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Interfacial roughening during solid phase epitaxy: Interaction of dopant,
stress, and anisotropy effects
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The effects of externally applied stress and rate-enhancing dopants on interfacial roughness during
the solid phase epitaxial growth of ion-implantation-doped Si are investigated using cross-sectional
transmission electron microscopy and time-resolved reflectivity. We find long-wavelength
roughness in the absence of an applied stress that arises solely from the dopant-gradient. With the
addition of a compressive stress, the interface roughens further with an enhanced magnitude and a
dramatically reduced wavelength. We discuss the experimental results in the context of a simulation
that includes our current understanding of stress, dopant-gradient, and interface anisotropy effects.
We find a rich interplay between these effects in determining growth morphology evolution, and
demonstrate the successes and current limitations of the mod200@® American Institute of
Physics [DOI: 10.1063/1.1790580

I. INTRODUCTION achieve similar stress states to those that would be imposed
by the substrate during SPEG of amorphous Si—Ge alloy
Si-based devices can be greatly enhanced through alloyhin films, we can therefore introduce stress as an external,
ing with Ge and the imposition of an extrinsic strail.  independently controlled variable. Additionally, we seek a
While such devices can be readily made using moleculaphenomenological model that can combine the individual
beam epitaxy(MBE), their formation using a conventional factors of stres&/’ rate-enhancing dopants or alloying
ion-implantation followed by amorphization and solid phaseelements%,'8 and growth kinetic anisotroByand examine
epitaxial growth (SPEQG is strongly limited by interface their interaction in relation to the experimental data.
breakdown and defect generation. For example, during Our experimental results show that B-doped a-Si is
SPEG in the Si—Ge system, roughening of the amorphougromising for approximating the observed behavior in SPEG
crystal (a-c) interface occurs above a Ge content ofof Si—Ge and permits the separate examination of the indi-
3-7 at.%, followed by the generation of dislocations andvidual roles, that stress, composition, and orientation play
stacking faults, leading to a severely degraded material naiuring morphological evolution. For example, we observe
suitable for devices. This roughening is not fully understoodthat composition alone can destabilize the interface during
but is thought to result from a complex interplay of local SPEG of B-doped Si, in a manner similar to that observed in
interface stress, composition, and orientaiigrowth kinetic Si—Ge® When stress is externally applied, interface rough-
anisotropy effects? However, in the past, researchers hadness evolution is observed similar to that in the strained
difficulty in isolating these different elements in the strainedSi—Ge system: increasing the stress leads to an increasing
Si—Ge system. roughness and a dramatic decrease in lateral length scale.
In this work, we explore a possible avenue for decou- Comparing our model with the experiment, we find a
pling the effect of strain from those of composition and in-rich interplay between stress, dopant-gradient, and crystal-
terface orientation, examining them additively in a controlledline anisotropy effects in determining the growth morphol-
manner in an effort to understand their interaction and influ-0gy evolution. In particular, we find success in modeling the
ence on interface evolution. We examine the problem botigombined effects of any two out of these three factors. For
experimentally and through phenomenological modeling. Orinstance, we have previously shown a successful agreement
the experimental side, we study the SPEG of B-doped amowith experiment when modeling combined stress and com-
phous Sia-Si on crystalline Sic-Si) as a proxy to mimic the  position effects for flat interfacéd and when modeling com-
rate-enhancing effect of Celnstead of a self-stress arising bined stress and orientation effects for constant composition
from the presence of Ge, which does not arise from the adstructuresﬁ.'7 In this current work, we successfully model the

dition of B, stress is applied mechanically. Because we cafombined composition and orientation effects at zero stress.
However, when all three effects are present, as in the current

experiment or in Si—Ge, our model diverges qualitatively
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FIG. 1. Experimental geometry.

work. It is anticipated that these same effects will be impor-
tant in some scenarios involving deposition from a vapor, but
despite the vast amount of literature devoted to processes
such as MBE, to our knowledge, there has been no explora-
tion of these issues in that arena.

