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Substantial effects of boron and phosphorus doping on the kinetics of laser-induced crystallization
(LIC) in hydrogenated amorphous silicota-Si:H) are reported. A kinetic nanoscopic
electron-related LIC model that suggests predictions and explanations of observed effects of B and
P doping on the LIC temperatures and crystallite siza-Bi:H is presented. The LIC is considered

to be the integral effect of a huge number of nanoscale picosecond material reconstructions, each of
which is generated by a nanoscopic short-liypitosecongllarge-energy fluctuation. The LIC in
dopeda-Si:H occurs at temperatures substantially lower than those found in the crystallization in

a furnace. Crystallite size in B-dopedSi:H is half of that in P-doped and undoped material.

© 2005 American Institute of PhysidDOI: 10.1063/1.1921337

I. INTRODUCTION considered here, most of the hydrogen is gone and, for all
practical purposes, we are dealing with hydrogen-£3i.1°

In the past, laser-induced phase transition from amor-  One of the main difficulties is associated with the highly
phous to crystalline phase in silicon has been extensivelyionequilibrium character of the LIC-related phenomena,
studied by various experimental techniqdesThe in situ  where traditional methods of thermodynamics and the equi-
Raman data from laser-heated silicon were reported longibrium theory are not effective. Some aspects of this prob-
ago? in situ ellipsometry monitored the nucleation of micro- lem were discussed in our article on the E{Gind on the
crystalline silicon(uc-Si).° More recently, it has been found structural changes induced by cw Id8ein undoped
that under laser illumination, a high concentration of exciteda-Si:H (and in other materials This consideration shows
electrons weakens the covalent bond, resulting in a meltinghat the LIC includes the following nonequilibrium athermal
transition to a metallic state. and thermal phenomena: First, the formation by laser beams

The effect of impurities on the crystallization of amor- of high nonequilibrium electron and hole concentratiams,
phous silicon has been given a lot of attention due to itsand n,; second, the effect of these high electron and hole
industrial applications. Noble gases as well as O and N haveoncentrations on the nonequilibrium material reconstruc-
been found to retard the growth procés&opant impurities  tions involved in the LIC; third, effects of dopants on the
such as B, P, or As, on the other hand, favor the regrowth ofIC kinetics; fourth, the influence of the effective kinetic
amorphous silicor(a-Si).>™*? The diffusion and the role of temperature of the material irradiated by laser beams. We
impurities in the annealing process have been studied ihave suggested a nanoscopic kinetic electron-related model
great detail. A nonequilibrium theory based on short-livedfor the consideration of the nonequilibrium phenomena in-
fluctuations has been propos]édbut, on the other hand, volved in the LIC and the structural changes in undoped
stress and electric field are the main factors in the impurityamorphous materials at relatively low temperatdfe§ This
induced regrowttl.Under equilibrium conditions, vacancies model, extended here to the description of the LIC in doped
and interstitials mediate the diffusion mechanism of dopant&-Si:H, proposes predictions, some of which have been con-
in Si.** A nonequilibrium mechanism explains the enhancedirmed experimentally. In this letter we present a brief report
crystallization when amorphous silicon is illuminated by aon recent experimental and theoretical studies on the effects
600-keV Kr* irradiation’® A review of the kinetics of solid-  of boron and phosphorus doping on the LICaiSi:H. Ra-
phase crystallization ira-Si was presented by Olson and man spectroscopy is employed for the experimental study of
Roth? who focused their work on solid-phase epitaxy. the LIC in B-and P-doped-Si:H.

In spite of all the studies, the mechanism and the kinetics
of the nonequilibrium phenomena involved in laser-induced
crystallization(LIC) of amorphous materials are not yet fully Il. DISCUSSION

understood. We shall utilize here some earlier results on the nano-
Demonstrations of solar cell operation for cells preparedscopic kinetic model applied to various processes and
from amorphous or microcrystalline hydrogenated silicon atyaterialst®24 These results suggest the following generic
tracted a lot of attentiol: At the annealing temperatures nanoscopic kinetic approach to the nonequilibrium LIC-
related phenomena in doped and undoped materials: the ob-
¥Electronic mail: ssrobert@tx.technion.ac.il served material changes appear to be the integral effect of a
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huge number of nanoscale “elementary” nonequilibrium pi- 7 !

cosecond event®NENEPES$, each of which involves atomic ! ] H

and electronic interrelated reconstructions in the metastable : w3
amorphous material, driving it to a more stable state related 1000+ : o T
to a lower free energy. Every NENEPE and the related local g : ;'I
picosecond material reconstructions are generated by a nano- 5 Z 4 ,':I

scopic short-lived (picoseconyl large-energy fluctuation < g/ "

(SLEP of a small numbeNy=1 of strongly fluctuating hy- F ISP 5 !

perthermal atoms of thermal energy,=AE>KT."** A 2 0T s 500! | 4
single NENEPE includes diffusionlike hoppings of strongly - Raman shiﬁ<cm");"u‘

fluctuating Si atoms over energy barriex&> kT into new IR

positions during the SLEF lifetimar=101°-10"?s. The P ‘;—,\ 2
hoppings are accompanied by the cutting of some inter- 0 1 o
atomic prehopping bonds of the hopping atoms with its 400 500 600
neighbors in the prehopping positions and establishing new Raman shift (cm )

