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derived from SPER measurements agree well with ESR measurements and suggest thai
combined ESR and SPER measurements could provide a method for depth profiling the doping
efficiencies of impurities in amorphous silicon containing a large density of dangling bonds.
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ABSTRACT

We hive measured the effects of hydrostatic pressure on the solid phase cpitaxial growth
(SPEG) rates of undoped Ge(100) and Si(100) into their respective seif-implanted amorphous
phases, We found that pressure enhances the growth process in both Si and Ge, with activation
volumes equal to -3.3 + 0.3 cm3/mole for Si and -6.3 + 0.60 cm3/moe for Ge. The results of this
and other experiments are inconsistent with all bulk point-defect mechanisms, but are consistent
with all interface point-defect mechanisms, proposed to date for thermal SPEG. A kinetic analysis
of the Spaepen-Turnbull dangling bond mechanism shows it to be a highly plausible model for the
growth process.

INTRODUCTION

Studies of post-annealing processes in implantation-amorphized silicon and germanium [1-6]
have established a similar growth process, termed solid phase epitaxial growth (SPEG), fer the
crystallization of both amorphous phases. SPEG occurs by motion of a planar crystalfamorphous
interface. The growth rates are well described by an Arrhenivs dependence on temperature, with
activation encrgies of ~2.70 and ~2.0 eV for Si and Ge, respectively. In addition, the effects of
dopants [3] and ion irradiation reported in recent jon-beam studies [7-11] on the growth process in
Si have been well established. Many experimental findings have been discussed in & recent review
article by Olson and Roth [3]. Despite all of the experiments, there is no agreement on the
mechanism of the growth process, There have been many atomistic models [2,6,12-16] proposed
to explain the process. These models invoke different types of defects whose creation or transport
at or 1o the c/a interface might be the rate-limiting step of the growth process. In Table I we list
some models and defects that have been proposed to explain SPEG in 8i.

The pressure dependence of a kinetic process bears directly on the atomnistic mechanisms.
Temperaiure-dependence experiments performed at ambient pressure reveal the actvation energy,
AE* = —kd(In vYI(1/T); while isothermal pressure-dependence experiments reveal the activation
volume, AV* = -k79(In v)YaP. Here v is the kinetic rate constant for any process (the interface
velocity in the case of SPEG); k is Boltzmann's constant; P and T are pressurc and temperature. In
this paper, we will review our experimental results on the pressure-enhanced SPEG process in
undoped Si and Ge. Detailed descriptions of the experiment and observations have been reported
elsewhere [17-191. We will then examine various proposed models in light of our pressure
measurements, results of other experimental work, and some kinetic arguments. We are led to
strong conclusions regarding the tenability of the various models of thermal SPEG.

EXPERIMENT AND RESULTS

Single crystal (100)-oriented undoped Si and Ge wafers were polished on both sides toa
thickness of 25 - 40 um. Self-implaniation produced uniform amorphous layers ~ 300 nm thick in
i and 800 nm thick in Ge. Wafers were diced or ¢leaved into many microscopic pieces (about
250 pm x 250 pm) 1o fit into the diamond anvil cell.

Crystal growth occurred in a high-temperature and high-pressure diamond anvil cell (DAC)
[20]. Fluid argon, loaded cryogenically, is used as the pressure transmission medium. The ruby
fluorescence technique [21), which measures the pressure-induced wavelength shifts of the ruby
fliorescence lines excited by a HeCi! laser (441 nm), was used to measure the pressure on the
sample, The ceil was heated by a flexible resistive heating wire wrapped around the pressure
chamber. A chromel-alumel themmocouple, placed next to the diamond and in contact with the
metal gasket, was used to monitor Lhe lemperature.
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Table I. Defects Proposed for Solid Phase Epitaxial Growih and
Conclusions Drawn from this Study.