Il. EXPERIMENT

The sample geometry and procedure used to measure the () "
in-plane stress effects on SPEG of Si has been described in
detail elsewheré.The samples for this study consisted of
a-Si layers produced on 0.034-in.-thick, double-side-
polished(001) silicon wafers by ion implantatio?®Si*, 1
X 10/ cn? at 60 keV followed by 2 10'/cn? at 180 keV
and 'B*, 5x10'/cn? at 50 ke\j. This produced an ap-

proximately Gaussian depth distribution of B centered at
~150 nm deep in a-320-nm-thick a-Si film. The loading

and optlcal geometry are shown SChematlca”y in Fig. 1. Ir-'FIG. 2. Evolution of the amorphous-crystal interfa¢ay initial interface;

this arrangement, a uniaxial stress,, was applied in the () after 90 nm growth under a compressive uniaxial stress of —0.5 GPa
plane of the amorphous-crystal interface. In most of our exapplied parallel to the interface in the plane of the paggafter 180 nm

periments, we applied stress along [60] direction. A few growth under a compressive stress of —0.5 GPa, @hdafter 150 nm

. . rowth in the absence of stress.
samples were also annealed algagQ], and no striking dif- growth!

ferences in behavior could be observed. Optical access en-
abled the real-time measurement of the growth rate usinthe character of these defects. While most end-of-range dam-
time-resolved  reflectivity (TRR)** monitored at A  age results in dislocation loops at this depth, which minimize
=632.8 nm. All the samples were preannealed for 1 h athe total line energy at a constant enclosed area, we surmise
450°C, and then treated to varying magnitudes of stress, abat these additional defects are stabilized by the applied
described in the following section. stress, allowing them to propagate along with the growing
Figure 2 shows a series of cross-sectional transmissiomterface at the expense of an additional line energy.
electron microscopyTEM) micrographs of several samples To investigate the time dependence of the evolution of
annealed for successively longer times. The initial interfacghe interface roughness, we annealed several stressed
(a) is shown after the preannealing at 450°C for 1 h. Thissamples while monitoring the TRR for as much of the re-
initial interface is not completely flat but has a roughness orgrowth as possible. In this measurement, we postulate that
the order of 2—3 nm. With subsequent annealing at 500° €hanges in the reflectivity, away from the “ideal” case of
and a(compressive stress of —0.5 GPa in the plane of the reflectivity from a perfectly flat interface, are a direct result
interface, however, the roughness of the sample increases scattering due to interface roughness. Interpretation of the
dramatically as in(b), reaching a peak-to-trough roughnessraw reflectivity data is somewhat complicated by the fact that
of ~25 nm at a depth of roughly 180 nm. The third micro- the interface velocity changes with time, both due to the
graph(c) shows that the interface structure at 90 nm depth isronuniform boron doping, as well as the differences in the
roughly the same as that at 180 nm. Relative to the zeroapplied stress. To facilitate comparison, we converted reflec-
stress sample shown in Fig(d, the interface roughness is tivity versus time to reflectivity versus depth using the
significantly enhanced when the growth occurs under stressnethod described by McCallufi.The absolute reflectivity
Additionally, a greatly enhanced density of dislocations carof the sample, which we seek to correlate to differences in
be seen that span the region between the interface and tirgerface roughness, is obtained from the raw data through a
end-of-range damage left from the implantation process. Wealibration of the reflected signal against known reflectivity
suspect that these are most likely hairpin-shaped dislocastandards. These curves are compared to an ideal ¢larve
tions, although no additional studies were made to determinbeled “theory” in Fig. 3 calculated using the theoretical ex-
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FIG. 3. Sample reflectivity vs average interface depth égi=0 GPa, FIG. 4. Interface roughness vs depth. Data points are extracted from the