(e_IeCtron-_medlate)Cbonds with new n_elghbors after the hop- FIG. 1. Raman spectra ¢f) undopeca-Si:H, (2) 1% B-dopeda-Si:H, and
pings. It is assumed that the LIC |nV0|V79/~1i9=5'10 (Per  (3) 1% P-dopeda-Si:H after the crystallization induced by a laser at a
atom SLEF-induced hoppings of Si atorhs: power of 10 mW for 10 mins. Inset presents the Raman spectra normalized

Individual SLEFs create strong local nanoscale latticePy their maxima.
distortions that form transient point dynamic defects of pico-
. .9-—_24
second duration and nanomgter_s"l%é. These defects gen- s -4 z that lead to the temperatifg~600 K in V,.\7
erate the strong electron—lattice interaction that proddoés
nonadiabatic downward electron transitions accompanyin
. . 7-23 d ..

at3m|c hﬁpprllngé_ The on® downward flEeCtgr)]Q tAransm(zjns -10?* cm3), of immobile electrons trapped by B dopants
reduce the hopping activation energf=E-dnc(Ae), an and holes interacting strongly with the trapped electrons.

thus enhance exponentially the hopping probability, whichg, o interaction reduces considerably the hole mobility, am-
has been calculated from the kinetic consideration of relateﬂipolar diffusivity &, and the related heat conductividgs

picosecond SLEF-induced nanoscale nonequilibrium phez ' ¢ the electron-hole plasma in B-dopedSi:H. This

nomena. Her& is the energy barrier, which should be over- causes a marked enhancement in the local temperfre

comg .with.out the “asiistan.ce” of. the downward ele_ctron>-|-A in the B-dopeda-Si:H. Temperature measurements
transitions(i.e., whenéon®— 0); (Ae) is the energy reduction confirm the above conclusionTs~770 K, whereasT,

per transition. This reduces exponentially the nucleation time. gog k. (Table ) Higher T,g leads to the exponential re-

Doping by 1% B produces high concentrationg > n, and
Be>n, (€0, Ne=~n,~108cm? and ng=n,g~ 102

ty = vaAAT EXP(AG/KT,). (1)  duction of the crystallization timi [Eq. (1)] as compared to
that in the undoped material.
Here AG=AE-T)AS=E-dne(Ae)-THAS and AS are the The next effect of boron doping is a reduction of energy

related local changes in the effective activation free energyk in Eq. (1) by the creation of a high concentration of holes
and local entropyf, is the effective local temperature in the and trapped excited valence electrons that weakens Si-Si in-
irradiated material region, which can be measured by thgeratomic bonds. This reducesE and AG in Eq. (1), and
Raman Stokes—anti-Stokes ratios. This model leads to some
verifiable predictions on the effect of doping on the LIC in
a-Si: H, confirmed by measuremeritsgs. 1 and 2 and Table

I). Equation(1) shows that the crystallization timig, de-
pends exponentially on the enerdy the numberbhg of
downward electron transitions, and the temperalyre the

laser spot-related volumé, = Tere of radiusR,_ and thick-
nesst¢ determined by the photon penetration depth.

The 1% boron impurity concentration should incredge
substantially, due to the following factors: In undoped and
dopeda-Si:H the temperaturd@, is determined bya) the
initial material temperatur&, (b) the laser input energy den-

Phosphorus, 1%

7 o
E/E Undoped
=

g

L]

-
~

Crystalline size (Angstrom)/Laser power (mW)
[N}

sity per unit of time, andc) the heat conductivity that deter- ¢ | ... a
mines the energy fluxes from the volurig into the “cold” 08F ..Q--""7" .
surroundings. The heat conductivity in the undoped material, Boron, 1%
&, and the B-doped samples; are determined mainly by L L .

0 600 1200 1800

those of electron-hole plasma, which are greater than the
phonon conductivity. Here ae areg; depend on related am- Time (s)
bipolar diffusivities, 5 and J, of the electron-hole plasmas, FIG. 2. Crystallite sizegnormalized by the laser poweas a function of

respectively. In undopeaSi H laser-generated mobile leec' time, obtained in the course of laser-induced crystallization in undoped, 1%
trons and holes of concentrationsandny, have a rather high  B-doped and 1% P-dopestSi:H.
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TABLE |. Comparison between standard oven annealing and laser annealtl. EXPERIMENTAL RESULTS
ing for undopeda-Si:H and phosphorus- and boron-dopai:H. The
average size of the microcrystals is deduced from the Raman shift of the

s Experimental data presented in Table | and in Fig. 2
crystalline Si line.

confirm the above conclusions and show that the size of
a-SitH, a-SitH, a-SiH, crystallites in B-dopeda-Si:H is about two times smaller
undoped 1% P 1% B than that in undoped-Si:H. This leads to another observ-
able consequence: the B-doped material contains a relatively

Oczsgt;igzggit(ﬂf of 940 930 880 large amount of disordered intercrystallite substances, and
Laser temperature of 610 590 770 therefore the Raman spectrum of this material should contain
crystallization(K) large “tails” related to the disordered material phase. The

Microcrystalline size, oven 29 24 15 Raman peak related to the crystalline phase is expected to be
crystallization(A) not very high and narrow. The experimental data presented in
Nl';csff{,{fta"'”e size, 33 21 15 Fig. 1 confirm these expectations.

