and(e), however,
ward relaxation of the two Si nearest neighbors of anat  even the anticipated depth ¢f) presents practical difficul-
a BC site. ties. The method we developed avoids these difficulties by
(vi) No similar relaxation or recovery occurs when the focusing attention on the kinetics of the transitions
AA9 centers are reconverted td Hy keeping the specimen

. . . . 0 - -
under illumination.[This was demonstrated at temperatures H+te —H", (2a)
over the range from 77 to 130 K with measurements on ol
fractional orientation of those AA9 centers that do not disap- H —H+e", (2b)

pear dL_’e to the process) listed above. This was.interpreted whose rates, related by the principle of detailed balancé, are,
as a disappearance of most of the by conversion to Fi respectively.

before there was time for an appreciable probability of a
reorientation hop of A]
(vii) From the rates of growth of anisotropy by annealing
under stress in the darkr of loss of anisotropy by annealing and
under zero stregsone can deduce the hop rate of Hbe-
tween neighboring BC sites. ro=ro-[(voZo)/(v-Z_ )]exd(ea—ep)/KT], (4)
Some implications of the above studies are discussed lat
in thi_s Paper. Determination of the activation energy for ther'Ho,ve is an average thermal velocity for electrong,is the
mal ionization of electrons from the donor level is further

discussed in Sec. V B after introduction of the ex erimentafree_eIeCtron concentration;, and v are the number of
; ) P ground-state configurations fotldnd H, respectively, in a
techniques and results from the present study.

primitive cell, andZ, and Z_ are the vibrational partition
functions associated with%and H, respectively. We obtain
D. Negatively charged hydrogen e, by inserting measured valuesnf, andr,_ into Eq.(4).

Actually, r _y andry_ cannot be measured directly. In one
experiment we measure the spontaneous conversion o6 H
H*, and in another the absorption of two electrons by. H
These give the rates of the reactions

lo—=0pelele (3

%hereo—Oe is the cross section for capture of an electron by

The existence of negatively charged hydrogeniHi sili-
con was originally inferred from the field drift of hydrogen
released by the thermal dissociation of PH compléxXast
was subsequently shofithat H™ is the stable form when the

Fermi level is positioned 0.3 eV above the midgap energy H'+2e —H" (58
em, and possibly also at lower positions, which established
that the hydrogen acceptor leve), is below g,+0.3eV. H —H+2e" (5b)

Since the donor level lies within 0.2 eV of the conduction
band(Sec. Il Q, that is,ep=¢,+0.35eV, the donor level is instead of the rates of E(R). However, we assume that each
higher than the acceptor level. This experimentally identifief the processes E(b) consists of a fast step and a slow step
hydrogen as a “negative-U” impurity in silicon, for which occurring sequentially, the fast step involving the intercon-
two H® atoms can lower their energy by changing t6 &hd  version of H with H*, and the slow(hence rate determin-
H~,%% as had been tentatively predicted dly initio theoret-  ing) step being the appropriate process of E?). Specifi-
ical calculationgSec. Il A). cally, we assume the rates of EqRa and (2b) to be
With the qualitative information that hydrogen is a essentially the same as those of E@® and (5b), respec-
negativet impurity, the fact that H is stable forep=¢,, tively. This assumption is correct provided tHat the pro-
+0.3eV(Ref. 27 imposes a tighter bound on the location of cesse$5) both proceed via an essentially equilibrium state of
the acceptor level than would apply for the positilesase.  H® and(ii) the rates of 9—H" + e~ are very fast compared
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with the corresponding H—H°+e™ rates in Eq.(5). Both Experimental Arrangement

of these conditions should be valid if, ab initio calcula-

tions suggest’ the stable configurations of Hand H both Ohmic —_,

have the hydrogen at a bond-center site, with no significant Contact n-type Si | Depletion Layer

metastable site for 1 as discussed in detail in later sections. Z -~ —f

Av>Eg
IV. EXPERIMENTAL TECHNIQUE /W, .
P
PH

I
A. Test devices }
[
\

72 » Schottky Contact

The experiments were performed on Schottky-barrier di-
odes fabricated on commercial, polished wafers of
Czochralski-grown single-crystal silicon. Timetype silicon
was doped in the melt with phosphorus for a donor concen- (cryostat)
tration of ~1x 10 cm™3. To ensure an Ohmic back contact,
the wafers first received a backside implant of phosphorus a
50 kV to a dose of %X 10**cm 2. The implanted dopant was

NN

then activated with a furnace anneal at 900 °C for 30 min. in Voltage | _,|Capacitance| | A/D
flowing N,. The backside contact was completed by vacuum Source Meter Converter
depositing an aluminum film to a thickness of 450 nm, and |
then annealing the wafer at 450 °C for 30 min in flowing N

The wafers were then ready to process Schottky-barrier con c::?:tl:: '

tacts on the polished front surface. First, a fraction of the Plotter

phosphorus atoms in the near-surface region of the silicon
was passivated by exposure to monatomic hydrogen or deu- FIG. 4. Schematic diagram of the experimental arrangement for
terium from a remote plasma at 120 °C for 20 min. The hy_in_ducing and recording capacitance transients on Schottky barrier
drogenation system and procedure are described elseffherediodes.

The Schottky diodes were completed with the vacuum

evaporation of Pd electrodes through a shadow mask. Con- AC f\éVDxAps(x)dx

trol diodes did not receive hydrogenation. C = T Waowo )
Except for the experimental determination of the diffusion pPs(Wo)

coefficient of'H* in Sec. V E, all measurements reported in

this paper were made witPH. In the text, “hydrogen” or The measurement system is schematically illustrated in

“H” can refer to either species. Fig. 4 with a Schottky-barrier diode omtype silicon. An

applied reverse bias induces a depletion layer that contains
) the PH complexes. Minority carriefBoleg are injected into
B. Measurement technique the depletion layer by pulsed illumination of the backside of
The essence of the experiment is the detection of changée diode with strongly absorbed light. A solid-state laser
in space charge in a silicon depletion layer as a consequenéas used for this purpose. The photon energy was 1.53 eV,
of changes in the charge state of hydrogen and the migratiofhich yields an absorption depth in Si at room temperature
of charged hydrogen. A convenient and sensitive way tcf approximately 13um. The diode-depletion capacitance is
monitor space charge is with the high-frequency differentialmonitored in real time after hole injection as the space
capacitance of the depletion layer in a current rectifying decharge relaxes to a new steady state.
vice. In Appendix A we derive a useful expression for relat- The measurement system as described above and sche-
ing a change in capacitance to the change in the space-chargetically depicted in Fig. 4 is essentially a deep-level tran-
density. It is based on the depletion approximation whichsient spectromet&t® (DLTS). However, the conventional
neglects any contribution from free carriers to the spaceDLTS algorithm for recording and analyzing data is not ap-
charge density and specifies that all of the space charge @icable in our case. While our measurement involves per-
contained within a layer of thicknes&/, . The capacitance forming capacitance transient spectroscopy on a deep-level
of the space-charge lay€ris that of a parallel-plate capaci- impurity as in conventional DLTS, with isolated hydrogen

tor with the permittivity e of the semiconductor and the We have the added complexity that the charge-emitting cen-
thicknessWp, of the depletion layer ters are simultaneously migrating and undergoing chemical
reactions as well as capturing and emitting charge. Such a
degree of complexity has not been previously encountered in
C=es/Wp. ®  DLTS measurements.
In Appendix A we show that, for small changes in the charge
density, the change in capacitans€ is proportional to the
first spatial moment of the chandeps in the space-charge The performance of the measurement system was demon-
density ps within the depletion layer, as follows: strated with a control diode that was identical to the test

C. Control diodes
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FIG. 5. Capacitance transient recorded on a control Schottky
barrier diode that did not receive hydrogenation.
0 | | | | I | ]
0 2 4 6 8 10

diodes except for the absence of PH complexes in the space
charge layer. In the absence of these complexes the Schottky
diode possesses no source of deep levels so that there shouldr|G. 6. Capacitance transienC(t) during a deuterium sweep-
be no capacitance change in response to the backside illumdut with a 20-V bias.

nation on the recorded time scale of the measurement. Any

significant capacitance transient with such a diode would rea/cm2, The graph records the change in capacitane
veal either a temperature-induced capacitance transient ongth respect to the preinjection quiescent value, with time
possible slow recovery of an electronic amplifier from animmediately after the hole-injection pulse. The capacitance
overload condition. Either response could obscure the intefg|axes nearly exponentially with a time constantfrom an
pretation and analysis of data in terms of hydrogen migrationitial maximum valueAC{ to a new steady-stathC .

and charge changes. The interpretation of the\C* transient depends on the

The absef.‘ce of such artifacts \.N't.h the d'Od?S a_nd InStruz'answers to two questions: Was the monatomic hydrogen at
ments used in the present study is illustrated in Fig. 5. Th

%he start(i.e., at the conclusion of the hole pulseainly H"
control diode was mounted in the cryostat and maintained gf, wast(it Iérgely or mostly PP Were thg ():harge)—/cha,nge

295 K W'J.[h a reverse bias of 20 V. The diode was .thentimes long or short compared with the sweep-out time of
backside illuminated under conditions that were emplrlcaIIyH+,, Among the several conceivable combinations of cir-
identified on test diodes to controllably release a small frac-,

) . . cumstances, the one for which the calculation of the ex-
tion of the hydrogen from the PH complexes in the deplet'o%ectedAC* is easiest is the one where all the hydrogen is

layer. Similarly, the time scale for recording the tranS|ent.nitially H* and gets swept out of the depletion layer by the

response reflects that used on test diodes as reported in la . o . . .
sections. Specifically, the backside was illuminated at an in__e;gphed electric field before it has time to change appreciably

) . into H® or H™. This model, which we term the “pure H
cident power O.f 230 mW for a durat_lon of 200 msec. OVersweep—out” model, not only is the simplest possibility, but
the recorded time scale the capacitance is essentially Uliso corresnonds closelv to the true situation
changed from its preillumination value. The very slight tran- P y '

sient at short times arises from heating during the illumina- A S|mple af“’ strlklng success Oj the Pwé Igweep-out
tion, which can be reliably corrected for by data model is that it predicts the ratbCcdAC, in Fig. 6 to be

1o ; o _—
normalization, as described in later sections. close to?. Since each dissociation evgnt crea_tes .at a parucu
lar location a new P and a monatomic H which is quickly
converted to H, that is, is converted on a time scale short
V. EXPERIMENTAL RESULTS compared to the recorded time scale in Fig. 6, the localized

In this section experimental results are presented for teharge density created by the hole pulse consists of a
diodes and the capacitance transients are interpreted in terfidle+(X) @nd an almost identically distributenl, (x), the
of kinetic processes involving the release of hydrogen fronfiensity of H'. If these two distributions were exactly equal

PH complexes and the subsequent migration and charg%“d if all of the hydrogen was swept out without recombin-

during the hole pulse will tend to decrease this ratio, and any
recombination to increase it. The empirical value in Fig. 6 is
0.50.

Time (sec)

A. Hole injection

A capacitance transient is illustrated in Fig. 6 for a deu-
terated diode that was exposed to a single hole injection
pulse at 310 K. The diode had a fixed reverse bias of 20 V,
and the hole-injection pulse had a duration of 200 msec dur- The phenomenon described above, of generation and
ing which the hole-current density was approximately 0.4sweep-out in a depletion layer, provides a means to produce

B. DLTS of donor level
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FIG. 7. DLTS spectra for a deuteratagype Si Schottky diode 0 > 4 6 8 10

after minority-carrier (hole) injection at 240 K and immediate
quenching to 100 K to freeze-in interstitial, isolated deuterium at-
oms. The double-correlation technique was used to define the same FIG. 8. Capacitance transient<C(t) during deuterium sweep-
spatial observation window for two spectra, which were recorded aft with a 20-V bias, with{lower curve and without(upper curvé
different reverse biaseé . Listed are the peak temperatdfgand 5 10.ms flooding at zero bias immediately after the hole pulse. The
the emission activation energy, for each spectrum and the emis- j,set shows an Arrhenius plot of the spontaneous charge-emission
sion rate windowey. The width of the trap filling pulse was 2 ms. rater_, obtained from an initial-slope analysis of theC™ tran-
sient.

