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Chapter 1

Introduction

Abstract

In this introduction, the main motivations of this work addaessed and fol-
lowing by a short up-to-date overview of all strategies anftbld of light emission
from silicon. From those the aims of the project are drawrssghbently, and few
last sentences present the thesis outline.

1.1 Why Silicon LEDs: interconnect bottleneck

The first commercially available integrated circuit was lecen chip and it
included only a few transistors (in 1958 by Robert Noyice Ede Figurlelll).
Nowadays, after almost a half century of development, whesingle chip may
contain over one billion transistors, silicon still remsite first choice for inte-
grated circuits[|R2]. The increasing number of transistara@ingle chip requires
a corresponding increase of the length of the metal interectis running in the
chip and the capacity for a high rate data transmissioh@ Gb/s) [ 3]. Moreover,
to be able to integrate a larger number of transistors ire@#me size of a silicon
chip, a smaller cross-section and closer spacing of theemtimg metal lines is
required. These requirements cannot be fulfilled with theveational aluminum-
based interconnect technology. Using copper and low-k maégenstead of the
conventional aluminum technology can improve this perfamoe limitation but it
can not maintain the continuing track of the scaling prog{d$

To overcome these limitations of the traditional electrioéerconnects, 3D
integration is suggested where the interconnects runcedistito transistors on
different levels[[5] [6] but also optics has been proposed astential solution.
Using photons instead of electrons for data transmissiomtations of electri-
cal interconnects can be solved. On the other hand, silicas shown to be a

1



2 High Efficient Infrared Light Emission from Si-LEDs

Figure 1.1:The first Si commercially integrated circuit (Si-IC) by RebRoyce [1].

very good candidate as wave-guide because silicon is adgfdal confinement
medium due to the large difference of refractive index betwsilicon and SiQ
[7]. However, until now an efficient light source being sbitafor optical in-
terconnects has been made from IlI-V materials and not friticos [8]. It is
feasible to directly grow IlI-V semiconductor materials sihicon substrates. But
this approach so far has suffered from process incompétilith standard Si
CMOS technology, making it a complicated and expensivei®oiuThus, silicon
is again the most attractive choice for low-cost photontegnated circuits. As
a result, seeking for an efficient silicon light source, whaan be made by an
IC compatible process, still remains a challenging reseaubject for scientists
around the world. Once this efficient silicon light emittidgvice is made, it will
be a large breakthrough for a new generation of optoeleicsaircuits.

1.2 Silicon photonics: state-of-the-art

Despite the fundamental limitations of silicon in light etimg probability be-
cause of its indirect band-gad [9], different strategiegehaeen intensively stud-
ied in order to investigate emission from silicon [10-27]he§e strategies can
be divided into: nanometer-size silicon emitters; rangkedoped nanocrystalline
silicon; SiGe LEDs; bulk Si LEDs and SOI LEDs. In 2003, oveivs of these re-
search topics by different approaches were collected ahtishped in [28]. Here
we just give an additional overview of the new progress ot ¢agic.
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1.2.1 Nanoscale dimension Silicon LEDs

The topic of luminescence from nanocrystalline Si (nc-8gdmes attractive
because nc-Si can emit visible light due to its widened bapddhe nc-Si can
e.g. be obtained from porous silicon. The highest powerieffay obtained from
porous silicon LEDs has still been at 1 % since 2000 [10]. Meifigrts have fo-
cussed to improve the stability of this type of LEDs, and nélgeGelloz reported
that by using the high pressure water vapor annealing tqakrthe stability in-
creased up till several months [11]. However, further ditgbimprovement is
being searched for.

Nc-Si can be embedded in a dielectric (such as,Si@d SiN,) by Si im-
plantation into SiQ, by annealing of silicon-rich Si©or annealing of amorphous
Si/SiO, superlattices or by CVD of nuclei. Many of such materialsveéd high
efficiency [12] [13] in the case of photoluminescence (PLi) faor efficiency in
the case of electroluminescence (EL)I[14]/[15]. Thus, tla¢application of these
approaches is still questionable.

Together with Si nanocrystals (quantum dots), there werentty reported
results on luminescence from nanowires (quantum wifed)[[1& but no infor-
mation of efficiency was shown; and only PL from quantum weis presented
in [18]. Too low efficiency can be considered the main limdatof the lumines-
cence from these Si quantum wires and quantum wells.

1.2.2 Rare-earth doped silicon LEDs

When a rare-earth element (Gd, Yb, Th, Er) is doped into Si$EBe LEDs
can emit violet (316 nm), visible light (850 nm) or infraradHt (1500 nm) de-
pending on the excitation state of charges between Si atothd@ped rare-earth
atoms. The mechanism behind the light generation is eiaitaff the rare-earth
atoms by hot electrons. The incorporations of Er/Tb andailenhanced the light
emitting efficiency. The external quantum efficiency wasidgjty 10 % from
MOS structures where Er/Tb atoms were embedded in a thin Biger [19].
But the relatively low solubility of these elements in cglihe silicon limits the
power efficiency of this type of LEDs.