Our model predicts that contrary to the B-doped mate-
rial, doping of a-Si:H by 1% of phosphorus should not
change markedly the local effective temperatligeand en-
thus shortens exponentially the nucleation titgeBesides, ergy E in Eq. (1) as well as the size of the crystallite com-
the reduction ofE caused by B doping softens slightly the pared to the undoped material. This conclusion, confirmed
material, and thus reduces a bit the Raman peak frequenc¥xperimentally(Figs. 1 and 2, Table)) results from the fol-
This should cause a small shift of the Raman peak towardwing factors. 1% P doping enhances considerably the con-
lower frequency that is confirmed by measureméRig. 1  centration of mobile electrons, but does not change markedly

and Table ). the hole concentration created by laser irradiation. Therefore,
Thus, in B-dopeda-Si:H the values oAG, AE, andTy  the ambipolar diffusivity o=~ & and heat conductivityea

in Eq. (1) should be replaced with new parameté&'®g,  ~ze of the electron-hole plasma as well as temperalge

AEg, and Tpg. Here AGg=AG-Agg<AG, where AGg =T, inthe P-doped material are approximately equal to their

=AEg-TrsASs is determined by the lower activation energy counterparts in the undoped materi@able I). In P-doped
AEg=AE-AUg<AE and higherTag>Ty; AUg is the re-  a-Sj:H the Si crystallite size is markedly larger than that of
duction inAE. The valueAgs=AG-AGg. Agy can be esti- B-doped a-Si:H and comparable to that of undoped
mated roughly from the differenceSgrg=AGr—-AGrs in a-Si:H (Table | and Fig. 2 since P doping produces consid-
the activation free energies and temperaturgsT=-60 K erably lower initial crystalline density compared to that in
in the thermal crystallization in undoped and B-dop@d the B-doped material. As a result the initial crystalline nuclei
-SitH taking place at temperature$=940 K and Tg  in P-dopeda-Si:H, which are separated by greater distances,
~880 K<T, respectively(Table )). Using the equations for weakly affect one another before they become rather large.
the nucleation time in the thermal crystallizationarSi:H  |n addition, the intercrystallite substances between the sepa-
and a-Si,'® we find Agrs~0.07AGy and AGrg~0.93AGr.  rated nuclei contain a greater amount of silicon needed for
Assuming that approximately similar reduction WGg  the nuclei growth compared to that in B-dopadSi:H. At
~0.93AG is caused by B doping in the LIC ia-Si:H, we  the same time, phosphorus doping does not “soften” the ma-
find AGg~1.62 eV, where we usAG~1.75 eV obtained terial, and thus does not shift markedly the Raman peak,
for the LIC in undopedh-Si:H.*" Taking this value oAGg  compared to undoped-Si:H. This conclusion is also in
andTag=~770 K one estimateffrom Eq. (1)] ty,~0.1 s. agreement with experimental dafable | and Fig. 1

The discussed effects of B doping enable us to make the The standard model is that in disordered semiconductors,
following “controversial” prediction confirmed experimen- electrical transport occurs between localized states near the
tally (Figs. 1 and 2, Table)land explained below: boron Fermi level (Ef). This transport depends on the electronic
doping, which enhances strongly the LIC rate coefficientdensity of states, on the position df, and on the
Ky, =t reduces substantially the size of crystallites com-temperaturé®2’A detailed study of the influence of isoelec-
pared to that in undopea-Si:H due to the following argu- tronic and Coulombic impurities on the entropy on the im-
ments. A high density of small Si-crystalline nuclei is formed purity levels has been propos&dased on the Fermi level
during a short time intervale.g., during 0.1 safter the be-  shift.
ginning of the LIC in B-doped-Si:H. The further substan- The models developed until now calculate the impurity-
tial growth of the initial small Si nuclei is prevented by their level energy or the shift oEg as a function of the impurity
random orientation and the unfavorable composition of theéype and concentration, under equilibrium conditions. In our
intercrystallite material, which contains a relatively low Si model we propose a mechanism which explains how any
concentration and a high concentration of impurities. As asingle atom can overcome the energy barrier when jumping
result, after insubstantial short-term growth the Si nucleifrom a given position to a new one, which is more favorable
should cease to grow; similar arguments enable one to expeenhergetically.
a substantial reduction of the crystallite size in the thermal In the past this model has been used to explain, among
crystallization in B-dopeda-Si:H. The size of crystallites other phenomena, the diffusion of impurities in silicrihe
was measured by the Raman technique, as proposed in Refystallization of amorphous silicoff, low-temperature
23. LIC,*" and structural changes in amorphous matetfals.
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