the hydrogen-related donor level, without ion implantation,
for investigation with conventional DLTS. The procedure in- emission rates to what they would be in zero field. When we
volves first releasing hydrogen from PH complexes in theuse the Hartke correction similarly on our data, we find two
depletion layer and then immediately quenching the diode talightly different Arrhenius linegwhich should be the same
a low temperature at which the isolated hydrogen is effecif the Hartke formula were corregtwith activation slopes of
tively immobilized at an interstitial lattice site, in preparation 0.166 eV for data taken at 4.1-V bias and 0.145 eV from the
for conventional DLTS. data at 8.5 V. Thus, it seems that our measurements are con-
DLTS spectra are shown in Fig. 7 for a diode after thesistent with those of Ref. 21. However, there is a modest
minority-carrier injection(MC) and quenching procedure. uncertainty regarding the correct magnitude of the Poole-
The quenching procedure was implemented as follows: withrrenkel correction: Hartke’s model is surely incorrect both at
the diode reverse biased at 20 V and held at 240 K, holebw fields F, where the departure of the correction factor
where injected into the depletion layer. While continuouslyfrom unity should beD(F?) instead ofO(F?), and at high
injecting holes, the diode was rapidly cooled to below 100 K fields, where escape by tunneling will eventually dominate
In the absence of the hole injection pulse no DLTS signabver barrier surmounting. Fortunately, the correction is prob-
was detectable on the indicated scale of sensitivity. Thably small at our lowest fieldabout 2.6<10*V/cm), and
double-correlation technigtlewas used to define a spatial since one can reasonably expect the zero-field activation en-
observation window bound by depletion depths at 0.6 anergy to be greater than the Arrhenius slope for the uncor-
0.9 um. Spectra are shown for two different reverse biasesected escape rates at this fié@i159 eV, it is not unrea-
Vg that produced different average electric fields in the ob-sonable to accept for the zero-field ionization energy the
servation window. With each spectrum are listed the peakalue 0.16-0.01eV proposed in Ref. 21. Moreover, the
temperaturel, and the measured activation energy for ther-same 0.16 eV was also obtained for the binding energy of an
mal emission of electrons. electron to H in a study of the temperature dependence of
The DLTS spectra in Fig. 7 clearly demonstrate that thehe H:H™ concentration ratié®> Of course, the energies
thermal emission rate depends ®f. This indicates a should not be quite the same for the of Refs. 21 and 23
Poole-Frenkel effe® that is, a Coulomb attraction between and the?H of our measurement.
the hydrogen and the emitted electron. This qualitative fea-
ture establishes the donorlike nature of the defect, and indi-
cates the need for a correction to obtain the zero-field values
of the emission rate and its activation enetgfhe authors The addition of an electron-flooding pulse immediately
of Ref. 21 did not present their raw DLTS data for B8’ after the hole-injection pulse has a dramatic effect on the
center, but quoted an activation energy of @:1601 eV af-  capacitance transient, as illustrated in Fig. 8. The top curve
ter using a formula due to Hartk&to correct their measured arises from the generation and sweep-out 6fd$ described

Time (s)

C. Electron-flooding pulse
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in Sec. VA. The bottom transient was produced by the ad- 125 . [ \
dition of an electron-flooding pulse that was applied to the 2H in n-type Si
diode for a duration of 10 ms at the end of the hole-injection 1000 .\I;=-?g?)‘\(l i
puls_e. Th|s_ transient k_Jeglns_ \_/v_|th a magnltu_de near zero, MFé:l: Jp= 0.4 A cm-2
AC, , and increases with an initial relaxation time before 750 — Tp =200 ms
rolling over and decreasing at long times until reaching a = %CJ <ACY>
new steady-state valu®Cgs. The more complex structure r2) 50l ACH e
of the AC™ curve indicates a richer set of processes than are = ﬁMAcss |
involved inAC™.

The most striking feature in Fig. 8 is th&C, which 251 Delayed electron 1
increases toAC, after the hole-injection pulse, returns flooding pulse
nearly to its pre-hole-injection valuge.,AC, ~0) after the 00 2 2 6 3 10
electron-flooding pulse. The hole pulse creates new donors Time (sec)
(P") and monatomic hydrogen. Since the electrons supplied
by the flooding pulse do not alter the charge state ‘ofRd FIG. 9. Effect of a delayed electron flooding pulse on A@™"

there is not time for appreciable recombination, it must beransientin Siat 300 K with a delay of 3 s. The quanfitgssis the
concluded that the flooding pulse converts enough monmeaiurgd steady—state capacitance, and .the dashed line labeled
atomic hydrogen to H to nearly cancel the effect of all the (A_Css)_ls the estimated steady-state capacitance that would be ob-
newly created P. The AC™ transient arises from electron 'ain€d in the absence of the delayed pulse.
emission, recapture of Hby P, and H migration. The fact . .
that nearly all of the monatomic hydrogen remains as H 9ral in the numerator of EqA3). The momenM(AP") of
during the zero-bias condition was exploited to determine théhe P~ newly created by th+e hole pulse is independent of
diffusivity of H™ in Si near room temperature, as discussedime and proportional t0ACsg. Expressed in terms of mo-
in Sec. VE. ments

The inset in Fig. 8 shows an Arrhenius plot of the spon- e . .
taneous emission time_o(=1/r _,) obtained from the ini- ACy (tg)cM(APT)+M(H" ty) ®
tial slope ofAC™ after correction for sweep out, as described
below in Sec. VI A. TheT? correction arises from the known
temperature dependences of the thermal velocity and effec- +ogt +y + - + o=
tive density of states in the prefactor of ;. ACq (tg)*M(APT) =M= (H 1) *M(H7.tg), (9)

while

where we have separatddi(H",t4) into a sum of a contri-
bution M- from the spatial interval between the zero-bias
depletion depthxy and the full-bias depletion depi, and a

We have pointed out above that the factor of 2 ratio be-contributionM _ for the intervalx<x,. The flooding pulse
tween the initial and steady-state values of the capacitancehanges the Hin M .. to H™, hence the negative sign in Eq.
change in Fig. 6(AC; and AC{s, respectively agrees (9), but leaves the Hin M_ unchanged. Thus, we expect
nicely with the “pure-H" sweep-out” model of Sec. VA. the differenceACJ —(ACZSg to be slightly greater than the
The assumptions of this model—that only tand P" con-  difference (ACJ9—ACy, since the small quantity
tribute to the space-charge transient and that there is no &1 _(H",ty) increases the former and decreases the latter.
passivation of P in the depletion region—can be jUStlfled by The Specia| value of the de|ayed-f|ooding-pu|se experi-
the positions we find for the donor and acceptor levels oinent, however, is that it severely limits the range of possible
hydrogen. However, it is worth noting that a slight modifi- speculations that depart from the puré-sweep-out model
cation of the experiment we have just described gives alwhijle retaining consistency with the behavior obsereig.
ready further support for these assumptions. The modificag) without the flooding pulse. We shall discuss only one ex-
tion utilizes adelayedelectron-flooding pulse. Results are ample of such a speculation, one that might be made if one
shown in Fig. 9 for the effect on thAC™ transient of a wished to reject the positions adopted in this paper for the
flooding pulse(of 10 ms durationthat is delayed 3 s after  donor and acceptor levels of hydrogen and instead adopted
the hole-injection pulse. With the delay time denoted@as  the 1990 suggestiSrthat in traversing a depletion region at
the magnitudes oAC™ immediately before and after the room temperature hydrogen comes to a steady Gegsum-
delayed pulse, measured relative ¢dC<g, are labeled ably by electron and hole emissjoim which it spends most
ACJ [=AC*(ty)] andAC, [=AC™(t])], respectively. (~90% of its time as H, much less as H none as H.
The magnitudg ACSg) is the estimated steady-state capaci-With this speculation one might assume that hole absorption
tance that would have been achieveddg * (t) if its evo-  during the hole pulse created practically 100% &t t=0,
lution had not been interrupted by the delayed pulse. but that most of this converted tc’efore being swept out.

The pure-H sweep-out model explains the behavior With this assumption plus the assumption of no repassivation
shown in Fig. 9. By Eq(A3) of Appendix A, all theAC’s  of P* by H* or H’, one could get agreement with the obser-
are proportional to the spatidk) moments of the corre- vation that(AC{9~3AC™(t=0). (Otherwise one would
sponding charge distributions, that is, to values of the intehave to assume a coincidental cancellation of the effects of

D. Delayed electron flooding pulse
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FIG. 10. Arrhenius diagram of measured diffusivities ¥or" in
silicon. Results are shown from van Wieringen and Warmholtz
(Ref. 2 and Gorelkinskii and NevinnyiRef. 24. In each case the 10712 ‘ ' ' ' ' '
solid segment identifies the measurement range and the dashed pc 30 31 32 33 34 35 36 37
tion shows the extrapolation to room temperature, for comparison 1000/ T (K'1)

with results from the present study, EG45).
FIG. 11. Comparison of measured diffusion coefficiebts of

0 L . . IH* and 2H" near room temperature. Black circles and squares:
H” att=0 and those of repassivation, which seems unlikely, 5,es obtained foH* andH*, respectively, by fitting oA C* (t)

since the factor; is observed over the+whole temperature ¢y ryes like that of Fig. 6. Open squares and dashed Arrhenius line:
range of 260—329 K.The momentM (AP™) would the_n be  values inferred foD, (*H*) in 1990 (Ref. 6 from capacitance-
independent of time up t&;, and Eq.(8) would again be  voltage measurements of migration of protons implantedprtigpe
valid. Now, however, Eq(9) would be replaced by Si at low voltage, using the assumption that a fracn0.1 of the
migrating hydrogen was Hand the rest B As explained in the
I " .- text, replacement of this assumption @ 1.0 to accord with re-
ACq (tg)=M(APT)+M(H™ tq) cent knowledge would bring the results of Ref. 6 into approximate
~M_(H" tg)+ M(Ho,tg). (10) agreement with the present study.

high temperature§1092—-1200 °(, they determined the fol-

Clearly, iftq is chosen where the second term of BBl.is an  5ying Arrhenius dependences for the diffusivily (Ref. 1,
appreciable fraction of the first, the alternative model we areq . I11.23:

here considering will require the last three terms of B4))
to be negative and several times larger than the last term of
Eq. (8), so thatAC, (t) falls much farther belowACgo)

(or 3ACy) thanAC (t4) lies above it, in extreme contra- wherek is Boltzmann’s constant arflis absolute tempera-
diction to Fig. 9. ture, and the activation energy was estimated to be accurate
to 10%. Further, from the square-root dependence of the per-
meation rate on Kpressure, they concluded that hydrogen
diffuses predominantly as a monatomic species.

The analysis of the capacitance transients, to be presented While the measurement was a major experimental
in the next section, requires the diffusivities of ldind H as  achievement that has never been duplicated in silicon, what

D=9.67x10 3exp—0.48 eVKT) cnéls, (11

E. Hydrogen diffusivities

parameters for the quantitative determinations@f Avail-  was not considered in this early study was the possibility that
able data on these diffusivities are discussed in this sectiothe monatomic hydrogen was in other than a neutral charge
and summarized in Figs. 10 and 11. state. From the now-known amphoteric properties of isolated

The classic study of hydrogen diffusion in silicon was hydrogen in silicon, particularly the location of the donor
published by van Wieringen and Warmholtz in 1956tom  level along with the negatives character of hydrogen, it can
measurements of hydrogen permeation through silicon aie concluded that the diffusivity determined by van Wierin-
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gen and Warmholtz relates predominantly t, Hather than Also shown in Fig. 11 are values inferred fBr, (*H™)
to H% since at their elevated measurement temperaturdéom Seager and co-workérever 10 years ago by an analy-
(=1092 °Q the material was intrinsic, so that the Fermi level sis of migration of protons implanted at low energy into
was substantially beloe). Consequently, Eq11) is shown  p-type silicon diodes under reverse bias. In an attempt to
in Fig. 10 as the diffusivity measured by van Wieringen andaccount for some puzzling features in migration experiments
Warmoltz of H", with the solid line indicating the range of at zero bias, they were led to assume that in all cases their
measured temperatures and the dashed portion the extrapofaigrating hydrogen was Honly about a tenth of the time
tion to room temperature. (Q=0.1 in their analysis and H the rest of the time.
The observation by Gorelkinskii and NevinAYof reori- ~ Though this was conceivable then, we now know that all of
entation of H (AA9 centers in a uniaxial stress field along the migrating hydrogen must have beeh.HChangingQ to
[110] and of its recovery gives a clear measure of the hopd.0 removes most of the discrepancy between this older work
ping time 7, Of H™ between nearest-neighbor BC sites andand our _pres_e_nt results. _ o
therefore of its diffusivity. At not too high temperatures, dif-  Our diffusivity for *H* is also shown in Fig. 10 for com-
fusion of H" takes place purely by a random sequence ofarison with the extrapolated high-temperature results from

such hops, for which van Wieringen and Warmhoftzand the extrapolated low-
temperature results from Gorelkinskii and NevinffiThe
D, =(hop Iengch/(GThop). (12 agreement among the three sets of data, and especially be-

tween our results and those of Gorelkinskii and Nevinnyi, is
impressive. The uncertainties of the Arrhenius slopes are
such that a single straight line could easily fit both sets of
(13) data within the probable errors. An important conclusion is
that tunneling of'H* between nearest-neighbor sites, which
whereF is the fraction of all possible hops that change theat low temperatures should eventually dominate over ther-
orientation of the Si-Si bond in which an H is sitting from  mally activated over-barrier motion, does not yet do so at
being perpendicular to the stress axis to nonperpendicular, di25 K.
vice versa. Due to the crystallographic inequivalence of the The only reported determination of the diffusivily_ of
six adjacent BC sites to which an*Hcan hop in g/110- H~ was obtained with the time-resolved capacitance tran-
directed stress fields=3. Hence, from Eqgs(12) and(13)  sient techniques described in previous sectfofise estima-
and ther measured by Gorelkinskii and Nevinnyi, the diffu- tion of D_ was obtained from the rate of recombination of

