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We present detailed observations of the solid phase epitaxy process in Sn-implanted Si samples with

nanometric depth resolution within a 50 nm ultra-shallow region beneath the surface. Measurements

were made using high-resolution Rutherford backscattering spectrometry coupled with the ion

channeling technique. Samples with Sn ions implanted onto Si substrates with and without prior Siþ

self-amorphization implantation process show different crystal regrowth characteristics during

annealing. Regrowth proceeds at a non-uniform rate up to a certain depth before stopping, and an

Arrhenius-type defect density limiting model of crystal regrowth is proposed to account for this

effect. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747487]

The process of solid phase epitaxy (SPE) has been subject

of research for several decades, due to its applications in Si

device manufacturing. However, the exact mechanism of crys-

tal regrowth by SPE is yet unknown. The factors which influ-

ence the SPE process have been well established over the

years: annealing temperature, impurity species, implantation

dose and dose rate, lattice strain, types of dopants, and sub-

strate orientation.1 Current research is mainly focused on the

details of defect accumulation and elimination mechanisms.

Large and complex computer simulations of the SPE and

amorphization processes have become possible and were car-

ried out very recently in order to identify the types of defects

responsible for amorphization,2,3 which then determines the

characteristics of their dissolution during SPE. On the experi-

mental side, to date, there is still no consensus on the exact

defect types and the mechanisms of their accumulation during

amorphization and SPE, as definitive direct experimental ob-

servation of the defects produced by ion irradiation proved

rather difficult.4 In this paper, we present results on the behav-

ior of SPE process induced by electron beam annealing

(EBA) for ion implantation in Si substrates with and without a

prior Siþ self-amorphizaion (SA) process.

Group IV semiconductor alloys are interesting for their

potential applications in optoelectronic devices capable of

monolithic integration with existing Si circuitry,5 as well as

source/drain stressors in metal oxide semiconductor transis-

tors.6,7 In recent years, the continuing downscaling of devi-

ces has caused the transistor junction depth, along with the

source/drain thickness to reach the regime of 20 nm or less.

As such, ultra-shallow ion implantation has become neces-

sary, and it is important to understand the kinetics of SPE in

such a thickness regime. However, no detailed study of the

SPE process in such ion-implanted ultra-shallow depths has

yet been made, largely due to limitations in detection resolu-

tion. In this paper, measurements were made on Sn

implanted Si using high-resolution Rutherford backscattering

spectrometry (HRBS) in an ultra-shallow region of less than

40 nm in thickness. The energy resolution of our HRBS

measurements is �1 keV with 500 keV Heþ beams, which

gives a depth resolution of �1 nm in Si and �5 Å in heavy

elements. This allows for a meaningful and detailed analysis

of the Sn implantation depth profiles and the subsequent SPE

process for such ultra-shallow regions that is required for

next generation semiconductor manufacturing processes.

Ion implantation and annealing of samples were per-

formed at GNS Science New Zealand,8 using identical n-type

Si(100) substrates. For the samples without SA, Sn ions were

implanted directly into the substrates, while the Si substrates

of samples with SA were amorphized using 25 keV Siþ ions

at a fluence of 5� 1014 cm�2 before the Sn implantations

were performed. All Sn implantations were conducted with

20 keV Snþ ions at a fluence of 2� 1015 cm�2 at room tem-

perature under high vacuum with low beam currents

(<5 lA cm�2) to reduce heating effects. Annealing was sub-

sequently performed in situ by raster scanning a focused,

high intensity (3–4 mA) 20 keV electron beam over the

implanted sample, with a ramp up and down temperature gra-

dient of 5 �C s�1. A peak temperature accuracy of 61� was

obtained using a computer-controlled feedback system tied to

a two-color pyrometer. Three sets of samples were prepared:

Sets A and B are samples prepared without and with SA pro-

cess, respectively, with both sets subsequently annealed at a

fixed temperature of 529 �C at different durations ranging

from 50 s to 1000 s. Set C has been prepared with SA process

and annealed at different temperatures ranging from 400 �C
to 550 �C for a fixed duration of 500 s.