-0.25 GPa, and —0.5 GPa. Curve labeled as “theory” is for the ideal case dgflectivity in Fig. 3. Bold dashed line: Elliman-Wong model for zero stress.
planar interface. Thin solid lines: Our simulated roughness evolution as described in the text

using, from top to bottom,(@ o,,=-0.5 GPa, Aj=6.5 nm; (b) oy,
=-0.25 GPaA;=5.5 nm;(c) 01,=0 GPa,Ap=0.72 nm.

pression for the reflectivity of a thin a-Si film on a very thick
substrate, with the temperature-dependent values for the irscopic level, we find that this is indeed the case, as shown in
dices of refraction quoted by Olson and Réth. the micrograph in Fig. 5. While at short length scales

Figure 3 shows a comparison of the TRR obtained from{<<100 nm, Fig. 2d)] the interface is smooth, variations in
three samples annealed at stresses of 0, —0.25, and -0.5 Grderface position appear over much longer length sc@les
While the 0 and -0.25 GPa samples could be completely~800—-1200 nm The interface depth on average deviates
crystallized, the —0.5 GPa sample could only be crystallizedibout £10 nm, which compares favorably with the value of
under stress within 50 nm of the surface before the samplé, extracted from the TRR at the same depth.
fractured. Comparing the three experimental curves to the The higher stress samples show an increasing interface
calculated curve in Fig. 3, the most significant feature is thatoughening(Fig. 4). The sample held at —0.25 GPa shows a
the amplitude of the TRR oscillations is reduced with in-trend similar to the roughness of the zero-stress sample, in
creasing stress. that the roughness increases until the peak of the B distribu-
tion is reached, and then, again following the decreasing B
concentration, it decreases. The same trend is evident with
the —0.5 GPa sample, except that after the interface passes

Given the TEM results for the —-0.5 GPa samples, it apthrough the peak of the boron distribution, the roughness is
pears that the primary mechanism for the TRR amplitudesustained somewhat. This is consistent with the TEM results
reduction seen in Fig. 3 is the roughening of the inter-  shown in Fig. Zc). Additionally, we find that, while there is
face. We extracted the interface roughness as a function @f clear enhancement of the interface roughriesx 1.5-2
depth from the TRR data using the method of Zengl®™®  at —0.5 GP3 stress induces a dramatic reductior\in
and the implementation given by Elliman and Wo(lﬁ\/\l)8
who took their measure of interface roughness as the fullY- ANALYTKT\AL MODELING OF ROUGHNESS

. . . C . VOLUTION: ZERO-STRESS CASE

width of a normalized triangular distribution of the interface
depths. The method assumes that the spatial periodicity of For the case of the zero-stress samples, our understand-
the interface roughness is much greater than the 130 nig of the variations in the interface depth is in terms of a
wavelength of light in the amorphous phase. Making the op-
posite assumption does not change our conclusions. To ex-
tract the quantitative values of the roughness from the TRR
data, we match each maximum or minimum in the TRR
curve to a reflectivity predicted theoretically, assuming a
symmetric triangular distribution of the interface depths with
full width at full maximumA. We find that such a triangular
distribution is reasonable, with other functional forms fitting
the depth distribution in our micrographs less well.

Figure 4 gives values @ as a function of depth for each
of the curves shown in Fig. 3. Generally, we find that 50 nm | 400 nm
increases overall with increasing stress, and tends to follow
the depth distribution of the dopant concentration. Slgnlfl-FIG. 5. Interface morphology at 150 nm depth after annealing with zero

cantly, it appears as though the “zero stress” sample _has sfess. To enhance the visibility of the interface corrugation, the lateral scale
nonzero roughness for most of the regrowth. At a micro-has been compressed by a factor of 4 relative to the vertical scale.