Although not noted by Gorelkinskii and Nevinny,, dif-
fers slightly from their measured reorientation time

Ur=2F/Tpep,

sion coefficient is H™ with P* near room temperature. The simple model used
for data analysis slightly overestimated the magnitude of the
D,=4.24x10 *exd —0.43+0.02 eVkT] cn¥/s, diffusion coefficient and provided a useful upper limit

(14 of 0.70 eV for the activation energy, with_(*H™,300K)

for measurements in the range 126—-143 K. These results areS <10 Zentls. T "
Our measurements of diffusion for both the positive and

also plotted in Fig. 10 with the solid segment identifying the

measurement range and the dashed portion of the line Sho\&]_egatlve motngtomg: tspeuﬁs h:;ve tacm%’ assutrﬁedhtr:jat any
ing the extrapolation to room temperature. ydrogen not bound to a phosphorus or {o another hydrogen

The capacitance-transient techniques described in prev?P.e.nds most of its _time as an iSOIa.‘tEd monatomic Species at a
nimum-energy interstitial configuration surrounded by

ous sections provide an independent means to measure tHY . o 9 : .
diffusivity of H*, which unlike the two determinations just perfect silicon. A similar assumption is used in our determi-

described is applicable near room temperature. In the pur\%"l"gog ?f the pgsmon ﬁf ltlhe_thydrpc?en actcheptor level in ?ecf.
H* sweep-out model for thAC™ transient in Fig. 6, all the €low, and we shall cite evidence here in support o

hydrogen is initially H and gets swept out of the depletion this assumption.
layer by the applied electric field without changing apprecia-
bly into H® or H™. The characteristic decay time AfC ™ (t)
relates to the mobility Fl and, from the Einstein relation, to
the diffusivity. Numerical simulation of the sweep-out kinet- A. Initial slope analysis of electron emission
ics, which incorporated the initial distribution of space o -
charge fromC-V data, was used to reproduce experimental f The :ower c?lrvegc mlFlg: 8 rezglts lfron;t thehadr(]jltllon_
AC™ transients over a range of temperatures, with the deca? an e ectron 0oding puise imme lately after the ole n-
time as fitting parameter. The resultant diffusivities fet" ection pulse, Wh'.Ch converts the ”eW'y r_eleaseﬁﬂd H-
and?H" are shown in Fig. 11. They are fitted By Th? diode capacn_ancAC _(t) 1S€s W'th time because the
initial slope of AC™, [dAC™ (t)/dt];~q, is made up of two
D, (*H")=1.45< 10 3 exp(—0.497KkT) crfls, (15 competing contributions, drift of H (and of a small amount
of H* present inside the zero-bias depletion layevhich
D, (2H")=1.44x 10 3 exp( — 0.504kT) cn#ls, (16) gives a negative term, and charge change—HH’—H™,
which gives a positive term. Figure 8 shows that the latter
At room temperature the ratio of these diffusivities isterm dominates. Each of the terms can be directly related to
D,(*H")/D,(®H")=1.9. other observable parameters, to yield an expression from

VI. ANALYSIS
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which the spontaneous electron emission time, T

(=1/k _y) can be determined. The analysis follows.
The small ionization energy of the hydrogen donor level i

ensures that near room temperature the second step,

H—H"+e", in the spontaneous conversion of Ko H" -

occurs practically instantaneously compared with the slower

first step H—H%+e~ (cf. the more detailed discussion in 1.0

Sec. X below. So we can write, with subscript “0” foit

=0, 0.8

1,=15.2 s

Normalized
AC (0) - AC_(0)
|

7,=0 -

2”301 [ N B |
"0 5 10 15 20 25

7, (us)

_ _ - =
[dAC /dt]t=0:[dAC /dt]o,charge chang'é'[dAC /dt]o,drift J'\::O.S
1Q
= (Ur_o)[AC*(0)~AC™(0)] K
B o‘: 04 5 us -1
+[dAC /dt]O,drift- (17) < 10 us T=310K
Here[dAC~/dt]our i an integral of contributions from all 0.2 fg - Va=6V 4
depth intervalgix from the surfacex=0, to the reverse-bias o
depletion depth. The contribution from aix in the zero- 00 1 2 3 4 5 6 7 8
bias depletion region will be the same as the contribution Ti
from this region td dAC*/dt] 4, Since the hydrogen here ime (s)
persists as H after the short flooding pulse, arie(x) at t FIG. 12. Capacitance transiemsC,(t) recorded after the fol-
=0 is not changed. At greater depths fi$ changed to H,  |owing sequence of operations: dissociation of PH complexes by a

butif D _ happens to be the samels , its drift velocity in hole pulse at a reverse bias of 20 V, immediate redudiien after

the electric field will be exactly equal and opposite to that 0f10 mg of the bias to zero for a duration,, and imposition of a

H™ att=0 without a flooding pulse, hence the region’s con-new reverse bias of 6 V. The inset shows the exponential decay of
tribution to[dACJ’/dt]o'drift will again be the same as that to the normalized values aC,(0) toward their long-timeAC..(0)
[dAC™/dt]g grit- So forD_=D, we can set (7n=10ms) limit, which yields the electron capture timg.

[dAC 7dtogin=[dAC/dt]o gin=[dAC " /dt]o, (19  ing both parameters by factors of 2 up or down could change

T_o by at most+22% or —27%. To change, by 0.01 eV

which is measurable. would require a change 0f45% or —31% in 7_.

By how much does Eq18) need to be corrected when
D_#D,? The answer depends not only on the ratio
D_/D., but also on thex dependence of the concentrations
of newly created monatomic H and tftal donors(P" in our
case. A straightforward calculation, especially simple when )
both of the latter concentrations are uniform, gives The rater,_, or equivalently the rate of Eq5a), was

determined by studying the amount of conversion of td

[dAC™/dt]ogrig=[dACT/dt]y gi A+ (D_/D;)(1—-A)], H™ due to zero-bias pulses of very short duratign A set of
(199 such capacitance transiedt€, (t) recorded at 310 K is pre-

whereA is close tol when the concentrations are uniform S€nted in Fig. 12. Th&C values for eactr, are normalized

+ : —
and the zero-bias and reverse-bias depletion depths are thd2% @ valueAC, (0), which for 7,=0 represents an extrapo-
appropriate to the experiment of Fig. 8. From E@s) and lation of the observed curve te=0 to eliminate the effect of

B. Filling-pulse width dependence and location
of the acceptor level

(19) we obtain a small initial thermal transiergtf. Sec. IV Q, and which for
the otherr,’s represents this extrapolation plus normaliza-
7_o=[ACT(0)—AC~(0)]/{[dAC /dt], tion to the actual number of hydrogen atoms released in the

. nth run. The latter normalization was enabled by inserting a

—[dACT/dt]o[A+(D_/D)(1-A)]}. (20 short(10 mse¢ delay between the hole pulse and the zero-
By our present measuremeri&ec. VE above D_ andD,  Pias pulse. The inset shows the exponential decay of the
are almost equal at 310 K, though our estimateDof is ~ Normalized values ofAC,(0) toward their long-time
rather rough. For the values of , presented in Fig. 8 and AC=(0) (i.e., 7,=10mseg limit, which yields the electron
for the determination of  in Sec. VI B below we have used Capture timer, for the process in E¢2a).
Eq. (20) with A= and the values obtained in Sec. VE for 10 determine the rate;_ at which H captures an elec-
D, (2H,T) and D_(2H,T). The sensitivity of the value of tron during a_floodmg pulse, the Iocapon of .the Ferml level
Eq. (20) to the assumed values & _ /D, and A is only must be_ con_S|dered. HF§8D, the rapld equmbrauon of A
modest: for example, for the data of Fig. 8, changing@d H" implies that during the flooding only a fraction
D_/D, to 3 or 2 while keepingA=3 would changer_, by
+14% or—11%, respectively, while changinyto anything
while keepingD - =D, would not change_ at all; chang- Fo={3exd(sp—ep)/kT]+1} 1 (21
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of the hydrogen not yet converted to Hwill at any instant increasing the value ob_ to be used in calculating the
be H, wherek is Boltzmann’s constant. Thus, thg_ to be  contribution of H drift to [dAC™(t)/dt],—o; the charge
used in Eq(4) is (For,) L. change rate (H—H"+2e") required to outweigh this drift
While for Fy~1 the calculated:, does not depend on contribution by enough to account for the observed value of
ep, in the opposite limit ofF y<1 itis e5+ep that becomes [dAC™(t)/dt];—o would then have to be increased by a frac-
independent o, . For the measurement conditions of Fig. tional amount rather less than the fractional increadg in
8 (i.e., average electron concentration of 8B cm 2 and [Since the derivative has to be evaluated using a finite time
T=310K) and the value foe, of ~0.40 eV above midgap durationt,, of the C™(t) curve, one should in principle al-

(cf. Sec. VB, Fq is 0.10 ands , is ~0.07 eV below midgap. low for the small effect of PH and HI complexes on the
(These figurés differ slightly from those of Ref. 27, mainly average derivative, an effect whose relative order is roughly
because of the higher assumed positior gf) ' the ratio oft,, to the lifetime of H™ with respect to complex

As we noted earlier, the validity of our determinations of formation, a ratio so small for PH that we have already ne-

diffusion coefficients and our location of the acceptor Ievelglected it

depends on our being able to assume that nearly all the hy-

drogen released into the depletion region of a diode by hole VII. COMPUTATIONAL THEORY
injection drifts out of the depletion region during the capaci-
tance transient, if the reverse bias is maintained. Our r

peaied c)+b§ervange of values close igfor the ratio o oad via an essentially equilibrium state 8fandii) the
AC.J/AC, in transients like that of Fig. 6 is consistent with rates of HH* +e" are fast compared with the correspond-
this assumption, but \_/vould be inconsisten_t V\_/ith trapping Ofing rates for H—H%+e~. Support for these assumptions is
any appreciable fraction of the Hoy association with any provided by calculations of total energy as a function of lat-
neutral center | to form a stable complex™Hbr with an  tice configuration, with a first-principles density-functional
initially negative centeA™ to form a stable neutral complex seudopotential technique previously descrifed:? These
HA. The 0r_1|y1 appreciable trapping that could t())e consistenta|cylations yield energy surfaces for hydrogen in the posi-
with the ratio; would be combination of H with I” accom- e neutral, and negative charge states, that is, the energy of
panied by emission of a hole to yield a neutral complex. Bughe system as a function of the coordinates of the hydrogen
for such capture to occur in the short time of the experimentgiom with the Si atoms fully relaxed for each hydrogen po-
with the small capture radius expected for a neutral centegition, As discussed in Sec. Il A, energy differences between
would probably require a rather large density Bfcenters gifferent charge states depend on the position of the Fermi
(>10"cm™®), and in the absence of other evidence forjgyel. In the following discussion, we assume the Fermi level
such, we feel that it is unlikely. _ to be located at the bottom of the conduction band. Figure 2
In the analysis of the present section, which makes use af,ows the values of the energy differences betweénati
the initial slope of the curve\C™(t) measured at reverse gc Hat BC, and H atT, for this choice ofe, that is, for
bias after the H has been converted to Hby a (usually  the minimum-energy positions of the H atom in each charge
shory exposure to zero bias, we have assumed thettd  state. The complete total-energy surfaces allow us to inves-
undergo drift, diffusion, and capture by"Pbut no other figate the energy differences between the charge states for
trapping. This assumption is consistent with the observationany position of the H atom. At each hydrogen position we
made on several samples, that prolongation of the zero-biasan identify which charge state has the lowest energy. We
period for a time much longer than the HP* recombination  can therefore also identify at which point in space the hydro-
time gives aAC™(t) curve that is horizontal at a height of gen will change charge state, as it moves through the crystal.
the order of 0.ACy , as would be expected if nearly all the A graphical representation of these energy differences as a
H™ had recombined with Pbefore diffusively migrating in  function of the three spatial coordinates of the hydrogen
depth by more than a small fraction of the thickness of theatom is cumbersome. However, inspection of the full-energy
reverse-bias depletion region. This agreement would beurfaces has allowed us to identify a path between the BC
spoiled if a sizable fraction of the Hformed stable neutral and T, sites that captures the essence of the energetics. This
complexes by combining with some foreign center and emitpath is shown in the inset of Fig. 13. The path has the prop-
ting an electron. However, combining with a positive centererty that for the lowest-energy charge state, the energy is
I" other than P to form a stable neutral HI complex, or with very nearly a minimum with respect to displacements of the
a neutral center®lto form a stable complex HI, could be  hydrogen normal to the path. Figure 13 can therefore be
perfectly consistent with the observed smalC " (t) after a interpreted as a configuration-coordinate diagram.
long zero-bias period. The Iscenario would not invalidate Our choice for the Fermi energy-= e, corresponds to
our determination ofD_ or that of 5. The P scenario plotting the energy of H, H° plus one electron at the bottom
would affect ourD _ if its probability were comparable with of the conduction band, andHplus two such electrons. The
that of H- +P"—PH, but because of the expected lower cap-energies shown in Fig. 13 have been taken directly from the
ture radius for { than for P", this would require an unrea- density-functional calculations, with no correction for the
sonably high concentration fof.|As for our determination band-gap error. However, the simple correction scheme men-
of £,, the P scenario would modify the inferred rate of the tioned in Sec. Il A and used in Fig. 2, in which all defect
thermally driven reaction H—H%+e~ merely by modestly levels are shifted rigidly upwards along with the conduction

Our analysis of the experimental results is based on the
efollowing two assumptions(i) both reactions in Eqs(5)
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1.5

emitting transitions. For the electron-absorbing ones, H
+e~ will generate H in a configuration that needs only a
small downhill readjustment to reach that of ground-stéte H
so assumptiotii) is justifiable as well.