Mechanism Conclusions for Si Conclusions for Ge
Dangling Bonds Highly Plausible Highly Plausible
at c/a interface [12)
Kink Sites Possible Possible
at ¢/a Interface [13]
Vacancies in Crystal [6] Highly Implausible Impossible
Interstitials in Crystal Highly Implausible Highly Implausible
Vacancies Impossible Impossible
in Amorphous Phase [14]
Interstitials Impossible Impossible
in Amorphous Phase
Dangling Bonds Impossible Impossible
in Amorphous Phase [15}
Floating Bonds Impossible Impossible
in Amorphous Phase [16]

The in situ optical interferometry, or time-resolved reflectivity (TRR), technique developed by
Olson er al. |22] was used to monitor the moving cfa interface. For silicon, a single line He-Ne
laser (5 mW, wavelength A = 692.8 nm) was used. For Ge, we used a two-line HeNe laser
source {red: 2 mW, A = 692.8 nm; and infrared (IR): 0.5 mW, A = 1162 nm). The visible red line
enabled us to locate and focus the 1aser onto the microscopic sample in the cell. The IR line was
used for interferometry.

Figures 1 (a) and (b} are isothermal plots of vto determine the activation volumes (AV*) of
SPEG in Si and Ge, respectively, In Si we find AV* =-3.3 £ 0.3 cm¥/mol, which is -28% of
(I, the atomic volume of crystalline $i (c-Si). In Ge we find AV* = -6.3 + 0.6 cm3/mol, which
is abour -46% of Qg,, the atomic volume of crysialline Ge (¢-Ge). The negative sign of the
activation volumes signifies that the growth rate is enhanced with the application of pressure, as
seen clearly from the figures.

DISCUSSION

Implications for bulk point defect mechanisms
. Forany bulk point defect mechanism of thermal SPEG in which the process of defect
impingement on the interface acts in series with the process of atomic reaction at the interface, the
growth rate can be expressed as

v oe XKi

o o

where ky is the rate of bulk generation and transport of defecis to the interface and k; is the interface
reaction rate. In general, both kg and k; are expected to have Archenius form. Their product will
have Arrhenius form if one of these rate constants is negligibly small with respect 1o the other (the
unlikely alternative is that they have identical activation energies - and volumes). That Si SPEG
has a single activation encrgy over 10 decades in velocity [3] is strong evidence for only one of
these processes being significantly rate-limiting. If the rate-limiting step is the interface reaction
rate, then we don't reaily have a bulk defect mechanism. That is, concern over how defects get to
the interface seems as superflucus as concern over how thermal cnergy gets to the atoms doing the
reacting. If, on the other hand, the rate-limiting step is bulk generation and wansport to the
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Figure 1. Growth rate vs. pressure in {a} 8i; (b Ge

interface, then we can make direct comparisons of the SPEG rate with the wc_w.nﬁcmmi.w. For
both processes, the rate would be given by a product of the concentration of point defects, their
mobility, and a geomeusical factor. Hence

_u“_ o = constant. 2

Implications for vacancies in Ge. Suni ef al. [6) 3o2& the suggestion of Csepregi et af.
[2] and proposed that the rate limiting step for SPEG process is the formation and migration of
lattice vacancies to the crysta¥amorphous interface. Recently Wemner ef al. [23] produced direet
evidence for the vacancy thechanism of diffusion by finding a positive activation volume in their
high pressure study of germanium seif-diffusion. They deduced +0.56 Qg for the activation
volure of diffusion via the neutral vacancy. Comparing with the negative activaton volume of
-0.4682c, obtained in this study of germanium SPEG, it is clear that eq. (2) is violated and hence
the defects responsible for limiting the self-diffusion rate in the crystal are not the same as those
limiting the SPEG rale. o o

Implications for vacancies in Si. If SPEG in $i were controlled by the diffusion of
vacancies in the crystal, the observed pressure-enhanced SPEG would have to be duc to pressure
reducing the barrier to vacancy motion enough to overwhelm the pressure-reduced vacancy
concentration. We can then put an upper limit on the formation volume of the vacancy c«.aw__m.zm
that once the barrier to motion cannot be reduced past zero, whereupon something dramatic should
happen, e.g.. the slope of the SPEG rate vs pressure isotherm might change sign. The barrier for
vacancy migration AEy, according to Watkins [2d], is 0.45 ¢V for neutral vacancies. .

