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ION IRRADIATION DISLOCATION ENGINEERING FOR SILICON
LIGHT EMITTING DEVICES
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'WINCA Institute of Nuclear Sciences, POB 522, 11001gBale, Serbia
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3Centre for Materials, Research & Innovation, Unsigrof Bolton, Bolton BL3 5AB, UK

ABSTRACT dislocation engineering in silicon, using standard
ULSI procedures involving ion implantation of boron
A study of the formation of dislocation loops i0) and a subsequent thermal processing [7]. The role of
Si wafers, by implantation of boron or silicon, andboron implantation is to induce the formation of
correlation to the photoluminescence and electrodislocation loops, as well as to provide p-typeidgp
luminescence of the formed diodes is presentedn the n-type silicon substrate. Interstitial disdtion
Boron ion energy was varied from 10-80 keV, andoops induce a local strain that increases theasili
silicon from 75-175 keV. The implanted fluencesband gap at their outer edge by up to 0.75 eV, thus
were from 5x1&* to 1x103° ions/cnf. After irradiation  enabling spatial confinement of the injected casrie
the samples were annealed for 30 sec to 60 min and suppressing their diffusion to non-radiative
95C°C. It was found that the applied ion recombination centers in favor of radiative traosi
implantation/thermal processing induces interstitia[8]. For optimal performance, the formation of
perfect and faulted dislocation loops sitting inl{}  dislocation loops should be controllable and they
Si habit planes. The loops are located around thshould be localized properly in a device structure
projected ion range, but they stretch in depth9-11].
approximately to the end of range. Their size, This paper presents a study of how dislocation
distribution and density depend strongly on theduseloops in silicon can be engineered by applying an
ion species, the applied ion energy, and on posippropriate ion implantation and thermal processing
irradiation thermal processing. The measured ElThey were formed in (100) Si wafers, by implantation
efficiency of the diodes can be directly correlated of boron or silicon ions. The varied processing
the density and distribution of the loops. parameters were the ion species, the ion energy,
fluence, and the target temperature during irramiat
Index Terms —Silicon, electroluminescence, LED, as well as post-implantation thermal treatment. The

ion implantation, dislocation loops, TEM interest was to form them at depths above the p-n
junction, which is crucial for efficient dislocatio
1. INTRODUCTION engineered Si light emitting diodes (DELEDSs) [10].

Hence, amorphisation of silicon was avoided by
Dislocation loops and other linear defects in eitic implanting boron to a fluence below the
were studied extensively as a residual damage aft@amorphisation threshold and silicon at elevated
ion implantation doping of silicon [1-6]. Nucleatip temperatures. The distribution of dislocation loops
growth and transformation of these defects weravas correlated to the photoluminescence (PL) and
studied systematically, with the aim to understand  electroluminescence (EL) of the formed diodes.
possibly minimize or eliminate their effects on the
performance of electronic devices. Defects formed 2. EXPERIMENTAL DETAILS
during post-implantation annealing consist mainfly o
{113} rod-like defects, faulted and perfect dislboa  The substrates used were phosphorous doped (2-7
loops. After annealing at 980 and higher Qcm) 4 inch n-type (100) silicon wafers. They were
temperatures only extrinsic perfect and faultedp®o implanted with B and Si ions in a 200 kV Danfysik
exist, having {111} habit planes and Burgers vestor ion implanter, at 7 off normal incidence, to avoid
a/2<110> and a/3<111>, respectively. They arehanneling. Boron ion energy was varied in the eang
located around the projected ion range, in case@wh from 10 to 80 keV, at a fluence of 1X2@ns/cnd,
there is no pre-amorphization of silicon by ionthe implantations being performed at room tem-
implantation [6]. perature. Silicon ion energy was in the range fitdn

Recent developments in Si based light emittingo 175 keV, implanted at 100 and 200 to 5x16*

devices raised a new interest in dislocation lodps. and 1x16°ions/cnf. TRIM [12] calculations gave the
was demonstrated that efficient light emitting disd projected ion range Rrom 39 to 275 nm for boron
operating at room temperature can be produced higns and 112 to 256 nm for silicon ions. After
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implantation the samples were treated by rapicannealing conditions. The dislocation loops have
thermal annealing (RTA) in a nitrogen ambient, for{111} habit planes and are either prefect or falilte
30 s to 60 min, at 95G. An example is presented by a high resolution cross-