VIIl. APPLICATIONS OF THE NEGATIVE- U PICTURE

The preceding sections have presented a fairly detailed
picture of the stationary states of monatomic hydrogen in
silicon and of the rates of charge-change reactions between
them, a picture derived in part from our experiments and
from those of Refs. 21, 22, and 23, and in part from first-
principles theoretical calculations; the principal conclusions
are summarized in Sec. XIV. As we shall now show, this
“negativeU picture” provides an extremely useful frame-

BC P Ty work for understanding a number of facts in the behavior of
Configuration Coordinate silicon-hydrogen that have been observed but not previously
explained, and for narrowing the range of speculation about

FIG. 13. Variation of the calculated energies of HH°, and H” the mechanisms of other phenomena. Much of the quantita-
in the silicon lattice, as a function of atomic position along the pathtive reasoning in the following sections involves use of equa-
shown in the inset. This path extends from the BC site tdlthsite  tions relating the concentrations of the various monatomic
in the (110 plane. For each H position the Si atoms are optimally species and diatomic complexes when all these are locally in
relaxed. The zero of energy has been chosen to correspond to thgutual thermodynamic equilibrium with each other and with
energy of H at Tq, and energy differences between the chargethe electronic distribution, though occasionally we may wish
states are shown fare=e; the energies for Mand H" therefore {5 consider nonequilibrium situatiorie.g., the depletion re-
i_nclude those of one or two electrons at the bottom of the conducgion of a reverse-biased dioddhe problems we shall con-
tion band. sider will all involve a single type of dopant, usually a shal-

low donor which for definiteness we shall call phosphorus,
band, does not affect the position of transition levels withmonatomic hydrogen, complexes of dopant with hydrogen
respect to the conduction band, and hence would not affe¢PH for definiteness and a single type of diatomic hydrogen
the energy differences depicted in Fig. 13. Other correctiotomplex which we label Hand assume to have the most
schemes might shift the relative heights of the three curvesstable configuration for a diatomic complex, although there
but would probably have much less effect on their individualis still some uncertainty as to the details of this
shapes. configuratiort® If we assume thermal equilibrium, but do not

Of particular interest to the present work is the questionyet impose charge neutrality, the concentrations of all these
whether the energy surface for’tihcludes any metastable species at any given location in space are all determined in
states. If no such metastable states exist, then a transitiasrms of three independent variables, which we are free to
from H™ to H® at some nonequilibrium lattice configuration choose in any of a variety of ways. We have derived and
will cause the system to coast downhill to the global mini-tabulated expressions for all the various concentrations in
mum at BC. We have therefore investigated the energy suappendix B, using as independent variables the particularly
face for H in greater detail than in our original studi¥sin convenient set consisting of the concentrations of
particular, we have explored configurations in which H isshallow-donor atoms analk+ of unpassivated ones, and, for
located in an antibondingAB) position with respect to a cases without a charge-neutrality constraint, the Fermi level
S—Si bond, with possible formation of a bond between thee - . Appendix B also gives brief descriptions of various sim-
H and the Si atoms, and partial breaking of the-Si bond.  plifying approximations that can be used in the equations,
This AB site was found to be a local minimum in cluster and of some of the numerical values that will be used in the
calculations by Délg Snyder, and Corbéftand Maric and  evaluations to be given below.
co-workers® Cluster calculations by Estreiciéproduced a The effects that we have chosen for discussion in the re-
local minimum atT4, but not at the AB site. Our detailed mainder of the paper are the fact that more intense hydroge-
exploration of such configurations has produced no metanation is required to passivate shallow donors in silicon than
stable minima in the energy surface foP,Ho within the  to passivate shallow acceptd@ec. IX); the fact that despite
numerical accuracy of the calculatiofie., a few 0.01 ey,  similar dissociation energies donor-hydrogen complexes are
Even if there should turn out to be a metastable site f§r H much more easily dissociated by minority carriers than
it seems unlikely that the barrier against escape to BC couldcceptor-donor complexgSec. X; the fact that hydrogen
be high enough to delay such escape by more than nanosetissolved in silicon at incandescent temperature will transfer
onds at room temperature. Thus, transfer to near BC shoulat moderate temperatures to acceptorgpitype Si much
happen quickly, before there is time for a fluctuation to themore easily than to donors imtype Si(Sec. X|)); evidence
higher energy necessary to reach thé éurve. Hence as- that the binding energy of Jwith respect to dissociation is
sumption (i) seems likely to be the case for the electron-quite high, of the order of 1.75 e\8ec. Xll); and evidence

Energy (eV)
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10° T v T v T T IX. NEUTRALIZATION EQUILIBRIA

10 b "/, 4 It has long been known that while it is easy with any of
several hydrogenation techniqi®& passivate a large pro-

10T n/n, T portion of the near-surface shallow acceptorgitype sili-

0 | con, similar treatment of comparably dopadype silicon
wr = T~ passivates far fewer of the shallow donors. A superficial in-
10° o A . f . . '- terpretation of this fact would be_ to conclude that the binding

£,- € <€>-E_ €, €, energy of hydrpggn to donors is muc_h Ie_ss .than that to ac-
10' v T T Y T T ceptors. But this is not true, at least if “binding energy” is

defined as the minimum energy to dissociate the bound com-

fraction of monatomic H with charge +, 0, or -

10 ’ plex to widely separated monatomic species. A crude indica-
'k i tion that the binding energies of PH and BH are comparable
is provided by the activation energies of their dissociation
102 F - rates in biased diodes, for which 1.18 ¢WH near 65 °C
(Ref. 7) and 1.28 eV(BH over a similar but wider rang®
10°f i have been reported. These activation energies of course in-
«| 1 volve the temperature dependence of the diffusion coefficient
10 D, or D_ and that of the Coulomb capture radiB%, as
10°F 4 well as the binding energxe. One of the possible ways of
extracting the latter quantity from observed dissociation rates
10'?0.2 o1 00 0?1 072 0'.3 014 05 is discussed in Appendix B, and, with inclusion of a correc-

tion for the effect of the high field in the diode on the disso-
ciation rate, yields the valueAep,~0.71eV andAegy

FIG. 14. Relative concentrations, in equilibrium, of the different i?o:::) e\S{é\I/r;rZzielrr?uféedlfjéc\llt\:wr!Igfef;]hZ(/O\tvrzﬁeeallma%yowtetigﬁ‘lI?or
charge states of monatomic hydrogen as functions of the position g y ' P

the Fermi level in the gap. Top diagram: valuesrof/ny and the %alcuhtlons to be fdlf]plz).?d here.. f -
n_/ng at 150 °C. Lower diagram: same data plotted as fractions of The main source of the difference in ease of passivation

total hydrogem,, in each of the three charge states. betweenn-type andp-type silicon becomes ObVi_O_ﬁSWheP
one looks at the mass-action equations for equilibriumof P
and PH[Eq. (B4)]

g€ (eV)

that the diffusive migration of 5} recently measured in the Npy= Kppnp+N_ (22
range 125-200 °C, occurs by migration of an undissociated ) o
pair (Sec. XIII). and for that of B and BH, obtained similarly,
All these topics can be understood in terms of reactions _
involving monatomic hydrogen, with mass-action equations Nen=KeuNe-N-, (23

involving the concentrationsn,.,ny,n- of the various yhere in the low-temperature approximation E(®4) and
charge states, whose ratios in electronic equilibrium are regg17) give

lated by Eqs(B2) and (B3) of Appendix B, and depend on
the Fermi energyr, the donor and acceptor levelat T Kpr=2QpexpAep/kT), Kgu=QqexpAegy/kT).

=0) ep ande,, respectively, the statistical weightsumber (29
of possible configurations in a unit cell; for each species

and the vibrational partition functionZ; associated with ditions, then, in p-type material is vastly larger than the

iaCh speqez{whph appr_oe_lch unity a¥—0). When U . in comparably doped-type material, as we have just shown
=ea~2p IS negative, as it is for hydrogen, these equationg, Fig. 14. If we expressi_ andn, in terms ofn,, we can
give abundance_ ratios that vary withy as shown in the convert Eqs(22) and(23) into formulas that provide a con-
upper part of Fig. 14. Replotting the curves to show the,enjent, quick picture of the dependence of the degree of
fractions of total monatomic hydrogen in each of the charge,,<sivation on concentration of donor or acceptor spénjes

states gives the curves in the lower part of the figure. Not rng) and on intensity of hydrogenatidnoughly measured
that the concentration of Hs always much smaller than that by the neutral hydrogen concentration, although there
of the more aburjdant of Hand H'. Slnce the mean energy may well be a moderate dependence ofriggroduced by a
(e) of ep ande  is well above the midgap levely,, hydro-  given plasma-product exposure on the chemical doping
gen introduced into silicon at very high temperatu@s., as s Eqs(B9) and (B10) convert Eq.(22) to

in the classic study by van Wieringen and Warmhdlizhere '

intrinsic conditions prevajl probably consists predomi- Npr/Npr = (Kp/4n Y exd (e — & 4) /K T](NgNp+ ), (25)
nantly of H" at these temperatures, although the unknown ' " 0 ’
temperature dependence of themakes it hard to predict the while thep-type analogs of Eq$B10) and(B11) convert Eq.
charge-state abundances precisely. (23 to

The big difference is that for comparable hydrogenation con-
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10% ' r Y celerate the dissociation process” and attributed this accel-
% eration to the analog of the process we have described in Sec.
U ] I B, that is, to conversion of a partially dissociated b H°
"’E 105+ n,n, in Si:P - and diffusion of the latter away from the B Such an effect
s seemed reasonable in 1991, when the location of theHH
e 10 7 donor level was not known, but was widely assumed to be
g 12k | near midgap. Zundel and Web®&rhowever, studied the ef-
< nn.in Si:B fect of many factorgtime, temperature, doping, and light
< 107 0B ’ intensity on the rate of conversion of BH into Band “in-
" visible” hydrogen (presumed to be a diatomic spegiesd
10°r ’ concluded that the rate-determining process was the genera-
10" 1 ] ' 1 ] ] tion of H, by encounters of Pwith H*, with the concentra-
18 20 22 24 26 28 30 32

tion of H® a small fraction of that of Hi, proportional to the
1000/T (K) electron concentration: they found no indication of any de-
pendence of the rate of dissociation of BH on electron con-
FIG. 15. Doping Iev_e_ls required for 50% pas_s_ivation of centration.
phosphorus-dopet-type silicon or boron-dopeg-type silicon, as We have looked for dissociation of BH complexes by mi-
functhns of the remprqcal tempergture. To allow for the effect Ofnority electrons in the depletion region of a reverse biased
intensity of hydrog(_anatlon the vertical scale rep_resents the prOdu‘ﬁ-type Schottky diode, using electrons generated by 1.53-eV
Ef ;he dopant densityj or ny;, by the concentration, of neutral 00 incident on the back side of the wafer, that is, in a
ydrogen. The degree of passivation increases upward. procedure exactly analogous to that used in Ref. 17. In com-
parison with the experiments discussed in the precedin
Nen/Ne-= (Kgn/2n) exi(ep — m)/KT](NoNg-). (26) paragraph this has s?gnificant advantages: what ispmeasurgd
Figure 15 gives a numerical picture of the consequences d$ the dissociation rate itself, rather than the difference be-
Egs. (25 and (26), by plotting the lines, in the space of tween dissociation and recombination; no correction for dif-
temperature versus,np or Nyng, across which the passiva- fusion is needed; and the dissociation cross section, or an
tion of P in Si:P or of B in Si:B passes the 50% level. Theseupper limit for it, can be measured with reasonable accuracy
are the loci on which the right-hand side of EB5) equals 1 because both the dissociation rate and the electron density
with np:+=21np, or that of Eq.(26) equal to 1 withng- can be reasonably well determined. However, it is not pos-
=1ng, respectively. The choice of ordinate is natural sinceSible with our method to measure an electron-stimulated aug-
Np Or Ng characterizes the choice of material, and since fofmentation of the dissociation rate when it is small compared
plasma hydrogenatiom, is probably, as noted above, mainly With the rate in the absence of excess electrons. For this
determined by the exposure conditions and the nature of th&ason the maximum temperatures used in the experiments to

plasma products. be reported here were somewhat lower than the maximum
reached in Refs. 44 and 4845 and 160 °C, respectively
i ; 6 ~—3
X. MINORITY-CARRIER-ENHANCED DISSOCIATION ) Our szmp::s weretlsmcon. dc:pgdb with<a.0’ C;n 38f .
OF DOPANT-HYDROGEN COMPLEXES oron and subsequently passivated by exposure for 30 min at