IIl. ANALYSIS
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dopant-gradient-driven kinetic interface instability describedthe local growth rate is not atomistic in nature—we seek
by Elliman and Wonﬁ. Their description of this process is instead to combine phenomenological descriptions of indi-
analytical, and we present a comparison of our results to theidual effects on interface kinetics and stability.

predictions of their model. The EW interface roughening  The local interface velocity (normal to the interfades
mechanism occurs when the interface is growing into a redetermined by using Eql) in Ref. 14

gion of increasing rate-enhancing impurity content, and ini- .

tially depth-displaced segments of the interface move _ o Vi —E*\ . [AG.{o,k)
through the impurity distribution at different times, with their v(6,C,0x) _UO(Q)f(C)eXp< kgT )smh( 2kgT >
relative displacement essentially being magnified by the rate )
enhancement. EW show that as a result, the interface rough-

nessA scales with the velocity distribution(z) according to \yhereq is the interface misorientation relative 01, C is

A(2) = AZp)[v(2)Iv(z0)], (1)  the concentration of dopang; is the local stress tensor at the
) ) ) interface, x is the local curvature of the interfacey is the
wherez is the average depth of the interface ad,) is the velocity of an undoped stress-free planar interfat€) is

interface roughness at an arbitrary reference deptWe  jiscussed subsequently* is the activation strain tensog*
find that the zero-stress samples follow this relationship. INg the activation energyks is Boltzmann's constant, and

Fig. 4, we compare the zero-stress data to the EW model: thg_ s the driving free energy, which includes contributions

bold dashed curve is the velocity dlstrlbutllon extracted fromg. o, capillarity, elastic strain energy density in both phases,
the zero-stress TRR curve scaled by the interface roughnegsq stress-strain work done on the surroundings. The sum
measured at a depth 6f150 nm from Fig. 5. over repeated Cartesian indiceg=1,2, and 3 ismplied.

It is highly plausible that the occurrence of roughnesse refer the reader to Ref. 14 for the details. In order to take
only for large lateral length scale§\>800 nm for the  jqiq account the rate-enhancing effects of the B distribution

stress-free case is attributable to the crystalline anisotropy, f(C), we directly use the measured velocity as the base
effects:v is drastically reduced as the local interface Orie”'velocity function as we did in the previous section. While

. 9 . .
tation tends away froni001) toward(111).” The orientation  g5me errors in the measurement of the velocity itself as well
effect prejudices the evolution toward a slope selection ands errors due to the nonplanarity of the interface are intro-
dictates a maximum attainable aspect ralis A/ for inter- — g,ceq by this method, we avoid complications arising from
face fluctuations; hence, for a givéy there is a miNiMUM  eaging to accurately model the rate-enhancing effects of the
value of . An additional consequence of the anisotropy ef-g gjstribution. We obtain similar results, albeit less well
fect is that an initially rough interface in the absence of stres$, aiched to the experimental data, by using instead the B
or dopants tends to be smoothed out as fasid) trailing  gepth distribution and the phenomenological descriptions

segments overtake the slower, sloped segments. As a resulfe,iously developed to predict rate enhancement due to
in the absence of stress, the EW mechanism amplifies Onléfopant concentrations.