Structural characterization of Si samples, preparedectional TEM image in Figure 1, taken along [110]
for plan-view and cross-sectional imaging, was dondrom a sample implanted at 20 keV. The image shows
by transmission electron microscopy (TEM), usingcross sections of two neighbouring dislocation Kop
Philips EM 400 T and CM 200 microscopes. Forlying in two different {111} planes parallel to the>
plan-view imaging we used a off-axis four-beambeam. The shorter loop (f) is seen as a whole, while
imaging condition near [001] Si, which allows from the longer loop (p) we only see one end, as it
simultaneous observation of both perfect and fdulte stretches much further to the left of the viewdiel
dislocation loops, having different Burgers vect@s Both loops induce stress in the surrounding Sickatt
described previously [9]. Cross-sectional imagiragw which is seen as an increased darkness that spreads
done near the [110] Si zone axis. We also usethterally, parallel to the loops. The smaller logpai
channeling Rutherford backscattering spectroscopfaulted Frank dislocation loop as it exhibits eckiag
(RBS), with a 1.5 MeV Heion beam, to study the fault sequence, and the longer one is a perfect
damage distribution in Si. dislocation loop.

The diodes were formed by depositing an Al
contact on the front p-side and a AuSb contacten t }iill
back side of the n-Si substrate, and a selectokares
to isolate the p-n junction. A window was left open
on the back side of the diodes to measure thii
electroluminescence. The surface area of the disdes |
8x10° cnf. Their schematic presentation and a more:!
detailed description of the fabrication proceduse i
given elsewhere [8]. EL measurements were perg
formed under forward bias, with the current densitygs
of 2 Alcnf, detecting the light emission by a liquid &
nitrogen cooled germanium p-i-n detector, in ag
conventional 0.5 m spectrometer. Temperatu
dependence of EL was measured in the range fro
80-300 K, the samples being mounted in a continuou
flow liquid nitrogen cryostat. Prior to EL experiment
we have measured the current-voltage charactevistic:
of the diodes. i

3. RESULTS

Figure 1 High resolution TEM image of Si sample

The effect of boron ion energy on the formation of implanted with 20 keV boron, taken along [110] Si.
dislocation loops was studied on Si wafers impldnte Labels denote a perfect (I’O) and a faulted (f)
at 10-80 keV, to 1x16 ions/cn? (the energy being dislocation loop.

increased in steps of 10 keV) and consequently
annealed for 20 min at 9%D. The influence of

annealing time was analyzed on Si wafers implante
with boron at 30 keV to 1xIBions/cnt, annealed for

30 s to 60 min at 95C. For the later samples the
corresponding PL and EL responses wer . Lo
investigated. The effect of silicon ion energy, flue rom 10 keV to 80 keV is presented in Figure 2. Al

and the target temperature was analyzed on Si wafefiages were taken along the_[llO] Sl zone a_1X|s.I Ova
implanted at 75 and 175 keV to 5%40and shapes are seen due to circular dislocation loops

1x10%ions/crd, at 100 or 20fC. Finally, it was inclined to the imaging direction, and trace lireds

demonstrated that dislocation loops can be formed -!oops lying in planes parallel to [110], but alsoe

silicon on insulator (SOI) structures by a similarIrregular shapes originating from large wregularly
processing. shaped perfect loops as will be seen from plan-view

images. As the ion energy is increased, the loops
enlarge in size and are buried deeper in the Si
r§ubstrate. Marked dsandD in the figure are the mid
depth and the innermost edge of the loop layer. They
both increase linearly with the ion implantation
energy [9].

he depth distribution, the shape and size of tbpdo

epend strongly on the applied ion energy. A searfes
bright field cross-sectional TEM images taken from

amples implanted with boron at energies ranging

3.1. Theeffect of boron ion energy

TEM analysis has shown that after boron implantatio
and the applied annealing, 20 min at @30 all
samples contain only extrinsic dislocation loops.
Other possible linear defects were dissolved atethe



dislocation loops tends to saturate at ~500 nmfand
higher energies only the number of these largedoop
increases. Apart from large perfect loops, in high
energy implanted samples we still observe much
smaller faulted loops. We also observe some
prismatically shaped perfect loops, elongated along
<110> directions, but generally perfect loops are
irregularly shaped.

The results of channeling RBS analysis (not
presented here) show that the initial radiation aigen
in as-implanted samples is fully recovered after
annealing, leaving only an increased backscattering
yield arising from dislocation loops [9].

Figure 2 Bright field cross-sectional TEM images |
taken along [110] Si of samples implanted with loro |
at 10-80 keV.

Figure 4 Plan-view bright field TEM images of Si
samples annealed for different times.