130°C to downstream gases from a hydrogen plasma; this

As we have described in Sec. Il B, it has been found exfeduced the near-surface active acceptor concentration, as
perimentally that injection of minority holesh{) greatly revealed by capacitance profiling, to %0"®cm 2 at a
enhances the thermal dissociation of PH complexestype  depth of 0.8um and to 1x 10%cm™2 at a depth of 2um. An
silicon, and we have proposed that this occurs by a thermalluminum Schottky contact was deposited through a shadow
fluctuation to P and H in close proximity followed by mask onto the polished front face and Ohmic contacts were
H™+h*—H° and diffusion away of M unhindered by the evaporated onto the rear face, in a geometry similar to that of
Coulomb field. It may seem natural to ask whether an analoFig. 4. With a reverse bias applied to the Schottky diode, an
gous dissociation can be produced from say, BH complexespening in the Ohmic contact on the rear face, opposite the
by minority electrons irp-type silicon. Indeed, some obser- Schottky metal, was illuminated with 1.53-eV laser light for
vations of forward-biased diod®¢* or diodes under various periods of time, same as described for rkgpe
illumination**>*°have been interpreted in terms of augmenteddiodes in Sec. IV B. After each period of illumination the
BH dissociation. In the two most detailed of such active acceptor distribution in the diode was profiled by mea-
systemg*45 published almost simultaneously, similar obser-surement of the capacitance-voltage relation. Over the range
vations were made, but quite different interpretations weref conditions we covered, namely, integrated exposures up to
proposed. In both cases it was found that, in the region of 4.3x 10* electrons seconds per ¢rand temperatures up to
partially passivated Schottky diode beyond the zero-bia820 K, there was no detectable depassivation, conver-
depletion depth, introduction of excess minority electrons resion of <2% of the BH to B).
duced the concentration of BH complexes, with a corre- The figures just given imply that the cross section for
sponding increase of the Bconcentration, as determined by BH+e™ — B~ +HCis less than about:810 2 cn? at 300 K.
capacitance-voltage profiling. Seager and Andé¥saon-  This contrasts with the cross sectioi 10~ *°cn? measured
cluded that “injection of minority carriers can markedly ac- for PH+h*™ —P"+Hin Ref. 17 at 270 K, the temperature at
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which the ordinary thermal dissociation rate of PH is aboutupper bound on the effective cross section for the dissocia-
the same as of BH at 300 K. This difference between the twdion of BH by electrons. The results of these studies, details
cases is in fact just what one would expect from the nature obf which are availab® but will not be given here, are as
the dissociation process and the asymmetry in the position®llows. First,D,/D ., is not likely to be greater than about
of the hydrogen donor and acceptor levels in the energy gad.0® at 400 K, and may perhaps be far below this limit. Sec-
One might at first imagine that dissociation of BH by elec-0nd, to first order in the electron concentration, the effect of
trons could occur by a sequence of processes analogous fynority electrons on the dissociation ratergy of BH

that described at the beginning of this section for dissociatio®0eys

of PH by holes, that is, BB +H", H"+e”—HO° H° o

—o0; this was in fact suggested by Seager and Andet$on. Tan/ Teu=<1+(Do/D . )extl (sp—ere)/KT],  (27)

But present knowledge about the statistics of the reactions ) ; _ . _
H*+e~ < H° implies that at room temperature and aboveWhere 1fg; is the thermal dissociation rate in the absence of

the thermal ionization of Mis so rapid that it is enormously E/€Ctons ance. is the quasi-Fermi-level of the electrons.

dominant over the reverdelectron capturereaction. While The second't.erm on the right of E(7) is quite small for
the rates will be somewhat different for a hydrogen close g p-type silicon afT~400K.

a B than for an isolated hydrogen, the fact that the ioniza-

tion energy is lower in the former case implies that il X|. DOPANT GETTERING OF DIATOMIC HYDROGEN

be even more dominant. As we shall now argue quantita-

tively, this means that any ‘Hmomentarily formed from @y drogen in silicon at incandescent temperatures by utilizing
partlglly d|ssqmated BH will revert to_ Hlong before it has a very simple means to measure the total amount of hydro-
had time to diffuse an appreciable distance, and themll  gen introduced by high-temperature equilibration of a fairly
be rapidly drawn back to the B Of course, if the electron  thick (a new millimeters silicon sample with hydrogen gas
concentratiom, becomes very high, an appreciable numberat known pressure. Namely, boron-doped sili¢ooncentra-
of H® may be converted to Hbefore they autoionize, and tjon ng=1x10"cm™3) is hydrogenated thus at high tem-
this could greatly increase the dissociation rate of BH, via gerature(900—-1300 °Gand then quenched to room tempera-
contribution quadratic im.. We shall ignore this class of tyre, preferably with an intermediate anneal of the order of a
cases, confining attention to effects of first ordenin For  few hours at around 175 °&:>' At the latter temperature it is
the PH dissociation, on the other hand, the spontaneous iofgynd that nearly all the hydrogeftoncentrationn,<ng)
ization of an H formed near a P will accelerate the disso- settles into BH complexes, whose density can easily be mea-
ciation by repulsion of the Hfrom the P, even in the linear  sured by the infrared absorption of their stretching mode.
range. The hydrogen, nearly all monatomic at the highest tempera-
The spontaneous ionization raterd/ of H’ can be esti- tures, has presumably combined into diatomicainterme-
mated by extrapolating the results of low-temperature DLTSjjate temperatures, but by 175 °C the configurational entropy
measurements on tE3’ center, now reliably identifi€das  associated with the random positioning of these complexes
hydrogen at a bond-center site. These gave an ionization raif longer suffices to overcome the preference of the hydro-
of 80.5 s* at about 73.4 K and an ionization energy of at gen for what is evidently a lower energy state, namely bind-
least 0.16 eV. Extrapolation to 300 K00 K) gives, very ing to some of the abundant boron ions. The presence,of H
roughly, a spontaneous ionization rate of 1B)'°s™ (7.4  molecules in the quenched material, before annealing at
X 10'%s™1). Correspondingly, the equilibrium population ra- 175 °C, was detected with vibrational spectroscpyhich
tio [H]/[H*] in silicon with 5x 10" active acceptors/cin  revealed a line at 3618 ch that has been assigned to the
should be 2 exjep—&g)/KT], hence at 300 K400 K) about  vibrational mode of isolated fmolecules®>** Since the dis-
1.1x10"* (1.3x10®). In the presence of a nonequilib- sociation energy of the PH complex is, as we noted in Sec.
rium concentration of minority electrons, the ratio X, almost as great as that of BH, one might be tempted to ask
[HOJ/[H"] will approach equilibrium with the quasi-Fermi- the question: if the sample were doped with phosphorus in-
level eg of the electrons, but it will still be<1 as long as  stead of boron, would a similar transition from té PH take
the electron concentration, is well below its value for place? An experimental test was undertaken in Ref. 49, using
epe=¢p (i.6., 5x10%cm 3 at 300 K or 1x10"cm 3at 400  both phosphorus and arsenic-doped samples. No infrared
K). For lowerng, the hydrogen will spend much more time lines associated with PH or AsH complexes were detected,
as H" than as M, and unless klis much more mobile than though other evidence indicated ample hydrogen concentra-
H*, the small abundance of%tannot contribute much to tions.
the overall escape probability. The distinction between the behaviors of fli@ndn-type
Although a huge value dd,/D . may seem very implau- samples is of course just a straightforward manifestation of
sible, there has never been a measurememfand there the difference in ease of passivation that we have just dis-
are only one or two observations from which, with plausiblecussed in Sec. IXFig. 15), a difference that arises from the
assumptions, one may derive crude upper limits for it. So weasymmetrical positioning of the donor and acceptor levels of
have examined both the experimental evidenc®griRefs.  hydrogen in the band gap, and that can be expressed quanti-
24 and 46 and the theoretical kinetics of dissociation with a tatively via our equilibrium equations. For the deep bulk
fluctuating charge state, in an attempt to estimate a rougtelectrically neutral regions of a system of the type consid-

Recently several papéfs> have studied the solubility of
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ered in Appendix B, the relevant equation is E§13) for 1 ~]
H,. For the present we are setting d@i=1, and with the (@)
assumed values farg of Table | in Appendix B, the factor of /
2 in Eq. (B13) is changed fop-type cases tG andKpy is 0.5
replaced by
P B
Kgn=Qoexp(Aepy/kT), (28) \ N
0

whereAegy is the energy required to dissociate BH into B
and H". In both cases

/ (b)

0.5 \

KZZ%QOquAez/kT), (29)

with Ae, the dissociation energy for H-H"+H".

In terms of the total hydrogen concentratiop, which
with neglect of the small portion in monatomic form is sim- P
ply 0

100 200 300 400 500 600 700
Ny=2N+(Npy OF Ngy), (30 Temperature (K)

we can write the equilibrium condition EB13), or its ap-
propriate modification in the form

FIG. 16. Sample calculations of the degree to which hydrogen
with a fixed total concentration,,=1.5x 10'®atoms/cr, in sili-
3 _Af2 4 con, will segregate into BH complexes in boron-doped material, or
(=) =AF/L(n/ny) =17, (31) into PH co?np?exes in phosphopr)us-doped materiaFI)s, when equili-
wheref (=fpy or fgy) is the fractionngy/ny or ngy/ny of brated at any temperatufe The vertical scale is the segregated
the total hydrogen bound in complexes with donors or accepfractionf of the total hydrogen. Iita) the B or P dopant concentra-
tors,n, (=np or ng) is the original concentration of the latter tion has been taken to bexi10'’cm™%; in (b) it has been taken as

impurities, andA is either 1x10'cm . In the temperature range shown it is assumed that
the only other form of hydrogen with appreciable concentration is a
An=(4K,n?K3 ) exd 2((e)—em)/KT] (32)  Ha species with binding energyelative to H +H") of 1.80 eV.
for n type or from the different activation energies of the quanti#tgsand

A,, which measure how rapidly they become small at low
temperatures: the factoré andK ., are the same for both
for p type. If the binding energieAe, andAegy, or Aepy  Cases, so cancel out of the comparison. As is discussed in
are known or assumed, we can calculateor A, as a func-  Appendix B,Kgy, is probably modestly greater thipy, the
tion of temperaturel, and then solve Eq31) for f(T). difference contributing an amount of the order of 0.1 eV to
Figure 16a) shows a comparison of the results obtained withthe excess of the activation energyAyf over that ofA, ; the
the valuesny=1.5x10cm 2 and n, (=ng)=1x10"  main difference between the two cases comes rather from the
cm 2, appropriate to the experiment of Ref. 50 with thosefactor exp2((e)—e.)/kT] in A, and the inverse factor iA,,
that would be predicted for an-type experiment with the which with our estimation of the parameters gives a contri-
sameny andn, (now equal tonp). The curves are of course bution of about 0.65 eV to the excess activation energfpf
only intended as gualitative indicators of the expected behawver A,. In physical terms the latter difference simply
ior, since there are appreciable uncertainties in the bindinggmounts to saying that, because of the asymmetrical posi-
energy inputs, which we have selected somewhat arbitrarilyioning of the hydrogen donor and acceptor levels in the
(see Appendix B Aegy andAepy are uncertain by at least band gap, it is far less costly energetically to make™ 2hit
several hundredths of an electron vakg, is at present of an H, in the presence of a concentratioof holes than to
much more uncertain, but it cancels out of the r#&jgA,,. make 2H in the presence of the same concentratioof
(A detailed analysis of experimental data like those of Refelectrons.
50 might give a fair estimate, but would require a careful The behavior shown in Fig. 18 persists qualitatively
analysis of relaxation times and quench rates. over quite a range in the choice of parameters. In Figb)16
The important conclusion from Fig. & is that while for ~ we show one further example, which differs from that of Fig.
ny andn, values similar to those used here the thermody-16(a) in that the chemical doping, is slightly below the
namically most stable state becomes that with nearly all théaydrogen concentration, so that the fractiat the hydrogen
hydrogen on the shallow dopant at sufficiently low tempera-complexed with dopants cannot rise to unity, and the shift of
tures, whether the dopants be donors or acceptors, the teriive Fermi level due to the passivation can become large.
perature required in the donor case is so low that the equi-
librium state cannot be reached or even approached in
feasible experimental times, whereas in the acceptor case
much higher temperatures and much shorter equilibration As mentioned above, thépresumably diatomjc H,
times apply. The difference between the two cases comespecie¥® often constitutes most of the hydrogen in well-

Ap=(Kon?IKE ) exd 2(em—(e))/KT] (33

XIl. BINDING ENERGY OF H ,
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hydrogenatea-type silicon, and its diffusional migration has 4.0 T I i
been measured.First-principles theoretical studi#s®have o .

. . . Epitaxial n-n Junctions
favored interpreting Klas a molecularly bound pair centered D 300°C. 60 min.

at a tetrahedral interstitial sité.