The most attractive rare-earth element in this topic is lrbbecause of its
telecommunications wavelength emission and its CMOS-cxtitle process [20].
Again, the limitations in stability and operation speed stk the main problems
of this approach.
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1.2.3 SiGe LEDs

The SiGe LED is attractive because SiGe can be grown directlg silicon
substrate by molecular beam epitaxy or by LPCVD and thedabadn process is
IC compatible. The most prospective SiGe light sourceshaetiantum cascade
Si/SiGe structures. However, because of the large misntatkeen Si and Ge
lattices, in order to avoid the formation of dislocationdyoa small number of
guantum wells can be grown. Thus the total thickness of tlaum cascade
must be kept below the critical thickness|[21]. While a sigft gain for laser
operation requires a large number of periods of successiseades, then, even
though a lot of effort has been put in this subject, a SiGe las#ill missing [22].

1.2.4 Bulk Si LEDs

Bulk Si LEDs with high efficiency were fabricated and repdrie literature
[23-26]. In [23] it was claimed that the high efficiency obast in their LEDs
was caused by the carrier confinements due to local potdraieiers introduced
by the stress field around the formed dislocation loops. Hewehis hypothesis
is strongly debated [24] 125].

The key factor of the observed high efficiency of bulk Si LEBsdemon-
strated through different approaches [24—-26] seems todaigh quality of Si
material. Still, limitations for bulk Si LEDs are, howevéow switching speed
and lack of spatial confinement of the generated light.

1.2.5 SOI LEDs

The SOI technology is seen as a powerful platform for modksct®nics in-
tegrated circuits and also for photonic integration [7]eTabrication of a lateral
LED in thin-film high quality SOl material has a few advantagerer bulk sili-
con, such as higher optical switching speed with lower pa@esumption, better
options for integration and coupling of the light into wauvedes.

However, to date, the highest reported efficiency of SOI LEDsvo orders
of magnitude lower than in bulk silicon LEDs [27]. The maimsen for this low
efficiency is the large fraction of non-radiative recombioia processes occurring
at the interfaces and at the junctions over the competitid&tive process.

1.3 Aims of the project

This project aims to realize Silicon Light Emitting Diode&d+EDs) on high-
guality silicon-on-insulator (SOI) material to circumveertain disadvantages of
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electroluminescent devices fabricated in bulk silicorhtesdogy. We intend to
create a compact and high switching speed light source vdnables the possi-
bility for on-chip optical integration.

The project proposes to make light emitting devices ina@mlievhich can emit
a usable amount of light, i.e., the devices are highly efiicemitters. When
electrons and holes are confined within a silicon volumey thidl have more
probability to recombine in the confining volume rather tlznhe contacts and
thus the emission efficiency would be enhanced. This confamé¢an be reached
by creating a material with a higher band gap between thectswnd the volume.
The potential barrier implemented in this carrier confinehean be created by
band-gap widening effects when the SOI layer becom®&s-10 nm thick.

1.4 Outline of thesis

In this thesis, investigations on near-infrared light esi@a by means of elec-
troluminescence from silicon diodes are described.

The fundamental physics of internal and external efficievfcthe fabricated
devices are shown in chapter 2. The model used to calculateetationship
between internal and external efficiency is also proposedisnchapter. The re-
absorption effects of Si wafer on the position of the emissipectral peak were
investigated theoretically.

In chapter 3, the descriptions of equipment used for botttrebal and optical
measurements in this work are presented. The calibratidheobptical system
was carried out in our laboratory. The calibration procedwand the equipment
used for this calibration can also be found in this chapter.

In chapter 4, the obtained results from a series of expetsnernestigating
the infrared light emission from bulk silicon with dislo@at loop engineering are
exhibited. The work mentioned in chapter 4 was extended ullagnge (both
EL and PL) to investigate a complete luminescence pictutieedlislocation loop
engineering devices, which can be found in chapter 5.

In chapter 6, we present our important achievements frorfatirecated LEDs
using SOI technology. The lateral LEDs were made with mamiatians in struc-
tures to explore the efficiency improvement resulted froenithplemented carrier
confinement effects.

Finally, the conclusions and some recommendations ar@ givehapter 7.
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Chapter 2

Internal and External Efficiency of
Silicon LEDs

Abstract

In crystalline silicon the direct band-to-band recombimrabetween electrons
and holes is only a small fraction of the total of recombimafprocesses. The re-
lationship between the competing radiative and non-ragiaecombination was
investigated and is presented in this chapter. The higlssilple efficiency of the
light-emitting process in silicon can be predicted quaiirely. A few methods to
enhance the internal emission efficiency by reducing theradrative recombina-
tion rate are suggested. Rules from optics show that onlyyasreall fraction of
the generated light has a chance to escape from internaitrefi@absorption. The
relationship (extraction coefficient) between the extkefiéciency and the inter-
nal efficiency of the realized diodes was calculated. Soropgsals to improve
the efficiency of Si LEDs are presented.
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Introduction

In a Silicon light emitting device, the internal efficiencitbe luminescence
process is determined by all physical recombination peEe®ccurring within
the device structure. The internal efficiency is determibgdhe ratio of the ra-
diative recombination rate to the total recombination cateurring in the emitting
structure. The total recombination rate includes the tagdiaecombination to-
gether with all non-radiative recombination processe$ siscAuger-, Shockley-
Read-Hall-, and surface/interface recombination. Theridl efficiency can be
extracted from the external efficiency of the luminescenwegss from the Si
light emitting device which is determined by the way how tinaiteed light pen-
etrates to the outer world and how the externally emitteltlig collected and
processed.