3.2. Theeffect of annealing time
Bright field plan-view TEM images of samples
Figure 3 Bright field plan-view images taken under implanted with boron at 30 keV to 1xf0ons/cnd,
off-axis four-beam imaging conditions near [001] Si and consequently annealed for 30 s, 1, 5 and 40 min
of samples implanted at different boron energies. are shown in Figure 4. After 30 s annealing we
Markers indicate perfect (p), and faulted (f) observe dislocation loops ranging from ~ 25 nm up to
dislocation loops. ~ 400 nm. The smaller loops are either faulted or
perfect, and the irregularly shaped large onesalire
Plan-view bright field TEM images are shown in perfect dislocation loops (examples are indicatgd b
Figure 3. The samples were thinned from the backparkers). Annealing for 1 min yields a higher dgnsi
and the images were taken from thicker areas, whe@f both types of loops, their size being closehiose
the loops were not partly cut off by thinning. Theformed after 30 s annealing. A prolonged annedting
images illustrate how the loops develop withS min yields a higher number of large perfect Iqops
increasing the ion energy. In the 10 keV implanteddf up to ~ 500 nm, coexisting with smaller loops-of
sample the loops appear the smallest, with a meatb to ~ 150 nm. With further increase of the
size of ~30 nm for faulted and ~75 nm for perfectannealing time, perfect loops reduce in size, dsd a
loops, although some perfect loops grow up to ~20¢he total number of both types of loops reduces.
nm. For higher implantation energies perfect loopgiowever, the faulted loops increase in size. The
grow much larger. Examples of perfect and faultedmage taken from the sample annealed for 40 min
dislocation loops are indicated by markers. For theshows perfect loops of up to ~ 190 nm and faulted
ion energy of 40 keV the maximum size of perfectloops of up to ~ 200 nm.



Figure 5 shows bright field cross-sectional TEMum, corresponding to the phonon-assisted silicon
images of samples annealed for 30 s, 10 and 40 miband-edge emission [11]. No other luminescence
taken near [110] Si. In the sample annealed fos 30 features are observed. However, the EL efficiency
the loops are distributed from the surface tovaries with the annealing processing of the Si veafe
approximately the end of boron range (~ 200 nm). Foand the measurement temperature (80-300 K).
10 min annealing the loops are more uniform in,sizeCurrent-voltage measurements show that the turn-on
and confined around the projected boron range (110oltage is below 1 V, the characteristics of simila
nm). In the sample annealed for 40 min there areliodes being presented elsewhere [8]. The estimated
loops located around the projected ion range, Isot a position of the p-side of the depletion region isaa
some of them diffuse to the surface. depth of ~350 nm, meaning that the loops are ldcate

within the p-type region of the junction.
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Figure 5 Cross-sectional bright field TEM images,
taken along [110] Si, of samples annealed for
different times.

Figure 6 plots the density of dislocation loops (a)
the estimated areal coverage by the loops (b) tlzend
estimated total circumference of the loops (c),aas
function of annealing temperature. It is seen that
maximum number of loops is reached after annealing
for 1 min. The maximum areal coverage, of ~ 55% is
reached after 5 min annealing. However, when Figure 6 The number of dislocation loops (a), the
comparing the circumference of the loops, the total ~ areal coverage by the loops (b), and the total
border line length after 1 min annealing is much circumference of the loops (c) from an analyzedare
closer to that achieved after 5 min annealing, and of 4x4,m?, as a function of annealing time.
drops considerably after annealing for 10 min. For
these statistics we have analyzed a total areax4f 4 Room temperature EL integrated intensity of
pm?, containing above 1000 loops for the highestsilicon DELEDs as a function of annealing
population. To determine the areal coverage antEmperature is plotted in Figure 7. It is seen thiat
circumference we assumed a circular shape of thefficiency follows the trend presented for the
loops, lying in {111} Si planes. These planes aredislocation loop density (Figure 6). The maximum EL
inclined by 35.3 to the [001] Si zone axis. Hence, intensity was achieved from the sample annealed for
circular loops appear as having an oval shape?y min. This annealing time is within the range where
elongated along <110> directions, their longerwe reach the highest population of dislocation &op
dimension corresponding to the actual diameter. A@nd an optimal areal coverage of around 50%. PL
estimated error in these calculations is up to %20 measurements were carried out on all the samptés an
for denser populations, though the plotted graphs g show a trend with annealing identical to the EL
an indication of the general trend. measurements. The strain field of the dislocation

Room temperature electroluminescence spectra ¢®ops decays to close to zero at the junction dgpth
the fabricated Si DELEDs show a distinct peak at 1.850 nm) and so the junction height and injection is
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3
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-
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independent of the presence or absence of theto the substrate. Plan-view images were takem fro

dislocation loops. Diffusion of boron during the samples implanted with 75 keV silicon to

prolonged annealing may influence the junction5x10*ions/cnt (c) and 1x1& ions/cnt (d). The

depth, though the peak p-doping is maintained & thshape of loops appears to be much more elongated

range of 16’ cm?®. than in samples implanted with boron, although we
still have perfect and faulted dislocation loopseifh

8000
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Figure 7 Room temperature integrated EL intensity of
silicon DELEDs as a function of annealing time. The
solid line is a guide for the eyes.