No breaks are observed up to the highest pressure mmzam__nm point, Pmax = 50 kbar at 520°C,
in Fig. 1{a). At this point, by requiring AEq +Pmax AV, 2 0, we obtain a lower limit for the .
migration volume of a vacancy: AVy > - o.._‘.dwbmw. The difference between the measured AV* for
SPEG and AV}, is then an upper limut on the formation volume:




E\w < +0.44Qg; o

This value is much smaller than that (0.75 Qg;} found in a recent total energy calculation {26].
Therefore, in silicon, the formation and transport of crystalline vacancies to the ¢fa interface is
highly implausible 10 be the rate-limiting step for the SPEG process.

Implications for Minority Diffusers. There are further considerations for any mechanism
involving point defects from the bulk of either phase, for which the defects contribute even a minor
amount to self diffusion, If cach such defeet converts Ny atoms from the amorphous to the
crystalline phase upon its arrival at the interface, v of (100)-oriented Si or Ge can be written:

for <) "

where [ is the jump frequency of the defect; n.%m is the defect concentration at the ofa interface; Cp
is the atomic concentration (1/Q2); and a is the crystal lattice parameter. The factor 1/2 comes from
the fact that only half of the jumps move a defect toward the interface.
For random-walking defects, their diffusivity is DP = ['d2/6, where d is a jump distance which
@mﬁnz& on the type of defect. d is related to the nearest neighbor distance A by d = f 4, where & =
3 af4 and a is the cubic attice parameter. v can then be re-written in terms of D2

ﬁu._cbc
|.~n.ﬁ»w.ﬁay.zq.9v GV
where fis unity for vacancy, interstitial, vacancy-like, and interstitial-like defects, and about 1/4
for dangling and floating bonds [19]).

That defect diffusion contributes to self diffusion allows the placement of an upper limit on the
product of the equilibrium defect concentration far away from the interface and their diffusivity
(DD) as given by DP - Cpl, < Dsell . C,, where D! is the measured bulk sclf-giffusion
coefficient.  Since the interface acts like a sink for the defects, CD, s €8, . Combining these
inequalitics with equation (3) yields a lower limit for Ny, the =:3...wn_. o.\m rearrangements from each
captured defect at the interface, given by

A D
Zawmwiuﬁ. (6)

We use the available self-diffusion data in ¢-Si [26} and ¢-Ge [23] to place lower limits on Ny for
mechanisms involving crystal vacancies or interstitials. They are Ny 2 3 x 108 for Si at 803 K, and
Ny 21 x 108 for Ge at 600 K. This result is based only on iwo assumptions: that bulk diffusion
of the defect controls the SPEG process, and that defect diffusion also contributes to bulk self-
diffusion. Values of N; much above 104 seem highly implausible [27]. So we conclude that
mechanisms of thermal SPEG based on crystal vacancies and self-interstitials are highly
implausible. This follows simply because the self-diffusivities in c-5i and c-Ge are way 100 low to
account for the observed growth rates.

Implications of the nonhydrostatic stress elfect. Recently, Aziz et ai. [28) discovered
that the SPEG rate in Si is enhanced by uniaxial tension and reduced by uniaxial compression, in
contrast to the enhancement by hydrostatic pressure. Combining the results of these two
experiments, the entire activation strain tensor for Si SPEG was determined. The tansition state is
“short and fat": the system undergoes a contraction in the direction normal 1o the interface and an
in-plane expansion. The tetragonal symmetry of the transition state is inconsistent with the
formation or mation of gny point defect in the bulk of the amorphous phase so long as the
stress is fully relaxed, as measurements indicate [29]. Both the formation and motion of any bulk
point defect in a fully-relaxed amorphous phase must be isotropic rather than tetragonal.