There are many different available techniques being ugeskternal observa-
tion of luminescence from a light source and leaves us wetgthestions on how
much light has been emitted internally inside the deviceyBod/hich fraction of
the emitted light could get out and reach the detector? Hawiaihe possibility
to improve the internal efficiency of the light sources?

In this chapter we will deal with these questions and thee govme calcula-
tion models applying for our fabricated emitting structire

2.1 Radiative and non-radiative recombination in a
Si-LED

2.1.1 Recombination mechanisms

There are several mechanisms for the recombination ofrefecaind holes in
a semiconductor device. An electron can either recombirextlly with a hole
or via a trap. The result of these transitions can be phorginstons or excited
carriers. The probability for such processes depends rgtaanthe number of
available electrons and holes or the number of traps butaistheir states as
well as on the band-structure of the semiconductor. Sinm®sihas an indirect
band-gap, where the bottom of the conduction-band and theftthe valence-
band is located not at the same momentum value, the recotdndan electron
from the conduction-band with a hole in the valence-bandis@ssistance of a
phonon in order to fulfill the requirement of energy and motaenconserva-
tion [1]. Thereby, the probability for a direct band-to-bamansition between
electrons and holes in silicon is not so high compared toithat direct band-
gap material. Or in other words, the radiative recombimagéfficiency of silicon
is relatively low. In this section we present some calcoladion the fraction of
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radiative and non-radiative recombination occurringrimddly in a Si-LED as a
function of injection level, i.e., excess carrier concatitm, at different densities
of trap-states in the silicon-volume and at the interfad¥s.will then give some
predictions of the highest possible efficiency for a Si-LED.

The physical mechanisms of recombination processes cairidedlinto four
main categories: band-to-band-, Shockley-Read-Hall-gekuand interface re-
combination [[2]. The band-to-band recombination procemsegates photons
(light) and the others are non-radiative events. An exoeptias to be made for
the so-called D-line emission in silicon which occurs thgbulislocation related
states|[B]. One could consider this type of light emissiom apecial form of .
In chapter 5 we address the issue of the D-line emission irerdetail. At room
temperature, however, the D line emission is of minor imgace.

We further focus on the most important process for a lightssion which
is the radiative recombination between conduction bandtreles and valence
band holes. Since we consider only the direct transitiongss, where both elec-
trons and holes must be present simultaneously, the reglis@combination rate
is proportional to both electron and hole concentratioes, proportional to their
product, and it can be expressed as

Rpp = Braa (np - n?) (2.1)

wheren=pg+ Anand p=p+ Ap are electron and hole concentration at nonequi-
librium condition, with the equilibrium and excess electend hole concentration
are n, po, An, andAp respectively, nis the intrinsic carrier density, and the pro-
portionality constant B is the radiative band-to-band recombination coefficient.

For the case of high injection level, the excess carrier eotration is much
larger than the equilibrium carrier concentration, i2en,>> ny, Ap > po. Further
at high injection n = p, the radiative recombination rafdl(2an be re-expressed
as

Rpp = Braq n’. (2.2)

For crystalline silicon, it is known from the work by Schlapttoet al. [4]
that the radiative recombination coefficientBis enhanced by the Coulomb at-
traction between electrons and holes at low carrier conagom and thereby the
Coulomb interactions constitutes a dominating factor & rilcombination rate.
This theory was recently strengthened by a new approackmessin [5]. These
observations pointed out that.B depends on the injection level (i.e., the excess
carrier concentration) and the lattice temperature. Ah lingection level there is
a strong mutual screening of charges which reduces thetikadracombination
constant B4.

TheShockley-Read-HalSERH) model describes the generation-recombination
of electrons and holes through traps (or defects) in the c@rmductor crystal.
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These defects can be unwanted contaminants, e.g. iromstitigds, vacancies,
dislocations, which were introduced in the device strietluring the fabrication
process or during crystal growth. Such defects create oneooe energy levels
within the band-gap of the semiconductor. If this energgléy close to the mid-
dle of the band-gap, it will be an efficient recombinationteerior carriers. In
fact, a semiconductor always contains some impuritiesfdetherefore the SRH
recombination is always active.

In silicon, the net SRH recombination rate through a deepllexth trap-
energy of E and trap concentration of;Ns given by
Vinonop Ny (pn — n?)

op [p + nieE—Ed/KT] 4+ o [n + nye— (Bi=Fu)/KT]

Rspru = (2.3)

wherew, is the thermal velocity of carriersy, and o, are the capture cross-
sections of the recombination center for electrons andshelgpectively; nis the
intrinsic carrier density and; is the intrinsic Fermi level; n and p are electron
and hole concentrations respectivelyis Boltzmann’s constant is the absolute
lattice temperature.

In its simplified form where we assume that the trap level imalgap, i.e.,
E;. =~ FE;, and where we assume that the product of capture crosssetd
thermal velocity for electrons and holes is the same, ancdhweefurther assume
that the diode operates in the regime of high injection lewetre n = p, i.e., the
electron and hole concentration are equal, and thus phs= (m;)?, the rate of
SRH recombination &y is then given by the simplified equation:

1
RSRH ~ QO"Uth n (24)

whereo is the effective capture cross section for electrons anedholis the ef-
fective thermal velocity, and |\l is the concentration per ¢nof bulk recombina-
tion centers. By settingv Ny, = (TSRH)’1 with 7sry is the Shockley-Read-Hall
lifetime, Eq. [Z2) can be written &g = 3 (7sru) ' 1.