Figure 8 plots the integrated 1jim peak EL

intensity of silicon DELEDs as a function of the Figyre 9 TEM analysis of samples implanted with
measurement temperature. The plots show that thesjjicon at 200C: (a) cross-section, 75 keV to 1X10
highest EL intensity, in the whole temperature jons/cnd: (b) cross-section, 175 keV to 133qc)
interval, is achieved from the sample annealedlfor pjan-yiew, 75 keV to 5xitions/cnd; (d) plan-view,
min. The next highest EL intensity comes from the 75 keV to 1x16 ions/cm.

sample annealed for 5 min. It can also be seerthbat
biggest increase of EL with measurement temperature
comes from the samples annealed for 1 and 5 min,
having the highest density or the largest areal
coverage by dislocation loops.
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Figure 8 Integrated 1.um peak EL intensity of
silicon DELEDs as a function of measurement
temperature.

3.3. Didocation loopsinduced by Si implantation

TEM analysis of samples implanted with 75 and 175
keV silicon ions at 20, and annealed for 30 s, is

presented in Figure 9. Bright-field cross-sectional
images are from samples implanted to 1X10

ions/cnd, at 75 keV (a), and 175 keV (b) Compared to
the samples implanted with boron, the depth
distribution of the loops here is rather scattered
although they are basically concentrated around th
projected ion range. Again, the loops are formed
deeper for the higher implantation energy. However,
in (a) we see that some of them stretch much deeper

Eigure 10 Cross-sectional (a) and plan-view (b) TEM
images of sample implanted with silicon, at AT0at
75 keV, to 5x1d ions/cm.



In Figure 10 we present an example of muchdensity and areal coverage after 1-5 min. Also, the
smaller dislocation loops, generated by implantatio most efficient EL is achieved from DELEDs
of 75 keV silicon at 10T, to 5x16* ions/cni, and produced from Si wafers annealed within this time
post-implantation annealing at 8D for 15s. This interval. According to the mechanisms suggested for
processing resulted in a large number of very smathe formation of dislocation loops, these condgion
densely packed dislocation loops. The loops arare reached when practically all excess Si intextsti
confined much closer to the ion range then in tieec are trapped by the loops. For a shorter anneaBfg (
presented for implantation at 20 In the plane- s) there are excess interstitials not bounded lky th
view image we see that they are all smaller than 5®ops, which can act as point defect centers far no
nm in diameter, and again we see perfect and fhulteradiative recombinations. For a prolonged annegling

dislocation loops. dislocation loops first coalesce in form of lar¢mops
(5 min), and then> 10 min) gradually decrease in
3.4. Dislocation loops formed on SOI Structures size and density. Being relatively close to thdame,

Dislocation loops could also be formed in SOlit can be assumed that the loops are dissolvetlypart
structures, by implantation if boron at 30 keV, toby incorporation of Si interstitials in the basiystal
1x10" ions/cnt and a subsequent annealing for 20matrix, and their simultaneous diffusion to the
min at 950C. Bright field cross-sectional images of surface.

such structure are shown in Figure 11. The insugatin e .1 ¥ o

SiO, layer of ~1.2um was buried at ~1.8m from the Y o SN w .

Si surface. Post-implantation annealing recovers
radiation damage in the top Si layer, leaving adalr
layer of dislocation loops similar as in the caé¢he
analyzed Si wafers.