Kinetic analysis of dangling bond mechanism

The results indicate that the Spaepen-Turnbull mechanism [12], in which dangling bonds are
generated at the interface and migrate along the interface reconstructing the random network into
the crystalline network, is one of the two proposed mechanisms that remains tenable. ‘The model
also seems highly plausible in light of its predicted negative activation volume: the mobility of
dangling bonds is enhanced by pressure through a transition state, in which the dangling bond
reaches across a ring to attack a fully-coordinated Si, with a lower local volume [30]. A kinctic

a7

i i ibili i lysis, ©is
f the model was undertaken [31] to further check its m_mﬁ_c__:v.. In &_m ana \
M.whwmﬂ.w product of three factors: the fraction of bonds at the interface that reside at a _n.awn_n..o_”m
probability that such a bond is dangling, and the average velocity of migration of a mw:m::m_ .
A single bond breaks 1o form & pair of dangling bonds, each of which migrates independent um.g
meoving & net distance of Ny migration steps and converting Ny atoms from the wmuoe_.mcmm.wo e
crystal phase, before becorning annihilated or stuck at one of a fixed number of "traps”. The
nature of the “raps” is at present uncertain, but unimolecular annihilation kinetics at the “traps” are
essential to the success of the model. The result is:
ASg+ASp. AHprAHm
v=2sin(8) i Nr exp(— g ) exp -(—gT . 0]
i peed i isori i AHg, and AHp
here g is the § of sound, 0 is the misorientation from _:.:. and ASg, ASm, A
Ha o_._n.pwinm and enthalpies of formation and of motion of dangling bonds at the interface. The

aan-mo:mo:zn:..&n_Edwm?:oim_ Dm
P Prefactor: to match the measured prefactor for growth, Np nx%v must be

approximately 200 for Si and 1200 for Ge. ,_M.a Hﬂwﬂa_m%w:n_w to several Rundred FEAUTANEEMENs
activation, which is certainly more plausible .
P Activation energy. Within the context of the model, the difference between the measured 036
activation energy for SPEG and the bond energy [32] is the migraton enetgy. This would be A
eV for Si and 0.3 eV for Ge. The former compares well with apparent activation energies of 0.2 -
0.33 eV for ion-beam-enhanced SPEG in Si {7,8,11]. o ) .
Orientation dependence: The model predicts a vawﬂ___c:a_q between v and sin(@), in

apreement with the well-known results of Csepregit et al.{1). . .

mRB%?w dependence: The population statistics of charged dangling bonds at the interface could
respond 1o the doping level through a variety of schemes that have been discussed in the w_n.n_.maa.
The details are stili a matier of debate [6, 13, 15] and are the subject of several papers in this

1 331 o .

e ﬁ:ndm._s:.w: volume: According to the model, the volume om. motion is large and negative.
Estimates of the formation volume and measurements of the activaton volume allow us to place 4
approximate limits on the volume of motion, which should be between -0.3and -0.54in m_: an
between —0.5 and 0.7 {2 in Ge. Since pressure reduces the barvier t motion, at high enough N
pressures the barrier will vanish and something wildly nonlinear and presently zsm.ﬁa_nszn». might
be observed. The predicted critical pressure is 70-120 kbar in §i and 30-60 kbar in Ge. “wa»nmr
Shimomura el al. [34] have observed room-temperature metallization of a-Si at 100 kbar % a-
Ge at 60 kbar. This may be a coincidence, or it may be & manifestation of athermal motion of

dangling bonds at the critical pressure.