HRBS measurements were performed at the Centre for

Ion Beam Applications at the National University of Singa-

pore.9 Samples were mounted onto a precision 5-axis

goniometer within a scattering chamber maintained under

ultra-high vacuum. A collimated beam of 500 keV Heþ ions

generated using a 3.5 MV Singletron accelerator was inci-

dent onto the samples. Ions backscattered at 65� were meas-

ured by a detection system which consists of a 90� double

focusing spectrometer magnet and a 1-D position sensitive

focal plane detector coupled with a micro-channel plate stack

for signal amplification. Aligned spectra were measured

along the h111i channeling axis of the Si substrate.
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Figs. 1(a) and 1(b) show the h111i aligned HRBS spec-

tra for sets A and B respectively. Each spectrum represents a

snapshot at different instants of time during the SPE process

up to 1000 s during annealing. The signals from Sn, Si, and

O are clearly visible in the spectra, their surface energies

are indicated. For both sets, the amorphous/crystalline (a/c)

interface within the substrate is clearly seen to sweep

towards the surface with increasing annealing duration and

stops at a depth of �20 nm by 500 s of annealing in both sets

of samples. The depth scale in each spectrum also clearly

shows the nanometric depth resolution of HRBS. Re-

distribution of Sn is detected in set B by 1000 s of annealing

and at the same time the roughness of the a/c interface is

seen to increase. However, neither movement of Sn nor

roughening of a/c interface is seen in set A by 1000 s of

annealing. Fig. 1(c) shows the h111i aligned spectra for set

C, where samples with SA were annealed at different tem-

peratures for a fixed duration of 500 s. Here, no movement of

Sn is detected for all temperatures, and the position of a/c

interface by 500 s of anneal approaches the surface progres-

sively with increasing temperature.

It is well known that random nucleation crystallites may

occur in amorphous Si during annealing which leads to poly-

crystalline Si formation. A melt-induced model proposed by

Thornton et al.10 assumes that the Sn will form mobile melts

during annealing due to its low melting point. If there is crys-

tallite nucleation, Si concentration gradients are set up across

the Sn melt droplets due to a higher dissolution rate of amor-

phous Si into the melt as compared to crystalline Si, causing

Sn melts to move within amorphous Si and leave behind

trails of polycrystallites. This may also be responsible for the

a/c interface roughening as well as the movement of Sn in

set B, where the mobile Sn melts move both towards the sur-

face as well as deeper into the sample where they encounter

the a/c interface. Eventually, the interface becomes a poly-

crystalline/crystalline interface. The implantation of Sn into

crystalline Si in set A and amorphous Si in set B may give

rise to different defect types which in turn affects the proper-

ties of the random nucleation process. This may be the rea-

son for the absence of polycrystallite nucleation and Sn

movement in set A.

Using the SIMNRA simulation program,11 Sn depth pro-

files were extracted from the random spectra (not shown),

while depth positions of the a/c interface were extracted

from each aligned spectrum. The Monte Carlo Dynamic-

TRIM (T-DYN) program12 was also used to simulate the

expected vacancy defect density and the implantation pro-

files within the substrates resulting from both the SA and Sn

implantation processes. Fig. 2(a) shows the depth position of

the a/c interface at different instances of time for sets A and

B, as well as at different annealing temperatures for set C.

For sets A and B, the SPE process appears to proceed in a

highly non-uniform manner, with the a/c interface moving

with the highest velocity within the first 50 s of the anneal

and rapidly slowing down with increasing duration. Most

of the SPE process was completed by 200 s and by 500 s, the

a/c interface for both sets appear to have stopped at a depth

of about 20 nm, up to 1000 s of annealing.

Fig. 2(b) shows the T-DYN results for the total number

of defect vacancies produced by the SA and implantation

processes per nm of depth, as well as the experimental depth

profiles of as-implanted Sn extracted from SIMNRA. Such a

calculation of the total number of vacancies generated per

nm should directly reflect the actual defect density profile

within each sample. From these results, the Sn implantation

process is seen to generate a massive, sharply peaked dam-

age profile up to a depth of about 35 nm, while the Si SA pro-

cess generates a broad, relatively low-level damage up to

80 nm in depth.

Since SPE is a process of defect dissolution, its rate

depends on the defect type. For instance, Tang et al.13 have

FIG. 1. h111i aligned spectra for (a) set A without SA, (b) set B with SA

and (c) set C with SA. Sets A and B were annealed for various durations at a

fixed temperature of 529 �C while set C was annealed at various tempera-

tures for a fixed duration of 500 s. Depth scales in the spectra show the varia-

tion of the thicknesses of the remaining damaged Si layer at the various

annealing durations and temperatures.
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proposed a metastable Interstitial–vacancy (IV) pair defect

as the amorphization defect, while Pelaz et al.14 extended

the concept into different dissolution rates for different IV

pair densities where extended clusters of IV pairs produced

by heavy ion implantation require a much higher activation

energy (and duration) for dissolution as compared to isolated

IV pair defects produced by light ions. The as-deposited

sample of set B with SA has a damage region of only 45 nm

as compared to 80 nm of damage from T-DYN results, sug-

gesting that the SA process produces isolated IV pairs and

other simple defects which are partially annealed out dynam-

ically during the SA and Sn implantation processes. The

heavy Sn implantation, however, created IV pair clusters

(among other extended defects) that are not as readily dis-

solved. This manifests in our results as an absence in a

dynamic annealing effect in the set B as-deposited sample,

and also in that the a/c interface for both sets stops at 20 nm

below the surface.