4. DISCUSSION

Studies of ion implantation induced dislocationdso
in Si indicate that they are extrinsic in natu@ied
from Si interstitials generated in collision casesad Figure 11 Cross-sectional TEM image of dislocation
By a categorization introduced by Jones et alp[] loops formed on SOI structure.
case belongs to type | damage, when the Si substrat
is not amorphised, but the implanted fluence isvabo EL measurements indicate that the most efficient
a critical value of ~2x18 ions/cnf. Introduction of  spatial confinement of charge carriers is achiewed
foreign atomic species induces an increased locamaller and denser dislocation loops. Previousiesud
density in the host material. Simulations of thgstal gave an estimate of the local stress induced by
damage, using the TRIM code, indicate thatinterstitial loops, calculated using the standdestec
interstitials are generated deeper in the substnate theory of dislocations and the known values of the
vacancies closer to the surface [5]. Majority ofPoisson’s ratio and the Young’'s modulus for silicon
induced interstitials and vacancies recombine upofi7]. The induced stress increases the band galpein t
post-irradiation annealing, but there are excess Siicinity of the outer loop edge by up to ~ 0.75 eV.
interstitials due to the introduced doping speciesThis applies to both faulted and perfect dislocation
which preferably occupy substitutional sites in theloops, the later not having stacking faults, but
lattice. The excess Si interstitials nucleate inftten  introducing an extra layer in the Si crystal matilike
of {113} rod type defects, and faulted and perfectmodel is presented schematically in Refs. [7&8],
dislocation loops in {111} Si planes, depending onproposing that the carrier confinement occurs
the annealing time and temperature. For longebetween the strain barrier resulting from the edtfes
annealing times and higher temperatures, the presenthe loops and the depletion region edge. The present
of extrinsic defects reduces, the excess intalstiti work confirms this theory, showing that dense semall
either being incorporated in the main crystal matri loops, giving a larger total length of the edge
or diffusing to the surface. Studies of the Si acef circumference, are dominant for efficient EL. This is
proximity on evolution of dislocation loops upon illustrated, for example, by comparing the samples
annealing suggest that it acts as a sink for Sannealed for 1 and 10 min. The sample annealed for 1
interstitials [13]. min has a higher density of dislocation loops, whil
In the experiments presented here, 30 keV borothe areal coverage is slightly higher in the sample
ions can be considered as shallow implants, thesloo annealed for 10 min, but the total circumference
being located around the projected ion range of 11fength of the loops is again higher in the sample
nm, and spreading to the Si surface. Post-impl@amtat annealed for 1 min. A larger loop circumference can
processing by RTA at 950, induces the highest loop also explain a non-expected higher EL intensity ef th




sample annealed for 40 min, compared to thos®&lucl. Instrum. Methods Phys. Res. B 96, pp. 187-
annealed for 20 and 60 min. The absence of thermal5, 1995.
guenching, i.e. the anomalous increase of EL intgnsi
with the measurement temperature, indicates thdb] A. Claverie, B. Colombeau, B. de Mauduit, C.
optimal annealing induces the loop distributionttha Bonafos, X. Hebras, G. Ben Assayag, and F.
enables a maximum carrier confinement, inCristiano, “Extended defects in shallow implants”,
minimizing their diffusion to non-radiative Appl. Phys. A 76, pp. 1025-1033, 2003.
recombination centers.
[6] K.S. Jones, S. Prussin, and E.R. Weber, “A
5. CONCLUSIONS systematic analysis of defects in ion-implanted
silicon”, Appl. Phys. A 45, pp. 1-34, 1988.

The influence of the main ion irradiation parameters
on the formation of dislocation loops in siliconsva [7] Wai Lek Ng, M.A. Lourenco, R.M. Gwilliam, S.
demonstrated. By varying the ion species, the iohedain, G. Shao and K.P. Homewood, “An efficient
energy, fluence, irradiation temperature, and postroom-temperature silicon-based light-emitting dipde
irradiation annealing, it is possible to form vaiso Nature 410, pp. 192-194, 2001.
shapes, concentration and distribution of dislocati
loops. Correlation of structural and EL analysis of[8] K. P. Homewood, and M. A. Lourencgo, “Light
silicon DELEDs shows a dominant role of dislocationfrom Si via dislocation loops”, Materials Today B.p
loop density and areal coverage on light emissio34-39, 2005.
efficiency. The optimal conditions for 30 keV boron
implants were achieved for 1-5 min annealing, wherl9] M. Milosavljevi¢, G. Shao, M. A. Lourenco, R.
the number of loops reaches a maximum of ~8%10 M. Gwilliam, and K. P. Homewood, "Engineering of
len? and the areal coverage around 50%. Thesbkoron-induced dislocation loops for efficient room-
findings confirm the model that spatial confinementtemperature silicon light-emitting diodes”, J. App
of charge carriers at the edge of the loops isiafuc Phys 97, ARTN 073512, 2005.
for preventing their diffusion to non-radiative
recombination centers, and stimulating radiativ10] M. A. Lourengco, M. Milosavijevi, R. M.

transitions at the silicon band edge. Gwilliam, K. P. Homewood and G. Shao, “On the
role of dislocation loops in silicon light emitting
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