large . Stress effects on interface morphology can occur through
changes in growth energetics or kinetic barriers. Signifi-
V. NUMERICAL SIMULATIONS OF INTERFACE cantly, we include in the function f<_1r parameters that, with
EVOLUTION appropriate values, allow expression of both the ATG insta-
bility (through changes iAG,,.) as well as the stress-induced
While successful for describing the sméllroughness kinetically-driven instability throughV*. ATG is an
evolution due to composition gradient effects, the EW modeknergetically-driven growth instability, in which interface
does not permit us to explore the larfeaegime, nor allow roughening can allow a reduction in the overall elastic strain
intuitive inclusion of stress effects on interface roughness. Aenergy(due, in the case of Si—-Ge SPEG, to the self-stress
simple analytical treatment of the interface morphology duecaused by Gg and has previously been assumed to be the
to these effects is difficult to obtain for lardé while the  source of initial interface rougheniﬁ&.ln the case of SPEG
deviations from(001) and B concentration are local effects, of pure Si, we have previously shown that stress can desta-
the stress on each local segment of the interface depends bilize the a-c interface and allow it to roughen. The mecha-
the overall morphology. To explore the complex interplaynism for this roughening is fundamentally different than that
between the interacting factors of stress, dopant-gradientslescribed by ATG, arising from the effect of stress on the
and kinetic anisotropy as the interface evolves into the larg®arriers to local kinetic growth proces$®¥’ rather than the
I' regime, we turn to numerical simulation technigues.energetic concerns in ATG. In the earlier work, we deter-
Within the simulation, the local growth rate is determined bymined that this kinetically-driven instability, rather than the
a phenomenological growth model developed previotitly. ATG instability, was primarily responsible for the interfacial
This model incorporates sufficient detail to capture severatoughening during the SPEG of Si. However, because both
possible mechanisms for interfacial roughening, includingthe ATG and the stress-induced kinetically-driven instabili-
the EW-like effects due to composition gradients, growthties are predicted to enhance the interface roughness under a
kinetic anisotropy/orientation effectsand stress effects due compressive stress, becoming more effective at a ldrger
to the Asaro-Tillel/Grinfeld"® (ATG) instability and the we include sufficient detail to allow the expression of both in
stress-induced kinetically-driven instability we have de-our model. The simulations are based on a coupling of the
scribed previouslﬁlt is important to note that this model for boundary contour metha®CM) and level set methods. The
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plane of symmetry determined, the tractior, on the amorphous interface is
!/ found by solving the amorphous viscous flow problem using
the BCM for Stokes flow. The traction on the amorphous
v2=0 amorphous Si (Stokes flow)| v =0 in(it+elr)face at theth iteratior_l,fg), is used to update the traction
7, ~ of the subsequent iteration on the crystal interface us-
ing TS+1)ZTS)+krTg), wherek; is a relaxation coefficient, and
the calculation is iterated to convergence.

Upon convergence, the other components of the bound-
ary stress tensor on the crystal interface are computed using
a postprocessing BCM routine. The interface velocitys
then determined by substituting the boundary stress into Eq.
(2). Finally, v is supplied to a level set package in order to
advance the crystal interface for the given time 33&{33

=0 1,=0

Vs

VI. SIMULATION RESULTS AND DISCUSSION

FIG. 6. Breakdown of geometry and boundary conditions for the simulation. Our simulation results of the roughnegseak-to-peak

amplitudeA) versus depth for applied stresses of 0, —0.25,
BCM (e.g., Ref. 18 is used to evaluate displacements andand -0.5 GPa, for both the simulation and experiment, have
boundary stresses on the crystal interface and tractions on tieen presented in Fig. 4. As stated in the previous section,
amorphous interface. Level set methods track the evolutiothe only adjustable parameter in these calculations is the
of this crystalline/amorphous interface. This work uses goeak-to-valley amplitudé, of the initial interface corruga-
narrow-band level set formulatibhto characterize and ad- tion, chosen to best match the evolution of the roughness, as
vance the evolving interface. For details about the theorymeasured in the experiment. The velocity distribution as a
algorithms, and applications of level set methods, the readdunction of depth, the stress state, and the effects of stress are
is referred to Ref. 20. all factors fixed by the experiment. The simulation results are