The second non-radiative process is surface/interfacememation. Because
of the abrupt discontinuity of the lattice structure at thterface, the band dia-
gram will need to be modified at the semiconductor surfacesTa large number
of localized energy states may be introduced within theiftalén gap of the semi-
conductor at the surface/interface region. Generationmdination via surface
states occurs with a similar process as for bulk statesfibier a similar equation
holds for surface recombination ra per cn¥:

1
R, ~ éastst n (2.5)
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whereo, is the capture cross-section of carriers at the surface;stt is the
surface state density per émin this equation, defining surface or interface re-
combination velocity as s z,u N, we have

Ry = —s-n. (2.6)

The reported experimental data in [2] showed that the saeinfacombination
rate decreases when increasing the injection level. It pomant to note that the
surface recombination is more complicated than the SRHmbamation in the
bulk, because it depends not only on the density of surfeatess or interface-
traps, but also on the state of the surfecde [6] [7], i.e., amdation, inversion or
depletion.

The third important non-radiative recombination is Auggrambination. Auger
recombination is a three body collision where an electrahahole recombine,
the released energy is transferred to another electronler Imosilicon which has
an indirect band-gap in order to preserve momentum also agohis involved in
this process. The net Auger recombination rate can be esguiegenerally as

RAuger = C(n (pn2 - nniz) + Cp (Ilp2 - leIQ) (27)

whereC,, and (), are the Auger coefficients for e-e-h and h-h-e recombination
where e stands for electron and h for hole, respectively taeyl can be experi-
mentally extracted for each identical material. For sii@d room temperature it
is found thatC,, = 2.8 x 103! cmP/s andC,, = 0.99 x 10~*! cmf/s [g].

In high injection condition, where n = p the Auger recombimatrate can be
reduced to

Rauger = (Cy + Cp) 0 = C, - 0 (2.8)

with C, = C,, + C,, is the ambipolar Auger recombination rate constant.

It is also observed that the Auger coefficient decreases witeaasing the
injection level [9] or decreasing the temperature [10].

Within the four presented recombination events, the SRHsamn&ce recom-
bination rate depend strongly on the density of recomlonatienters and their
capture cross-section. They are further linear with theatpn level. The Auger
recombination rate is proportional to the cubic of carrien@entration and the
band-to-band recombination is proportional to the squbcawier concentration.
It is easy to signify that at a lower injection level the SREsition keeps a more
important role over the others, while at higher carrier dgrike Auger transition
controls the effective carrier-lifetime.
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2.1.2 Internal efficiency in bulk Si LEDs

Next we present some calculations on the internal efficief &y light sources
at room temperature as a function of the injection level i@ thnge ofl0'® —
10%° /cm?. For the Band-to-Band recombination we use Eql(2.2) wighréia-
tive recombination coefficient,B; = 9.5 x 10~ cm?/s. The dependence of B
on the carrier concentration is also taken into considemd&]. The Auger coeffi-
cient used in our calculations also depends on the excessraensity [9]: when
the excess carrier concentration is less th@fh /cm® we haveC,, = 2.8 x 1073!
cmb/s andC, = 0.99 x 103! cmf/s and as the injection level increases the Auger

coefficient will decrease according @, = 3.79 x 107! (%) cmf/s.

The SRH recombination rate was calculated for two diffeteag-density levels,
N; = 10'° /em? and N, = 10'* /em? [2] with the assumption of uniform trap
distribution within the silicon volume and an equal capter@ss-section for elec-
trons @,,) and holes ¢,) of 10~'* cm?. Whereas the surface recombination rate
was chosen either at 1 cm/s or at 10 crp/s [13].

The internal efficiency was obtained by the ratio of the reakarecombina-
tion rate and total recombination rate of all recombinapoocesses. In the case
of photoluminescence (PL), where excess electrons and hodggenerated by ex-
ternal illuminations, photons are emitted in the absendd®®lectrical contact,
then the expression for the internal PL efficiency is

RBB
RBB + RSRH + RAuger + RS,V

with R, v = Rs (Aox/Vaev) Where A, is the total oxide area and,¥, is the device
volume.

npL = 100 %. (2.9)
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Figure 2.1: All recombination mechanisms and the internal quantumieffay as a
function of excess carrier concentration for: (a) PL andgb)rom bulk silicon.