We shall focus on two properties of,Hirst on its binding
energyAe, relative to dissociation into H+H™, and then,
in Sec. XIII to follow, on its lifetimer, with respect to this
or into 2H" with electron absorption. While it would be pos-
sible, and desirable, to measure both of these directly Wlth
suitably designed experiments, we shall argue that data aI
ready published provide fairly convincing evidence that,
is large, perhaps of the order of 1.7—-1.8 eV, and that in the £
lower part of the range of published diffusion measurements 0
on H,, i.e., 125-150°Cy, is probably many times larger 8 W“’W
than the duratior(% h) of the experiments. One can find &
evidence for the plausibility of both these statements in the £ 1.0
large body of available dafé&ref. 1(Secs. I1.3 and I11.4 and
references cited thereihon the secondary-ion mass spec-
troscopy (SIMS) distributions of total hydrogen in plasma-
hydrogenatech-type silicon, combined with measurements I | |
of degree of donor passivation in the same or similar speci- 00 05 1.0 15 2.0
mens. In the few cases where one can plausibly expect H
formation and donor passivation to have been in thermody-
namic equilibrium, one can use the equations of Appendix B FIG. 17. Deuteration density distributions in two composite sili-
to get a value forAe, in terms of the presumed known con samples quenched to room temperature after a 60-min deutera-
binding energy of hydrogen to the donor; if equilibrium tion at 300 °C by the remote plasma method. Both samples con-
seems not to have been reached, it may sometimes be plagisted of an arsenic-doped epilayer on an antimony-doped substrate.
sible to assume that the observed ¢bncentration is less The thickness and doping levels of the various layers were as
than that which would be in equilibrium with the observed shown. All sample surfaces were prepared for deuteration by re-
donor passivation, so that one can extract a lower limit formoving the oxide with a dilute HF etch, rinsing with distilled water,
Ae,. However, most of our attempts to analyze available2nd blowing dry with flowing nitrogen.
data in this way, though they seem to favor the conclusions
mentioned above, have been beset by uncertainties regardinfl H, across the boundary: the observed discontinuity must
equilibration, sketchiness of data on passivation, the physicdse attributed to the concentrations of donor-hydrogen com-
of H, formation and dissociation, and the effect of highly plexes, as these are the only hydrogen-containing species
inhomogeneous hydrogen densities in situations far from lothat could be present in significantly different concentrations
cal equilibrium, especially the accumulation of hydrogen-on the two sides of the bounda¥yThe fact that the concen-
rich “platelets” just beneath the surfaé®so we shall omita tration in the epilayer is higher than that in the substrate thus
detailed discussion of these less satisfactory efforts, and faneans that he AsH concentration in the former exceeds the
cus on the analysis of the one experiment that seems mofgbH concentration in the latter, and this is to be expected
certain. because of the 3:2 ratio of the respective donor concentra-

The experiment just mentiontavas performed on two tions, provided the difference of the binding energles,qy
samples of arsenic-doped epitaxial lay@rg,=3x 10 and  andAegyy is no more than a small fraction &fT. The latter
0.5x 10*¥cm™3, respectively, each 0.9um thick, on sub- seems indeed to accord with the measurements of Bergman
strates doped with 2 10'8cm™2 antimony. Each was deuter- and co-worker§? In the lower trace of Fig. 17, the deute-
ated fa 1 h at 300 °C by theemote plasma methdd.Sub-  rium level is lower in the epilayer than in the substrate, as
sequent SIMS analysis vyielded the deuterium densityexpected for the lower donor concentration in the former.
distributions shown in Fig. 16. The upper trace is particularlyHowever, the levels do not become quite horizontal in the
striking: the concentration curve in each material is practiinteriors of the two layers, presumably because the plasma-
cally horizontal, but the levels are different for the epilayerproduct environment did not remain constant during the deu-
and the substrate, with a transition region no wider than théeration. For our analysis we have ignored this flaw, and used
depth range in which the concentrations are mixasl re- as inputs the ordinates of the four points where straight lines
vealed by SIMS traces for arsenic and antimorihe hori-  drawn through the straight portions of the epilayer and sub-
zontal regions manifest the fact that, both foy &hd for the  strate SIMS plots for the two samples intersect the vertical
rapidly interchanging species Hand donor-hydrogen com- one at the depth of the center of the junction.
plexes, the diffusion coefficients at 300 °C are high enough If we assume that the AsH and SbH species are every-
to make the diffusion distance in an hour much greater thamwhere equilibrated with 5 we can use Eq$31) and(32) to
the depth range shown. This same fact implies that therdetermine the differencA e sy— Aegpy and the difference
cannot be any appreciable discontinuity in the concentratiodhe,—2Aepgy USINg as inputs the four intercepts
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ny(epi,1) ny(sub,1) ny(epi,2) ny(sub,2) defined in the pre- We assume that the donor-H complexes dissociated irrevers-
ceding paragraph, 1 referring to the upper SIMS traces, 2 t#ly...” as meaning that when a particular complex dissoci-
the lower. We have four equations of the same type as Ecdtes, the freed hydrogen moves out of the implanted region
(31), one for each combination of “1” or “2” with “epi” or ~ Without ever recombining with another donor. At densities of
“sub,” and six unknowns namelyqp, Aepi, and the fouf's  unpassivated donors of the order of'4em~3, the mean
(fepi, €tc). However, two of the's, sayf g, 1andfgyp, can diffusion distance of an H before trapping by a donor is,

be eliminated by the requirement that2= (1—f )ny must  thanks to the large Coulomb capture radius, only a few na-
be the same on each side of the junction, for each of the twgometers. Their measurements do, however, establish that

samples: the binding energye is very nearly the same for AsH and
_ SbH, and appreciably larger for these than for PH.
(1—fepnu(epi,)=(1—fgpny(sub,d, (34 It might seem plausible to equate the excess 0.11 eV of

_ the activation energy for AsH and SbH over that for PH to
(1—fepidnu(epi,d=(1—-fgpanu(sub,2, (35  Agpgy—Aepy, since diffusion coefficients, etc., should be
Thus, there remain four unknowns, which can be determinegf'e same in all cases. This would indeed be correct if the

f the f i With the i s f Fia. disappearance rate had the demexr[—(Asz)/k'l'] with Q
r:Smeric?al (;Lglu?%l:]a;g;dss ! € inputy's from Fig. 17, independent of the donor arkdequal to their assumed pref-

actor 16%s™%. However, the actual prefactor may well be

Axs=1.015<10°"cm?, (36)  Very different from this assumed value, and the “activation
energies” determined from a rough fit to the annealing rates
Agp=0.987x 10°"cm ™, (37 will depend significantly on the prefactor assumed. So al-
though we shall, for want of a better value, assulngg
fepi1i=0.403, (38 =Aepyt0.11eV=0.84€eV in our evaluation ofAe,, by
equating Egs. (32—(36) and solving for K,
fepi2=0.025. (39 =0gexple,/kT), we do so with the realization that the
possible error im\ e 5y is compounded by that in&ep, and
As one can see from E¢32), the ratio a rather larger uncertainty in 3¢ asy—Aepy). These ap-
Ans/Asp= (KSbH/KAsH)ZZ exf 2(Aegp— Aeasn)/KT] proximations yield
(40) Ag,=1.75eV. (41)

from which one gets a quite negligible difference in the twoyhile the uncertainties in the inputs, discussed above, could
binding energies, less than 1 meV, which is far below themake this figure uncertain by as much as 0.1 eV or even
probable error of the measurements, and quite consisteRore, Eq.(41) is surprisingly large compared to what one
with the earlier finding?® might have expected from first-principles theoretical calcula-
To extractAe, from eitherAxs or Asp, we need to as-  tions, Addition of oure,—&,=0.45 eV to Eq(41) gives an
sume values for all the other parameters entering into thesmpirical” value of 2.20 eV for the energy to dissociate H
definition Eq.(32). The valuen;(300 °C)=2.35x10"°cm™®  into 21, while density-functional calculatiofsusing the
is well known; for(z) — e, the best we can do is to ignore its |gcal-density approximation give only 1.74 eV. Both the ex-
possible change with temperature and use the value 0.16 §¥erimental and theoretical approaches need to be examined
derived from the room-temperatusg — e~ —0.07eV and  more carefully. We can mention here just two further pieces
ep—en~0.39eV. The major uncertainty in the use of Eq. of information that may be indicative. One is that the fit of
(32) comes fronK g (or Kgpyy), that is, from the uncertainty  the upper right-hand curve of Fig. 16 to the experimental
in our knowledge of the binding energye o Of the ASH  points of Ref. 50 is fairly good near the high temperature end
complex. The only relevant information on this quantity (although we did not attempt to optimize this) fiand since
seems to come from the work of Bergman and co-worRers, in this region the departure from equilibrium was probably
who measured by infrared spectroscopy the loss of donaguite small, this means that the value/o#, we assumed in
hydrogen complexes from a O&n-thick donor-implanted  calculating the curvé1.80 e\ must have been nearly cor-
layer, due to a series of anneals at successively higher terfect. The other item is that a recent density-functional study
peratures. They found the loss to occur in the same tempergf silicon self-interstitial®’ found quite sizable changes in
ture range when the donor was arsenic as when it was antiheir formation energy~0.5 eV) when the local approxima-
mony, but to occur about 32° lower when it was phosphorustion to the exchange-correlation functional was replaced by
While they quoted “binding energies” for the three com- the generalized gradient approximation. So it may well be
plexes(1.32 eV for P-H, 1.43 eV for AsH and SbHhese do  that the local-density approximation, though it works well in
not have at all the same physical meaning asdti, €tc.  many cases, is less accurate fos,.
Rather, they are Arrhenius slopes for the observed disappear-
ance rates, and they certainly involve the temperature depen- y\, KINETICS OF FORMATION. DISSOCIATION
dence of the diffusion coefficient of H and possibly other AND MIGRATION OF H , ’
factors as well, depending on the precise mechanism by
which the monatomic hydrogen moves out of the implanted In our measurements of the diffusion coefficient of ¥
region. (It would be incorrect to interpret their wortfs"if we had no way to be sure whether the migratingémained

125209-19



HERRING, JOHNSON, AND VAN de WALLE PHYSICAL REVIEW B34 125209

as an associated pair of hydrogen atoms at all times, ol
whether it dissolved from time to time into separated mon-
atomic species, which could migrate rapidly for a short time
and then recombine into fHagain. We can now show with
fair certainty that the latter process must have been negli-
gible over the temperature range of the experiments (
=<200°C); the molecules must have migrated as units,
though perhaps passing through distorted configurations dur
ing their hops. , H™+H" - 7}

The core of our argument is to use the rough value Eq. s AE -2(gg-<e>)
(41) of the binding energy of kito set a rough upper limit on Hz—r‘4 —————————————————————————————— t
its dissociation rate at any temperaturein the range of
interest. This has to be done carefully, as it may happen tha.
the dissociation rate depends on the environment, especially g 1g. Hypothetical variation of the free energy of two mon-
the electron concentration. In the absence of electronic cakyomic hydrogen atoms with their separationwhen they are
riers, an isolated Hcan dissociate into Hand H™ a few  coupled to a sea of conduction electrofiéhe “free energy” plotted
atom spacings apart, which can then fluctuate against theig actually the local minimum of the free energy that occurs when
mutual Coulomb attraction, and occasionally to a large dishoth atoms are at lattice sites that are locally free-energy minima
tance. The IifetimeT(z') with respect to such an “isolated” near the giver; the barrier free energies that must be surmounted
dissociation should be given with fair accuracy by the famil-for each successive hop are not shown.
iar expressior(Ref. 63 and Sec. 1.2 of Ref.)1

Free Energy
\
]