CONCLUSIONS

We summarize our conclusions in Table 1. Bulk crystal point defect mechanisms are untenable
becuuse of the magnitude and sign of the activation volume for SPEG and because of the _mmc bulk
crystat diffusivity. Bulk amorphous point defect mechanisms are untenable because uniaxial
compression reduces v whereas hydrostatic pressure enhances v, Our results are consistent with
any mechanism involving defect formation or motion at the interface. A kinetic analysis of the
Spaepen-Tumbull dangling bond mechanista shows it to be a highly plausible model mo_.._wo:..cn_ ,
growlh process. We cannot perform a similar kinetic analysis of the Williams-EHiman kink M .

Our conclusions are vatid ony for thermal SPEG. Ton beam-enhanced SPEG may involve, for
example, bulk point defects impinging on the interface and converting o dangling bonds. But
when the ion beam is turned off, the rate of interface motion is not __E_s.d by amval of Enwo
suddenly-less-numercus defects. Bulk point defect conversion 1o mu:m.::m vosn_.v. at the .53_.?8.
operating in parallel with thermal generutior: of dangling bonds at the interface, is .Em:m_zn. In the
future, bulk point-defect models of beam-enhanced SPEG must address the transition tean
interface point-defect mechanism as the ion beam is reduced. A more thorough report, including
other experimental results and & discussion of other restrictions on bulk point defect mechanisms,
wiil be published soon [35].

i i i h was
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ABSTRACT

Direct. picosecond laser measurements of the critical fluence for melting have been
performed for the first time, giving unambiguously consistent differences in the energy
required for surface melting of relaxed and unrelaxed amorphous silicon. The different
optical coupling cannot account for this variatien which can only be explained in term
of different melling temperatures. Heating of unrelaxed amorphous on samples al
temperatures close to the melting point may result in relaxation of the material even
when the treatment occurs in the naneosecond time scale. However nanosecond UV
irradiation of relaxed and unrelaxed amorphous silicon samples have provided informa-
tions on the specific heat of the two amorphous states. The melting temperature of
unrelaxed amorphous silicon has been derived independently via both picosecond data

and via free energy calculations.

INTRODUCTION

In a recent paper |1] we have undertaken 2 series of precision melting threshold
measurements during UV pulsed laser irradiation of relaxed and unrelaxed amorphous
silicon {a-Si). The melting threshold of relaxed a-Si resulted 16% higher than that of
the unrelaxed one, being this difference the result of a change of both melting temper-
ature and thermal parameters of a-Si upon relaxation. Using particular samples and
modelling the heating process with temperature independent thermal parameters, we
found out that the variation of the quantity a\\mﬂ.. (being k the thermal conductivity
and ¢, the specific heat of a-5i) on going from the unrelaxed to the relaxed state can
account for a 12% shift of the melting thresheld, whilst the remaining 4% is to be
attributed to a different melting temperature. Therefore, if we assume 1420 K as the
melting temperature of the relaxed a-5i [2], we estimate, from our data, a decrease of
46 + 12 K for the melting temperature of unrefaxed a-Si.

In tel.3 we have estimated the thermal diffusion coefficient D = % (being p
the mass density of a-Si) to be equal in relaxed and unrelaxed a-Si within a factor
of 1.5, i.e. within our experimental accuracy. The difference between the thermal
diffusion coefficient of relaxed and unrelaxed a-Si has been recently resolved by more
refined measurements |4] which have provided the following values prel = (253 +
0.02) - 107 Jem?/s and D¥*" = (178 £ 0.02) - 10~ *cm?/s (the upperscript rel and unr
refer to relaxed and unrelaxed a-Si respectively}). This informations along with the
measured «\»ﬁ variation upon relaxation provided the ratio between the specific heat

ennr

of unrelaxed and relaxed a-5i 2t = 1.070 + 0.015. The latter estimate allowed us
"
to recalculate the free energy diagram of relaxed and unrelaxed a-Si using the heat of

relaxation and crystallization measured by Donovan {2].
In fiz.1 the free energy curves of the amorphous states relative to crystal sili-
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