We can do the same calculations for the case of electrolisoamee. Com-
pared to photoluminescence we have to take into accounettembination in
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the p"/n contact (or ri/p contact). The dominant mechanism for recombination
at the p and n" contact at high injection level is Auger recombination dae t
the high carrier concentration in these contacts. Furtiecarrier concentration
at high injection level in a p/p/n* diode is not uniform but shows a bath-type
shape with an enhanced carrier concentration at the certeél And the mi-
nority carrier concentration in the'pand n" contacts is further enhanced due to
band-gap narrowing in these contacts. Due to a high recatibmrate at the
contacts the minority carriers quickly disappear here. ddmact recombination
rate R.oniact CaN be obtained by applying the Auger recombination meshafor
the contact volume. Like surface recombination the recoatinn at the contacts
can be considered as a heterogeneous process and its iefludifeecome very
important when the total recombination in the contacts bexolarger than the
bulk recombination. The EL quantum efficiency for the bulicen LEDs can be
expressed as

RBB

= 100%. 2.10
RBB + RSRH + RAuger + RS,V + Rcontact,\/' ’ ( )

TEL

With Reontact, v = Reontact (4;/Vaev), Where A is the total area of the junctions.

Figure[Z.1a shows the dependence of all recombination gseseand the in-
ternal efficiency on the excess carrier density for PL fron®@ /m thick silicon
wafer at trap density level o, = 10'° /cm?® and for the surface recombination
velocity of 1 cm/s. We see that in the case of PL from a largemwa of silicon
wafer with low trap densityf; = 10'° /cm?®), the highest internal efficiency of
26 % (the same range as In[11] &[12]) can be reached at exeessralensities
of ~10' /cm?. Likewise for the case of electroluminescence (EL), theedep
dence of the recombination rate and efficiency on the exaseicdensity from
bulk silicon can be seen in FigureR.1b.

An efficiency comparison of PL and EL from bulk Si with differteinterface
recombination velocities and different trap densitieséspnted in Figuie2.2. We
see that the efficiency peak decreased when increasing#éntaoe recombination
velocity to 10 cm/s. But when the trap density increasedte= 104 /cm?, the
efficiency dramatically drops to 0.4 %. This drop stronglgigates that the purity
level (or impurity concentration) of the silicon materialda very important factor
in the emission efficiency.

Itis also clearly shown in Figufe 2.2 that the non-radiata@mbination com-
ponent occurring at the junctions has quite a large influemcthe EL efficiency
of the bulk silicon LEDs. Similar to PL, the same strong effefcthe trap density
on the EL efficiency from bulk silicon can be predicted.
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Figure 2.2:Comparison between PL and EL efficiencies, and between Riiegfty at
different interface recombination velocities or at diffet trap densities.

2.1.3 Internal efficiency in SOI-LEDs

Now we shall consider the luminescence from silicon-onda®r (SOI) ma-
terial. In SOI material, the silicon emitting volume is jugithin a thin-film of
a few hundreds of nanometers thick. Therefore, the relatitie between the
boundary area and the volume becomes very large comparéé tmtk silicon
(~500 izm thick). We do the same internal-efficiency calculationsS®I| mate-
rial with thickness levels of 150 nm (as in our realized desjand 2:m whereas
all other parameters are the same as for the case of bul@rsilic

In case of PL from SOI wafem;,_..;) presented in Figured.3a, we clearly
see a stronger influence of luminescence efficiency on reratibn rate at sur-
faces/interfaces referred to that from the bulk silicon. tA¢ trap density of
10'° /em? and the interface recombination velocity of 1 cm/s, it is possible
to obtain a PL efficiency higher than 2.5 % from the 150 nm tI8€X thin-film.
However, when increasing the SOI thickness ton2, we are able to extend this
efficiency upto 6 %. Theses values of efficiencies are eveerddiithe 10 cm/s
surface recombination velocity is taken into account.

The EL efficiencyng;,_s.; from SOI p"/p/nt diodes as a function of injection
level can be seen in Figue2.3b. In this situation, the rastiative recombination
occurring at the two junctions {gp and n'/p) was also taken into consideration.
The peak ofjg;,_.; is just 0.4 % at the excess concentratior2 of 10'7 /cm? for
the 150 nm thick SOI with s = 1 cm/s. Whereas, with ther®@ SOl material,
this efficiency peak is about 0.8 %. For 150 nm and s = 10 cmésetticiency
even drops below 0,1 %. Compared to PL data, we see that thdfiEilercy is
almost one order smaller due to the non-radiative recomibimat the junctions.

It clearly indicates that the non-radiative recombinatairthese two junctions
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Figure 2.3:Calculation of quantum efficiency for (a) PL and (b) EL fromISO

is extremely important for SOl LEDs. We believe that thishe main reason
for the very low EL efficiency reported so far for a SOI LED [15f there is a
barrier which can be used to block electrons from reachiegpttin junction or
to block holes from reaching the'fp junction, it will provide a large potential
improvement of the EL efficiency from SOI LEDs.

From the obtained data based on the fundamental calcutagibove we be-
lieve that the purity level of silicon is the important pareter for silicon light
emitting devices for both bulk and SOI material. Moreovarihe case of SOI
LEDs, suppression of the non-radiative recombination ooay at the interfaces
and at the junctions is a key issue. In the following chapiergpresent how we
dealt with these essential findings and the obtained expetahresults.

In the next sections of this chapter we deal with the relstgm between the
internal and external efficiency of the bulk silicon and S&Ds.