Separation r of Two Hydrogen Atoms

metastable configuration of the two dissociating hydrogens
1/7'(2i):477(D++ D_)Rcexd —Ae,/kT]/Q,, (420 the system hydrogens plus electrons will have a certain free
energy, whose dependence on the separation of the hydro-
whereR¢ is the Coulomb capture radie$/xkT. However, gens will look something like Fig. 18&juite possibly depen-
numerical evaluation of this expression with the 1.75 eV fordent on direction, at smatl). The effective free-energy bar-
Ae, of Eg. (41) yields dissociation times too long to be rier that the system must surmount in order to escape to large
believable for the conditions of the type of experiments weseparation will depend not only on the curves shown, but
have been discussing, for example, from a few timés4@t  also(in a complicated wayon the hopping frequencies be-
130°C to a few times ¥ at 200°C and around 16 at  tween adjacent sites and on the rates of emission or absorp-
300 °C. A more serious limitation of E42) is that its use to  tion of electrons to change the charge state of a hydrogen.
compute, by the principle of detailed balance, the rate oHowever, this barrier can never be less than the asymptotic
formation of H, by the inverse process'™HH™—H, gives  height of the bottom curve above the ground-state free en-
values far lower than the observed rate of formation in ex-ergy of H,. So we may expect the dissociation rate to contain
periments like those of Ref. 55 at 130 °C. This failure doesa barrier-height factor at least as small as{gXp,—2(er
not depend on the value dfe,, being due simply to the —(&))]J/kT}. The prefactor, like that in Eq42), will contain a
rarity of H" in stronglyn-doped material. Clearly a different diffusion coefficient compounded out &*, D, andD°,
path for formation and dissociation must be dominant. the reciprocal of the unit cell volum&,, and an effective
What sort of alternative mechanisms could exist? An obradius of the order of the at which the transition to the
vious possibility is that after jhas dissociated part way into H™+H™ curve becomes effectividess tharR if the barrier
H* and an H just a few atom spacings apart, thé hight  lowering belowAes, is appreciablg So it is not unreason-
absorb two electrons to become an,Hsubject to repulsion able to assume that for the present case of interactions only
from its former H mate; this only accelerates the dissocia-with electrons
tion. But unless the two electrons were absorbed essentially
simultaneously, the system would have to exist temporarily Ur,<[ U3 exd 2(e—())/KT]. (43
as H +H° and unless the Fermi energy were above the
hydrogen-donor level, as it is not in most of the experiments  Could catalytic processes lead to more rapid dissociation?
we have been diSCUSSiﬂg, this configuration would be eXThe simp|est Competing process would be for a mobﬂed—i
pected to have an even higher free energy thanphiis an  encounter a P and undergo a reaction
H* at infinity. This difficulty might conceivably be avoided
if the first charge change took place at an interhydrogen H,+P"—H*+PH (44)
separationr small enough to render the behavior of the
“H ™" rather different from that of an isolated Hin a uni-  followed by separation of the products on the right and sub-
form electrostatic potential equal te e/xr. Alternatively,  sequently by readjustment of equilibria. We have examined
one might speculate that the dissociation and formation propossible details of such a proc&snd have not found a
cesses are dominated by catalytic effects, for example, irplausible scenario that with an acceptor concentration of
volving interaction with shallow donors. 3x10®cm™2 could give a perceptible dissociation rate
Consider first the dissociation of an, kthteracting only at 200°C, or an easily measurable one at 300 °C. By con-
with the silicon lattice and the conduction electrons. For eaclirast, the limit in Eq.(43) for the purely electron-assisted
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process is for X 10'®donors/cm and 300 °C, and with the tained by quenching our samples rapidly to low temperature
doubtless too high extrapolatidh™ (300 °C)~10"° cn/s, at zero bias immediately after the hole pulse. It was then
possible to study the spontaneous ionization of the neutral

1/7,<0.05s, (45 species in the diode by DLTS. After correction for the low-

ering of ionization energy by the electric field in the diode,

that is, merely requires a dissociation time longer than tens L . .
of seconds. our result is in reasonable agreement with the position re-

Now we are ready to draw useful conclusions about theported in th_e literature for the dor_u_)r level of the so-called
order of magnitude of, for the conditions under which the E3' center in proton-bpmbarded SI|.|COI’1, ngmely, about 0.16
measurements ob, were carried out® namely, tempera- €V Pelow the conduction band. This confirms that B®
tures of 200 °C and below, and phosphorus concentrations GENter is indeed a hydrogen atom in its equilibrium position
1x 10 and 8% 10" cm 3, Neglecting the catalytic process, Surrounded by undamaged crystal. From thjs and mea-
we can use Eq(43) to get a(doubtlessly extremjeupper ~ surements of the rates of the changes+H™ on flooding

limit on 1/7,, which comes out to be the diode with electrons and H-H" on imposing reverse
bias, we have been able to determine the position of the
1/7,<5x10 st (46) acceptor levek , by using the principle of detailed balance

and the assumption, reasonably confirmed by first-principles

‘calculations of the dependence of electronic energies on lat-

this case, ana fortiori for all the other diffusion profiles tice position for a hydrogen atom, that the migration assocl-
f'gted with the charge changes is not appreciably delayed by

plotted in this figure, there should not have been any detect- . . . o
able contribution of dissociation and recombination to there3|dence at an intermediate metastable position.ekheb-

observed migration in &-h anneal. Except for the redistri- ‘@ined was slightly below midgap, or about 0.62 eV below
bution of the small amount of hydrogen present asdr PH, the conduction-band edge, at room temperature. X
all the observed migration must almost certainly have been T1he rates Ofo the phonon-mediated reac_hon%
due to motion of H “molecules” as whole entities, without € and H'—H"+e" have very different activation ener-
dissociation, though doubtless with momentary distortiondies. For the former, the above-mentioned 0.16-eV activation
This conclusion of course rests on the assumption that thenergy gives a transition time at room temperatierapo-
binding energy of Hrelative to H and H is of the order of lated from the low-temperature measuremgitsthe sub-
the 1.75 eV of Eq(43). But for the conclusion to fail, a hanosecond range, whereas the latter transition, with an ac-
binding energy lower by at least several tenths of an ewivation energy of 0.84 eV, is of the order of a second at room
would be needed. temperature. The fact that the activation energy is several
tenths of an electron volt greater than the energy difference
between initial and final states indicates that the electron loss
occurs when the atom is at an intermediate lattice site where
In the first part of this paper, we have addressed the exthe energy of the neutral atom is significantly higher than the
perimental problem of controllable creation of monatomicenergy in the final bond-centered position.
hydrogen(or deuterium followed by measurement of the ~ The mobilities, or equivalently the diffusion
equilibrium and dynamic properties of the monatomic spe-<coefficientsD . of positively charged hydrogen and deute-
cies in their different charge states. The preparation of monHum have been inferred from the rate of sweep-out
atomic hydrogen was achieved by first hydrogenating the@f the freshly prepared species in reverse-biased diodes.
near-surface region of a phosphorus-doped silicon wafever the range 300-320 K the data are well fitted by
then evaporating a metal electrode onto the hydrogenated ; (*H")=1.45<10 ®exp(-0.50eVkT) and D, (*H")
surface and then drawing into the Schottky barrier thus=1.44x<10 ®exp(—0.51eVKkT)cn?/s. Our values for
formed a brief pulse of minority holes optically generated onD , (*H") fall very close to the extrapolated Arrhenius line
the opposite side of the wafer. By holding the Schottky bar-obtained by van Wieringen and Warmhdlat temperatures
rier under reverse bias during and after the hole pulse, thabove 1000 K, and also with the extrapolation of the diffu-
sudden change in capacitance produced by the pulse and thion coefficient that can be inferred from the local hopping
gradual relaxation to a new value in the course of time afterates measured by Gorelkinskii and Nevirfdyat tempera-
the pulse, it became evident that essentially all of the montures below 145 K. One can conclude that proton tunneling
atomic hydrogen became positively charged by autoionizadoes not play a role in the latter measurements. The room-
tion, and then drifted rapidly out the front surface without temperature ratio of thB , values is about 1.9, and seems to
being captured by phosphorus or otherwise trapped. be caused as much by the isotopic difference in zero point
To measure the donor energy of hydrogen it was necesnergies as by that in thermal velocities. A diffusion coeffi-
sary to study the transition between the neutral and positiveient of H has also been measured, though more crudely,
charge states. But since the acceptor level turns out to ligia the rate of recombination &H with P* when the diode
well below the donor level, the concentration of neutrals isis held at zero bias. At 300 KD_(?H™) is about
always very low compared with the other species if charge3x 10 *2cn/s, close to the value db, (*H™), but its ac-
exchange equilibrium is allowed to occur. We found that antivation energy seems to be higher, though not more than
appreciable concentration of neutrals could, however, be 0l3.70 eV.

for the worst case among the diffusion profiles plotted in Fig
1 of the earlier work® (200 °C,np=1x10"cm3). Thus in

XIV. CONCLUSIONS
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The later sections of this paper discuss a number of exenergy was arbitrarily assumed to be 1.8 eV. A more accurate
amples that show how the previously described properties dit over a wider temperature range can be made when data
monatomic hydrogen in silicon, notably the “negatié-  allowing time to achieve equilibrium at lower temperatures
positioning of the donor and acceptor levels, enable naturedre available.
explanations to be given for a number of previously known The high binding energy now found for the;species
but unexplained properties of hydrogenated silicon. A simpleProvides strong support for the view that its migration at
example is the well-known fact that it requires a much morelemperatures of 200 °C and below is by diffusion of undis-
intense hydrogenation to produce a given degree of passivéDCiatEd Units, rather than by dissociation temporarily into
tion in phosphorus-doped silicon than in material boron-monatomic hydrogen followed by recombination later. This
doped to the same concentration. We show that this fact i consistent with the fairly accurate Fickian behavior ob-
due mainly to the extremely asymmetric positioning of theserved in Ref. 39. However, it does not rule out the possible
hydrogen donor and acceptor levels in the gap, and onlpccurrence, dprmg diffusion, of configurations of the migrat-
slightly to the small difference between the binding energy ofng pair in which the two hydrogens have temporarily sepa-
P to H™ and that of B to H™. rated from each other by one or two atom spacings.

A similar difference arises in regard to the dissociation of ~The strongly asymmetric positions of the donor and ac-
donor-hydrogen and acceptor-hydrogen complexes by mino€eptor levels of hydrogen in the gap provide a natural expla-
ity carriers. While the dissociation of PH complexes by mi-nation of the observed fact that hydrogen, introduced into
nority holes has been generally accepted in the literature, arilicon at high temperatures, easily associates itself on cool-
has served as a very reliable source of monatomic hydrogeR9 With boron atoms in boron-doped silicon, whereas efforts
in the experiments described earlier in this paper, conflicting® observe a similar association with phosphorus atoms in
conclusions have been drawn in the literature regarding thBhosphorus-doped silicon have failed. Quantitative calcula-
ana'ogous dissociation of BH Comp|exes by minority e|ec-ti0ns Of the temperature dependence Of the equilibl’ium diS-
trons. We have attempted to produce such dissociations #ibution of hydrogen between the,tpecies and the BH
room temperature using the same type of experimental aspPecies or betweenj-and PH show that although the trans-
rangement as that used for our PH dissociations, and haJgral occurs in both cases, it becomes appreciable in the
not been able to measure an observable effect: the cross sd#l0sphorus case only at temperatures much lower than those
tion for dissociation of BH by~ at 320 K must be less than for the boron case. Like the difference in ease of passivation
a few percent of that for dissociation of PH hy at 270 K,  for comparably doped- andp-type silicon, the difference is
the temperature at which thermal dissociation of PH is abou@iue more to the asymmetric positioning of the donor and
the same as that of BH at 300 K. We show theoretically thafcceptor levels than to the small difference in the binding
there should be a great difference between the two casé&hergies of the dopant-hydrogen complexes.
because at temperatures near and above room temperature
the H formed in the early stages of dissociation will quickly APPENDIX A: CAPACITANCE TRANSIENT AS A
autoionize and be drawn back to the Bn the BH case, CHARGE MOMENT
whereas it will be repelled from the'Pin the PH case. We ) ) o
have considered the possible effects of an extremely high The capacitance transients studied in the present paper
diffusion coefficient for the Fispecies on the kinetics of the arise from the initial generation of new charged spe¢is
dissociation process, and concluded that efficient BH dissg@nd H"), the ensuing motion of the H its possible conver-
ciation due to this property is not likely. sion to H™ and possible A-P* recqr_nblr_]atlon. At aII_stageg

We show that useful information can be obtained bythe total .numt.)er of these new entities in the depletlo.n region
studying the equilibrium of monatomic species with the di-Of the diode is a small fraction of the number of ionized
atomic species now generally believed to be the neutraﬁjonors |n_|t|ally present, and this fact makes it possible to use
spinless, fairly mobile species frequently abundant in hydro@ Vvery simple relation between the measured capacitance
genatedn-type silicon, and sometimes ip type. We have changeAC(t) and_ the spatial distribution of the newly cre-
now used the presently available information on the dono@t€d charge densitp(x,t). We use the standard depletion-
and acceptor levels of monatomic hydrogen to analyze dat&yer approximation in which a depletion layer with a density
previously published by us on the distribution of total deute-°(X) of ionic charge ends at deptVy, beyond which the
rium concentration in and beneathonn epitaxial layers —Sum of electronic and ionic charge densities is assumed to be
with different arsenic concentrations on antimony-dopeceVerywhere zero. For a diode with a metal electrodex at
substrates. By assuming all species to be equilibrated locally 0 these assumptions give for the applied voltaein a
at the end of hydrogenation, we found that a fit to the obJeverse-bias configuration
served discontinuity across the interface in the local concen-
tration of total hydrogen could be fitted only by assuming a 4 (Wo
rather large value, near 1.75 eV, for the binding energy of VR_TL Xp(x)dx—=Vg+[ec(Wp) —er(Wp)]/e,
2H, with respect to dissociation intéH™ and ?H™. This (A1)
binding energy is roughly confirmed by the approximate
agreement, in the range above 400 K between the calculatedhere « is the dielectric constang Vg is the barrier height
equilibrium concentration ratios of Hand BH and those ec—e¢g at the metal-semiconductor interface;(x) is the
observed in the measurements of Ref. 50 when the bindingnergy of the conduction-band edge, an€gx) the Fermi

125209-22



ENERGY LEVELS OF ISOLATED INTERSTITIA ... PHYSICAL REVIEW B 64 125209

level, or for Vg#0 the quasi-Fermi-level of the electrons. TABLE I. Numbersy of equivalent configurations, per unit cell
The integral represents the variation of electrostatic potentigfwo-silicon-atom sitesfor the various entities.