We consider a two-phase amorphous-Si/crystal-Si sysgenerally in agreement with the experimental trend of in-
tem subjected to a nonhydrostatic compressiye Three  creasing stress-causing increased interface roughening.
cases of stress, namely;;=-0.5, —0.25, and 0 GPa, are Although we find reasonable agreement between simu-
studied. The interface of the system is initially modeled as dation and experiment if the initial wavelength in simulation
sine wave, as described in Fig. 6, with an imposed waveis held fixed at 900 nm, the model does not permit us to
length and an initial amplitudé, to be determined by a understand how the selected experimental wavelength with
comparison between the final morphologies of experimentstress. If we consider a family of simulations in which the
and simulations. Because we have so little information abounitially imposed wavelength is permitted to vary and the
the roughness spectrum before growth, the starting wavenitial amplitude is held constant, the simulations appear to
length in the simulations was fixed at 900 nm, a value chodisagree qualitatively with the observations. In the experi-
sen somewhat arbitrarily because the results are fairly insenment, we observe a characteristic wavelength dominating the
sitive to the wavelength in this regime. By symmetry, only afinal morphology that decreases with increasing applied
half wavelength segment needs to be treated. The siliconompressive stregg.g. compare Figs. 2 and,3hereas the
crystal is modeled as an isotropic linear elastic solid with asimulations, assuming a wavelength-independent initial am-
shear modulusG,=0.6814x 10'' Pa and Poisson ratie,  plitude, predict no such characteristic wavelength. Rather,
=0.2174 (Ref. 21). The amorphous solid is modeled by the simulations predict a maximum roughnéss., at the
Stokes flow with a time-dependent viscosity to reflect strucypeak of the boron profijethat is independent of wavelength
tural relaxation* We assume plane stress for the elastic solfor long wavelengths, with a cutoff for wavelengths below
ids analyses. ~500 nm, as shown in Fig. 7.

The framework employed to determine the interface In the linear regime of the model, we would expect the
growth* can be described as follows: At each time step ofwavelength that exhibits the maximum amplification rate to
the growth simulation, the tractiqmormal component of the be chosen by a competition between the various roughening
stress tensg@ron the crystal interface is initially assigned its and smoothening effects, which have different dependence
coverged value from the previous time step. Next, the crystabn wavelength. We expect the dopant-gradient-induced ki-
elasticity problem is solved using the BCM for elasticity netic roughening to be independent of wavelength. We ex-
with the new interface position. In order to obtain a solutionpect the compressive stress to most rapidly amplify the short
obeying traction continuity across the interface, the flow ve-wavelengths, where stress concentrations are greatest, and
locity boundary condition for the viscous amorphous matenot amplify sufficiently long wavelengths, where stress con-
rial at the interface must be determined. This veloaity,is  centrations are negligibl?é‘.We expect kinetic anisotropy to
evaluated as the change in the elastic displacetharif the  return the interface to planarity because [@61] orienta-
crystal at each point along the interface, caused by the straiiions have lower mobilities, allowing the trailif®01] seg-
energy relaxation solved for by the BGRand distributed ments to “catch up” and readily overtake the off-oriented
over the growth time stept, by v,=Au/At. Oncev, is  segments; for a given amplitude, this effect should be the
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60 u - isotropy, factors which interact over longer length scales
50 ] through the interface morphology. In a sense, the function of
=5 ] a simulation such as we have constructed is to help us un-
2 40 | derstand the macro- or mesoscopic consequences of these
£ . microscopic rules. If the dimensionality through which these
§30 —=c=-_05CPal | rules interact is overly constrained, anomalous behavior may
= 1 result. In addition, we have further constrained the symmetry
E 20 B and length scale of the initial condition to a highly idealized
§ 10 | case. Itis possible that the nonlinearities in Ej).imply that

i any simulation of the evolution of a single Fourier compo-
05 . 5(')0 . 10'00 . 15'00 500 nent will not reproduce important experimental trends. In