2.2 The relationship between internal and external
efficiency

2.2.1 Theory of reflection and transmission from multiplelayer
thin-films

Every medium has typical characteristics regarding reflacttransmission
and absorption of incident light waves. The refraction toeint (or real part
of the refractive index)n, and extinction coefficient (or imaginary part of the
refractive index)k, are referred to as optical constants of a medium. Theseabpti
constants are a function of the wavelengtirheKramers-Kronigrelation defines
the (complex) refractive indeX as

N = n(X) — ik(N). (2.11)
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When a light-wave imposes to an interface between two metfien( di-
electrics), generally it will split into three parts: lighgflected back into the in-
cident medium; light transmitted through the second medamd light absorbed
in the second medium. The relative fraction between theds dapends on the
refractive index of the two media and the incident angle eflipht ray. The co-
efficient of reflectionp()), and transmission () at an interface of two media
depends on the difference in the refractive index of thesemedia at each side
of that interface, whereas the extinction coefficid)tdetermines the absorption
coefficienta(\). The relationship between the incident andlg) @nd the trans-
mittance angl@, of the light ray at the interface is expressed by Snell’s law:

ng - sinfy = ny - sin 0, (2.12)

wheren, andn, is the refractive coefficient of incident medium and trarsmi
sion medium respectively, corresponding to this wavelenghe absorption and
extinction coefficient of a material have a relation as

_ank

a () S

[em™1]. (2.13)

When a light ray goes from a higher- to lower-index mediunmay fulfill
the condition of the total internal reflection if the incideangle is larger than a
critical angle. The critical angle can be calculated froni#2 by setting; = 90°
which results intd.,;; = arcsin(Z—(l)). In our experiments, the light was generated
in silicon (a high refractive index material) while the saunding medium has a
lower refractive index. Therefore in general the critiaagee is very small. All the
light (generated from the light source) being within a conihnan apex-angle of
2 X 6.5 can escape to the surrounding medium, whereas the lightf tié cone
is confined in silicon by multiple reflections. This cone idided as theescape
cone and in our experiment the escape cone is small because sinlécritical
angle.

If we consider the energy relationship between these phifte incident wave
with amplitude E,, then the reflected wave and transmitted wave will have the
amplitude ofpE, and o Fy. And the reflectanc® of the material is equal to
p? [16], wherep can be expressed as

~ No— My

= —. (2.14)
No+ Ny

p

According to [Z.I1), is negative when the light wave goes from a lower-
to higher-index medium, and this signifies a 1®hase change for the reflected
wave.
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Let’s consider a general situation where a light wave hita toultiple-layer
film including ¢ interfaces. In 1937, Rouard demonstrated that a multgpferl
film can be analyzed by representing thel@yer by a2 x 2 matrix M;:

B Cos 0j —isji\?éj
My = (ZNJ sind;  cosd; ) (2.15)
where the phase-shift is defined as

2
5 = fthj cos b, (2.16)

with ¢; and NV is thickness and refractive index of the fayer.
The combination effect of these layers can be obtained jutimply tak-
ing the product of their represented matrices. The top atidimomedia can be

displayed respectively by two special matric %0 —T-i and ]\1[>
0 f

The reflectance and transmittance of the multiple thin-férgiven by

RZ(b

wherea andb are obtained from

a [Ny -1 d Cos 0 isji\r;‘si 1
(b)_ (NO +1)1_[1 (i]\fjsinéj Cos 6 Ny ): (2.18)

j=

a

2 . .
oo e
bb

(2.17)

Since Si and Si@Qare two very important materials for our applications we
treat, in the next section, their optical constants as atfomof wavelength at
room temperature (300 K).

2.2.2 Optical constants of Si and SiQ

The extinction- and refraction -coefficient at 300 K can bé&raoted from
Eq. (A8) and Eq.[[A3) respectively (see Appendix A). Thepehdence of
these constants on the wavelength is presented in Hguye Zhe absorption
coefficient of SiQ is negligible, because its extinction coefficient is veryaim
(Figure[2Z.4). The extinction coefficient for Si is quite largnd changes with the
carrier concentration. The absorption of heavily dopeid@i was characterized
in [17] and a small difference of the absorption coefficieatvieen n-type and
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Figure 2.4:Refraction and extinction coefficient of intrinsic cryssil (left) and SiQ
(right) at 300 K versus wavelength.

p-type silicon was observed but in our calculation we igddhes difference. The
absorption edge (below the band-edge) of intrinsic silisais extracted from the
measurements by Keevers and Gréen [18], whereas that gigi©calculated by
the Urbach theon[[19]. Figufe2.5a shows the absorptioffic@nt of intrinsic
silicon and with different doping concentrations at 300 K.
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Figure 2.5: Absorption coefficient of intrinsic Si and heavily doped Sia function
of wavelength at 300 K. Absorption coefficient depends ogpetor p-type dopants but
the calculation data shows the difference is small thenigdalculations we ignore this
difference.