The velocity of SPE has conventionally been assumed

to follow an Arrhenius-type behavior, where a single value

of SPE rate v is assigned to each annealing temperature T.

However, our results show that the SPE rate is highly non-

uniform, with large initial SPE rates that rapidly decrease

with annealing duration. This is due to the large changes in

the defect density with depth, caused by the sharply peaked

damage profile generated by Sn implantation (or by any

other type of heavy ion at a single energy). In such cases,

annealing at the same temperature will result in a range of

regrowth rates at different instances during annealing, and

the usual Arrhenius plot of regrowth rate vs annealing tem-

perature becomes meaningless. Here, we propose a model

where every annealing temperature T is instead related to the

upper limit of defect density Dlim beyond which SPE may no

longer proceed, also in an Arrhenius-type behavior

Dlim ¼ D0 e�Ea=kBT ;

where D0 is the pre-factor and Ea is the activation energy.

This is not limited to Sn implanted Si, but applies to all other

ion-implanted samples with non-uniform defect density pro-

files with depth. However, different defect types or cluster

morphologies might give rise to different Ea, with simple

defects expected to yield a smaller value.

We apply our model to the data for set C samples. The

limit Dlim in terms of total vacancy number per nm of depth

is extracted from the T-DYN results in Fig. 2(b) at the a/c

interface depth positions for each T data point of set C in

Fig. 2(a). Samples with T< 480 �C have a/c interface posi-

tions at >40 nm in depth which is due to SA process alone.

This region may have different defect types as depth regions

<40 nm for T� 480 �C where defect density generated by Sn

implantation dominates. Hence we limit our data to

T� 480 �C for our model.

The Arrhenius plot for our model is shown in Fig. 3.

Results show a good agreement between the data and our

model, with the activation energy Ea calculated to be 2.1 eV.

In particular, the sample where T¼ 550 �C allows for a Dlim

that is very nearly at the top of the Sn damage peak. There-

fore, at a larger T, the SPE process will not be expected to

stop, and the a/c interface will reach the surface. Indeed,

samples annealed at 629 �C (not shown) indicate complete

SPE right up to the surface.

Electronic effects such as dopants and structural effects

such as lattice strain are known to modify the SPE rate. In

particular, drastic reduction in SPE rate has been attributed

to lattice strain due to local bond distortions caused by the

incorporation of impurity atoms into substitutional sites.

FIG. 2. (a) Depth position of a/c interface at different annealing durations at

529 �C (sets A and B, bottom abscissa) and at different annealing tempera-

tures for 500 s (set C, top abscissa), (b) Dynamic TRIM simulation of vacan-

cies and actual implantation profiles extracted from SIMNRA fits.

FIG. 3. Arrhenius plot of Log (Dlim) vs 1/T for samples in set C where

T� 480 �C.
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However, our model assumes that SPE regrowth is stopped

by a defect density barrier at the very end of the process and

does not address the effects of SPE rate modification prior to

reaching Dlim. Indeed, the good agreement between results

from set C and our model for our Sn implantation dose and

range of annealing temperatures suggests that the limit Dlim

is not affected by such effects. Our model hence serves to

unify the separate characteristics of SPE due to different im-

plantation of ion species, dose, and dose rate into a process

dependent only on annealing temperature, defect types, and

densities. Note that for large implantation doses, complex

types and cluster morphologies of defects may form at very

high defect density regions, causing deviations from our

model.

In conclusion, a detailed observation of the SPE process

within an ultra-shallow region of less than 50 nm beneath the

surface was conducted using HRBS at nanometric depth re-

solution. A highly non-uniform SPE rate was observed dur-

ing annealing and SPE stops at a particular depth beneath the

surface for each annealing temperature. A model was pro-

posed where the SPE process is viewed as being able to pro-

ceed only in regions containing a density of defects up to a

certain limit at each annealing temperature. Such a model

may serve to unify the various limiting behaviors during

SPE while using different ion species and at different dose

and dose rates. It may also serve to provide for a tighter con-

trol over the ion implantation and the subsequent annealing

processes during the fabrication of next generation devices.
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