across the depletion layer, and the two last terms allow foF
the different positions ok relative toec at x=0 andx Entity s Assumed model Vs
=Wp, respectively. When a small changp(x) is made in H*

AR . . Bond-center site 4
the gharge distribution, while holdingr constant and as- o Bond-center site, either spin 8
suming thatVg does not change, we have H- Tetrahedral site 5
4| (Wp p* Substitutional site 2
0= —( f XSp(X)dx+ WDp(WD)b‘WD) PH H at antibonding site of a Si neighbor of P 8
K 0 BH H at bond-center site next to B 8
KT H, H, molecule at tetrahedral sfte 6
S S Inp(Wp)]. (A2) oriented alond 100}-type direction

We have used the assumption “Reference 57

EF—

e . . . .
p(Wp)ox exp{ — C cies(concentration variable in parentheses

o ) (1) electrons(n,, hole concentration negligible
valid if the carriers are nondegenerate, to evaluate the varia- (2) monatomic hydrogefin, , ny, orn_);
tion of the last term in EqA1). However, ifp(x) and 6p(x) (3) one kind of shallow-donor atoms and their complexes
that, upon expansion, the two parts of the last term of Eqag etc., substituted for P throughgut
(A2), proportional, respectively, todp(Wp) and to (4) one kind of diatomic hydrogen complex, if we
oWp(dp/ dx)w,, are in general smaller than the correspond-ake this species to be the species whose diffusion was mea-
ing parts of the first term by factors of the order of the ratiosured in Ref. 5h

of KT to the band bendinf.e., chargee times the first term ] ]
of Eq. (A1)], which is a fraction of a percent in our experi- |f Such a system is allowed to alter the concentrations of the

ments. Thus, it is a good approximation to neglect this tern¥arious species listed by exchanging charges or atoms among
and set the term in large parentheses in &®) equal to  these species, its possible thermodynamic equilibrium states

zero. Since the differential capacitanGeof the depletion at any temperatur and state of strain can have only three
layer is given b§® further degrees of freedom, which we might for example take

to be the chemical potentials of the three independent con-
C=4m7xAIWp, stituents: electrons, shallow donors, and hydrogen. Actually
we are free to choose any three intensive variables that are
independent functions of these, and our choice for the for-
Wp 2 Wp mulas to be tabulated below will be a set that is easily known
Wo = §: To x5p(x)dx: CJ o ™xdp(x)dx or measurable in practical cases, namepy, np+, and either
xp C Wap(Wp) — (4mkA)’p(Wp) N, or the corresponding Fermi level height<(—¢,,) above
(A3) midgap. In the deep bulk, away from surfaces, there is a

This expression reveals that the change in capacitance wiffPhstraint of charge neutrality, which reduces the three inde-
time is proportional to the first spatial moment of the changd’&hdent variables to two, which we shall take to bep and
in charge density within the depletion layer. Equatig) is e

generally applicable to the analysis of conventional DLTS, Ve start by listing the equilibrium equations that suffice
data as well as to the more complex cases analyzed in tffar the determination of all the other variables in terms of the

present study. chosen three independent ones. In the accurate form of these
equations[Ref. 1 (Sec. II.]], one must take account, for
each impurity or complex specissof the numbew of sites
or orientations possible for this species per unit cell, and of
the modification which each unit of this species makes in the
Many of the conclusions of this paper, especially those of/ibrational partition function of the host plus impurity atoms.
Secs. VIII=XIII, result from the relations that must exist be- This latter modification is given by an effective partition
tween the concentrations of various hydrogen species dunctionZg, which becomes unity 86— 0, and is larger for
complexes whenever local thermodynamic equilibrium hasl>0. (In the present work we have always used the low-
been established. As derivation of each such relation where femperature approximatiafy= 1, but for possible future ap-
is used would either entail repetition or else require clumsyplications we shall show here how the results depend o
cross-referencing, we shall derive most of the needed relarable | lists thevg values for the currently accepted models
tions once and for all in this appendix. of the various entities with which we are concerned; these
For practically all our purposes it will suffice to restrict include spin degeneracy when it is present. We can write
consideration to systems containing only the following spe-down a particularly simple set of basic equations from which

whereA is the diode area, we then have

APPENDIX B: CONCENTRATION RATIOS
IN THERMODYNAMIC EQUILIBRIUM
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TABLE Il. Volume concentrations of the various entities, listed in the first column, in terms of the chosen independent vasiables
and(if charge neutrality does not holdr . Hole concentration has been assumed negligible, and all vibrational partition function factors
have been set equal to 1. The entries in the penultimate column immediately to the left must be multiplied to take into account the effect of
the finiteness of the monatomic hydrogen concentratforfirst order only. The quantity¢ is defined as follows®=1—(np—np+){1

—2(n; Inp+) 2ex2((e)— e/ KTIH(KNZ.).

Entity, General With charge neutrality, Correction
Concentration (neutral or not assumingn.. ,ng<<Npy,N, factor Eqg. no.
e Ng n; exf (eg—em/KT] Np+ [ (B8)
H™, n_ (np—np+)/(Knp+) (np—np+)/(Knp+) 1 (B9)
HO, 1 4(np—np+)exd (ea—ep)KT] 4(Np-Np+)N; e);F[(SA'Sm)/kT] o1 (810

Knp+ Kng-
2(Np— Np+)exg 2((e)—ep)k 2(Np—Np+)N? exf 2((e)—e)/K
H+, n+ ( P p) F.[ (<8> 8;:) T] ( P P ) i :f{ (< > m T] (I),z (Bll)
Knp+ KI"IP+
PH, npy Np— Np+ Np— Np+ 1 (B12)
2Ko(Np—Np+) 2exp 2((e)—ep)/K 2K, (np—np+)?n? exp2((e)—em)/K
Hy 2(Np—Np 25[ (e)—ep)/KT] 2(Np— Np+ .24Fi(<> m)/KT] -2 (B13
K np+ K np+

all the equilibrium concentrations can be inferred. First,  surable, by our chosen variablas and np+, by using Eq.
(B3) to getng in terms ofn_ , then Eqs(B4) and(B7) to get
Ne=ni(T)ex (er—em)/kT], B 1 in terms ofnp and np+. In most situations, at tempera-
where n;(T) is the intrinsic concentration; the temperaturetures <300 °C, the concentrations of the monatomic hydro-
dependence of the energy gap and density of states are takg@n species are much smaller than those of the complexes
into account by the empirical form of this function. However, PH and H, so one makes little error in neglecting the former
electron-interaction effects are not allowed for, so 1)  relative to the latter whenever they occur in competition.
should be used only in the nondegenerate range. Next,  Since this considerably simplifies some of the formulas in
Table I, we have made this simplification in the fourth col-
n,=(vyZ,lveZo)noexd(ep—ep)/KT],  (B2)  umn of the table. However, to deal with cases where greater
accuracy is needed we have given in the next column the

whereep is the hydrogen donor level, and . ) -
D ydrog correction factor needed to describe the first-order effect of

n_=(v_Z_lvoZo)ngexd (eg—ea)/kT], (B3)  the monatomic concentrations.
) . A completely analogous set of equations can be written

B (B5) need no modification; EqgB1), (B6), and the equa-
Nen=(verlpn!/ verZps v-Z-) Qon_Npr eXp(Aep/KT) tions of Table I[Eqgs.(B8)—(B13) are found in the tablecan
=Kpy(T)N_Np+, (B4)  be replaced by their “symmetrical counterparts” with, in
) o ) some cases, changes in the numerical coefficients due to the
where Aepy is the binding energy of Pand H™ into PH.  se of different numbers for the degeneragig&f. Table ).
And finally, What we have called “symmetrical counterparts” are expres-

Ny= (122,001 v, Z, v Z )n,n_ exp(As,/KT), sions related by the exchanges

(BS) subscripts or superscripts:+& —;
where (), is the volume of thgtwo-silicon-atom unit cell
andAe, is the binding energy of Hand H™ into H,. subscripts: e=h, DeA, PsB;
The equations expressing the various concentrations in
terms of the chosen set of independent variables are given in every es —eg;
Table II; they all follow from simple combinations of Egs.
(B1)—(B5) with the conservation laws every exp( )]eexd—( )]. (B1Y
Np=Np++ Npy (B6)  The changes of numerical coefficients are needed only in

) o middle columns of EqeB10), (B11), and(B13) in Table I,

and, when electrical neutrality is imposed, where
Np++N,=ng+n_. (B7)

in Eq. (B10): 4 for n type=2 for p type;
Thus, for example we can replace the independent variable
Ny, which is inconvenient because it is never directly mea- in Egs. (B11) and(B13):
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(B15) field-free region. For fields and temperatures of the magni-

2 for n type=3 for p type; . .
YPe2 PP tudes relevant for this experiment the departure from Eq.

and in the correction factob where (B18) can be reasonably well calculated using a strong-field
approximatiorf’ For our present purpose we have chosen to
2 for n type=3 for p type. (B16) analyze one of the better measurements of Fig. 3 of Ref. 7,

namely, the measurements at early to moderate annealing
times for the point at 65°C. The observed “dissociation
rate” plotted there needs to be augmented by about 20% to
Ken=[venZen!(vg-Zg-v+Z4)]1Q0 exp(Aegy /KT) correct for recombination capture of "Hreleased from
(B17)  depths shallower than the limit of the observed profile; cor-
. . . rection for the barrier lowering by the electric field gives a
for p type, that is, has half the numerical coefficient@fy  ,ero-field dissociation rate abodithat in the field. Inserting

in the low-temperature limit. _the thus-corrected 7py into Eq. (B18), along with
It is appropriate to say a few words here about our choic (65°C)~6.5x 10" 1cn?/s, extrapolated from the data
of inputs for numerical calculations using formulas like thoseoffRef_ 8 we bbtain ’

of Table Il. Besides the quantities that vary from experiment

to experimen{dopant concentrations, efcthere are several Aepy=0.71 eV (for P2H) (B19)

that are fixed properties of silicon or of specific impurities.

One of thesen;(T), is well known, but the energy levels This is somewhat uncertain not only because of the various
ep,ea, and the binding energpepy have only recently adjustments of the inputs described above, but also because
been measured, and their values are still modestly uncertaime have ignored the temperature-dependgistin the pref-
possible new experiments in the near future could yield morector, which are probably necessary if the Arrhenius slope of
definitive values. For the present we have simply used outhe dissociation rate is to be adequately understood, and be-
own best guesses, which we shall now describe. The princicause, as remarked in Ref. 8, both the repoBedand its

pal information on the donor level; comes from DLTS Arrhenius slope may have been slightly too large. However,
measurement$%¢ and equilibration measuremefiton the  these uncertainties should not be large enough to have a ma-
HO/H* transition at low temperature&f. Sec. VB. The jor effect on the conclusions of the present paper and we
extrapolation to zero field is still somewhat uncertain, but weshall use the value E¢B19) throughout.

now favor the value 0.16 eV farc— ¢ instead of the value In the few places where calculations are madepftype

0.20 eV used in Ref. 27. Since teg determined in Ref. 27 material,Aegy is used. Rough values for this can be inferred
was dependent oa, we now prefere,=e,—0.064eV in various ways from data in the literature. An obvious

instead of thes,,—0.05 eV of the published erratum to Ref. source is the careful measurements made by Zundel and
27. Webef! on the dissociation of BH complexes in biased di-

As for Aepy, our best source of information at present odes. These authors determined dissociation rates at various
comes from measurements of the rate of dissociatiop,1/ temperatures by annealing biased diodes and measuring the
of the PH complex, which in the absence of external fieldgate of disappearance of BH at the shallowest depths at

Finally, theK coefficient in the equations of Table II, given
by Eq.(B4) for n type, becomes

should be given byRef. 1(Sec. 112] which it could be measured, as described above for the
slightly later work of Ref. 7 on PH. Again, no corrections for
Urpy=4m vprZprv_Z_(vpZpr) J(D-Rc /L) field-enhanced dissociation or for recapture of monatomic

X expl — Az py/KT) species released in dissociation nearer the surface were
EPH made; however, these were probably even smaller than for
=2m(D_Rc/Qq)exp — Aepy/KT). (B1g)  the data of Ref. 7. Neglecting them, and carrying out an

) o analysis similar to that used above for PH, we get
The dissociation rate of PH has been measured over the

range 328—3_48 K from the decrease in th.e PH concentratlon Aegy=0.77 eV (for B H) (B20)
upon annealing diodes under reverse bias, and noting the

decrease in concentration of PH in the regions closest to thé/e shall use this, though it is even more questionable than
surface, where recombination of Rvith H™ released from Eq.(B19), and shall ignore the possibly small isotope depen-
dissociating complexes at shallower depth should be sfightdence; our interest is mainly in the qualitative differences
However, the high field in this regiofon average about betweenn-andp-type behavior. Studies of the tails of SIMS
1.6x 10° V/cm) significantly lowers the Coulomb barrier for profiles showing a clear “plateau” effé€thave given values
the final escape of Hfrom P*, and thus increases the dis- of the same order as E¢B20) but a much more careful
sociation rate of PH compared with what it would be in astudy of all evidence is needed.
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