Together with Si and Si§) the optical constants of aluminum is also a nec-
essary parameter because in our light-emitting structutager of 1um Al was
evaporated on the backside of the wafer in order to creatéter ledectrical con-
tact. However, in the wavelength range of interest (800081%50) its optical con-
stants do not vary much_[20]. We used a mean value for botlagedn and
extinction coefficients in our calculationsyn=1.23 and k; = 10.25.
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2.2.3 Lambertian emission pattern and extraction coefficiet

In our light sources the generated light propagates ismiatip within the
silicon region, which is normally covered by a thermally \wroSiO, layer. The
generated light within the escape cone will pass throughdhesiO, layer and
emit into the outer world (air). The light rays follow Snsllaw (see Figure2.6).
The relation betweefy, andd,. can be derived using e.(2112). For small incident

Air >9/'

SiO,

Si

Figure 2.6:Snell’s law for a planar LED.

angle (wherein 6, ~ 6, or cos ), ~ 1), it reduces to
nsi - o = Nair - SIin 0, (2.19)

The light generated within an angle elemd#y in silicon will be transmitted in
air in a angle elementf,., and with the relation:

Lo
46, = 5. - df,. (2.20)

Nair €OS 0,

If the transmittance of the emitted light through the Si@yer is termed as T,
then the light intensity within a solid angle element in tiiesn substrate, Qg;,
will relate to that within a solid angle element in aif)g., by the expression

]air(>\) . anir — ]Sl()\) . T(90, )\) . dQSi- (221)

Note that the transmittance is a function of incident artigleand wavelength,
T(6o, ). In spherical coordinate system, for the solid angles @ h

anir = sin 9r . d(f) d@m dQSi = sin 90 : d(f) deo = 090 d(f) deo (222)

with d¢ is the angle element of the azimuth-angle,and0 < ¢ < 2.
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Replacel(Z20) and{ZP2) into (Z121) we obtain thenbertianemission pat-
tern which is expressed as

2
Lie\) = Iss(\) - T(60, \) (2) cos 0. (2.23)
Si

where | is the radiant intensity which is expressed in poveermit of solid angle
(W sr ).

This shows that the light intensity distributes in air acting to the Lamber-
tian emission pattern. The schematic Lambertian emissatteqm is shown in
Figurel2ZY.

pbnor LED
lambertian

90 ' ?‘ 4 o i pattern 90

1.0 0.0 1.0
Figure 2.7:Lambertian emission pattern from a planar LED.

Now we consider a point light source generating photons wilvelength
A in silicon with the total source power of.R..()\). Assuming that the light
distributes equally in all directions (independentégh thus the light intensity at
a distance from the source in silicon is determined by the ratio gf R.(\) and
the spherical-surface arek;(\) = PTTQ(A) And the total light power emitted
in the air P,;;(\) can be extracted by taking the integration of the intengjty\)
over the entire hemisphere (radiyon top of the light-source surfade |21]. Thus

we can express the relation of the light power inside andadeithe device as

P (A)—/ MT(@ A (L 2 0, - (2mrsin6,)(rdd,). (2.24)
ir(A) = o A 0, . cos@, - (2nrsind,)(rd6,). (2.

us

n|

From this expression we are able to extract the relation@xfraction co-
efficient, C'(\)) between internal and external efficiency of the light seuat
wavelength from the equation

™

Pair()\) 1 (nair)2 /2 .
C\) = a2 T(0p, \) - sin (20,.) - d6,. 2.25
( ) Psource<)\) A ng; 0,—0 ( 0 ) ( ) ( )

Note that the transmittancg(6,, \) in the Eq. [Z2b) also depends on the
transmittance anglé. because it depends on the incident angglewnhile 6, is
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related to the transmittance angleas mentioned in EqQL{Z.119). So now in order
to calculate the extraction-coefficient for our fabricaigtt-sources, we just need
to extract the transmittanced( \) for each corresponding light-source structure,
and then replace it into EQ.{Z]25). From the obtained valé®, ), if defining
the mean transmittance of the light source for all emittgttlwithin the escape
cone ag'()\), we can bringl’()\) out of the integration in the equatidn{2125) then
we have

QM:i<mg2ﬂMAg$M%Jd&

Nnsi =0
:Cm:i<gﬁ7my (2.26)

In the following sections we will present how the transnmittes of the realized
light sources are calculated.

2.2.4 Transmittance of the emitted light from bulk-Si LEDs
and SOI LEDs

Since photons can be generated at any position (whereaieand holes can
probably travel to) within the silicon layer, the model wilbt be specified if we
just analyze a point-like light source at a certain positiathin the silicon layer.
That point light source generates light equally in all dil@as (i.e., the symmet-
rical light source). In order to calculate the total tranamce of the emitted light
for the realized light sources, we divide the light sourde two separate systems:
the first one includes all layers above the light source, Aedsecond system in-
cludes all layers below the light source (see Fidure 2.8).

For the light reflected from the backside we can treat it atiogrto two op-
tions: 1) we assume the backside to be perfectly flat; 2) wenassthe backside
to be rough. In the first case all the light outside the criticae will be reflected
geometrically and is in this way waveguided to the edge ofathier, meanwhile
suffering from absorption. The light inside the escape camekdirected both up-
wards and downwards will eventually be emitted at the frde when we assume
100 % reflection for the Al or it will partly be absorbed. In thecond case all the
light reaching the backside, which includes also the lightmle the escape cone
after being reflected by the front-interface, will be difftedy reflected and may
reach the frontside again but for the greater part it wilthetne frontside outside
the critical angle and reflect back. It can be argued thatdta amount of light
emitted at the front side is larger in the case of a rough bdek# will, however,
be diluted strongly and due to the 50th wafer thickness be emitted over a very
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Figure 2.8:Calculation model used for: (a) bulk Si LEDs; (b) SOI LEDs.

large area outside the reach of our detector or below thetatdimit. For a rig-
orous calculation of the light emitted at the frontsidepmmation on the backside
roughness and the wavelength dependent aluminum refleésti@yuired. Poor
knowledge on this made us decide to calculate for the casesawthe backside
reflection was or was not taken into consideration. In paldicfor SOI devices,
the device dimensions are very small compared to the waifekrtess and there-
fore any backside reflection should be visible outside thvcde The intensity of
light outside the device area was, however, below the deteltinit of our detec-
tion system. And as a result, in that case while only integgathe light inside
the device area the assumption of ignoring the backsidectigiteis valid. Thus
in our calculation of the transmission for SOI LEDs we justsider for the case
of no backside reflection.