Wavelength A (nm) fact, in the detailed morphologies that evolve during the
simulation, we observe some nonlinearity in the distortion of
FIG. 7. Maximum roughness over the course of a simulation vs wavelengtiipe jnjtial cosine wave with growth. If the nonlinearity is too
\ for an initial amplitudeAq=2 nm and applied stress of —0.5 and 0 GPa. . . . .
strong, further progress may require simulation of starting
profiles with experimentally determined initial roughness
strongest at shoit, where the broadest range of orientationsSpectra.
is exposed, and vanish at |0r)g The effect of Capi”arity, Although there are factors that are not included in the
another restoring force common to most morpho|ogica| stasimulation, such as an unknown initial roughness spectrum, a
bility problems, is negligible in our case because the chemithird dimension, and unknown dopant effects on (6/64)
cal contribution to the driving free energyG,. in Eq.(2)is  orientations, this disagreement with the experiment on the
a|WayS very |arge in magnitude Compared to the Capi”ar}pbserved Wavelength may indicate that a Significant mecha-
contribution. It may be that in the absence of an effect thafiism is absent in the simulations. Figure 2 indicates that a
preferably damps long-wavelength perturbations, the finapomewhat narrow range of is preferentially amplified by
roughness spectrum is very sensitive to the long-wavelengthress. Several alternative mechanisms may explain this ef-
components of the initial roughness spectrum. fect. The foremost feature, aside from the increased interface
The cutoff at shori in the simulations in Fig. 7 takes roughness that appeared upon the application of stress, was a
the form of a maximum observed aspect rdtioThis obser- network of hairpin dislocations. The spatial distribution of
vation indicates that in the case of a strongly driven rough?hese dislocations, and th(_a concomitant local nonunifqrmities
ening, kinetic anisotropy may serve only to limit amplifica- In the stress along the interface, may be responsible for
tion beyond a maximum aspect ratio, rather than provide anrhoosrng a wavelength. If this is indeed the case, the model
significant restoring force for smaller aspect ratios. If, ator selid phase epitaxy would have to be extended to include
small amplitudes, the amplifying effect of stress overwhelmdh€ kinetics of dislocation generation, perhaps in a similar
the restoring force of anisotropy for small wavelengths, a/€in t%those for the Iattlce—m'lsmatched films grown from the
kinetically selected slope and aspect ratio may result fronyapor® or thermal stresses in growth from the n?élt@\n-'
the nonlinear turn-on of the anisotropy-induced damping apther possibility is that the ATG instability is more effec'qye
large amplitude. Hence, in a low+egime, there may be no than our _mo_del would _predlct. In fact, the ATG |nstab|!|ty
mechanism for the wavelength selection. Interestingly, thd'aS qualitative behavior that maiches our observations:
amplitude cutoff predicted by the model agrees qualitativelySMaller A should arise at increasing magnitude of stress.
with that observed in the experimeftompare the shoulder However, within currently accepted models for crystal
in the zero-stress curve in Fig. ,1000 nm, with the length growth,_some factor, such as the bulk driving free ene_rgy,.the
scale of roughening observed experimentally, 800—1200 nrinterfacial energy, or the volume change upon prystallrzatlon,
in Fig. 5). would need to be one or tw<_) orders of mggnltude different
Another possible source of disagreement between thi1an has been assumed, which seems unlikely.
simulation and experiment could lie in the mechanics of the
simulation its_elf. qu instance, we attempt tp mod_el an ir_1her-V”_ SUMMARY
ently three-dimensional problem in a two-dimensional simu-
lation. This was probably not a significant limiting factor in Experimentally, we find that stress and dopant-gradient
the previous studieswhere the primary initial structure of effects are both important in determining interface roughness
the interface was intentionally set by ion implantationevolution during the SPEG of doped a-Si layers. In the ab-
through a patterned surface. In the present case, however, wence of stress, roughening occurs due to dopant-gradient
start with a random interface structure determined by unconeffects. The Elliman-Wong model describes the roughening
trolled factors such as the initial roughness of the waferamplitude evolution quantitatively. We attribute the develop-
nonuniformities in the ion beam during amorphization, andment of a large lateral length scale to the selective damping
stochastic coalescence of defects at the initial interface duef short wavelengths by kinetic anisotropy. The current ex-
ing the preannealing phase of the experiment. Within theerimental work further shows that the application of a com-
model, there exists a strong, possibly nonlinear interplay bepressive in-plane stress causes significantly increased rough-
tween the locally defined rules for the stress-induced anéning and a dramatic decrease in lateral length scale. If the
dopant-gradient-induced kinetic roughening and kinetic ansign of either of those factors is reversed, they become sta-
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