In the case of bulk silicon LEDs in our experiments, the hygtbped p re-
gion was realized at1 ;m depth below the Si/SiOinterface. As a 100 mA for-
ward current flows through the LEDs, carriers can diffusgptiemto the silicon
substrate. The diffusion length can be calculated easilhdtes at that working
condition, and it shows that the main path of the recombanatakes place within
~100um silicon counting from the f/n junction. Based on these realities, in our
calculation model for a bulk Si-LED, we chose the first thimfsystem above the
light source to include 10pm lowly-doped Si/1:m highly-doped silicon/20 nm
SiOy/air; and the second system below the light source includ®@y:m lowly-
doped Si/lum Al/air (see Figur€218a).
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For the SOI LEDs, the first thin-film system above the lightrseuwas chosen
with 150 nm lowly-doped Si/20 nm SiZair; and the second system was 400 nm
Si0,/500 xm lowly-doped Si/lum Al/air (see Figuré 218b). In our SOI LEDs,
the same as in bulk Si LEDs, the backside Si/Al interface veasiéd without
polishing (not flat).

The reflectance (the fraction of energy reflected) and thesinétance (the
fraction of energy transmitted) for the thin-film system abthe light-source are
termedR; andT}, respectively. Similar for the system below the light-smyits
reflectance and transmittance d&gandTs;, respectively. These parameters were
calculated by using the EQ.(Z]17) ad (2.18). We assumettbaenerated light
is non-polarized light. Thus all the obtained parameter&qf7;, Rs, 15 were
extracted as the mean value of the two linearly s-polarizethgverse electric
TE) and p-polarized (transverse magnetic TH) parts. Thad tcansmittance for
the complete system (including two thin-film systems) wil the sum of three
components, which can be expressed as

1
T()‘a 00) = 5 (Tl + Trl—rQ—t + Tr2—t) (227)

where the first componefit denotes the direct transmission part from the light-
source through the first system; the tefin_,,_; signifies the second component
which was transmitted through the top system after beingattl from the first
system and then the second system respectively; and théelterpmpresents for
the transmittance component which was firstly reflected ugwg the second
system and then emitted to air through the first system.

If we take the multiple reflections at the interface betwdessée two systems
into account we have to add up all the transmitted parts eételn reflection. Now
we calculate each component in the equation {2.27). Théaotplitude of the
successive transmitted light is calculated as

Tiro—t = Ry RoTy + Ry Ry (Ry Ro)Ty + Ry Re(Ry 32)2T1 + ...
=Ry Ry + (R, R2)2T1 + (R, Rz)3T1 + ...
Then T1 + Tr17r2ft == Tl [1 + (Rl Rz) + (Rl R2)2 + .. j|
1

S ——
1 — Ry Ry

(2.28)
In this expression we used the aid of the series expansion

=14+z+2°+...

1—=x
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Similar for the third componerit,_;, we can have

Tiot = RoTy + Ro(Ry Ro)Ty + Ro(Ry R2)2T1 + ...
= RyTy [14 (Ri Ro) + (R1 Ro)? + .. ]
1

= RT\———. 2.29
i (2.29)

Thus the total transmittance of all three components nowengoy:

1 1+R
T() 60) = 5 f—ileizl Ty. (2.30)

In the next sections the results of the calculations arecptesd.

For bulk silicon LEDs

If the reflection from the backside of the silicon wafer is takten into consid-
eration, the transmittance part of the emitted light is pedtulated for the light
generated within 10@m thick silicon volume counting from the Si/SjGnter-
face. The transmittance as a function of wavelength for &se evhen the light is
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Figure 2.9:Transmittance of light for our bulk LEDs as a function of wiergyth when
the light-ray is perpendicular to the interface: (a) bad&sieflection ignored; (b) back-
reflection taken into account.

perpendicular to the interfacéy(= 0) is shown in Figur¢ Z]9a. We can see that
cut-off wavelength of the transmission is about 800 nm.&twavelength of the
silicon band-edge~ 1150 nm), the transmittance is just 37 %. This low level of
transmittance can be explained by the re-absorption ofilicers volume above
the light-source and by the reflection at the Si/SiQerfaces.

If the backside reflection is taken into consideration (sekigure[Z2.Pb), the
transmittance is strongly enhanced, which is 88 % at the wagéh of 1150 nm.
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We see that this high level of the total transmittance isrdégen two times of the
previously extracted transmittance @ x 37 %). This is because the light part
with A > 1150 nm, which was reflected back from the Si/Sitterfaces above
the light source, after traveling through the thick siligubstrate (with almost no
absorption) is again reflected upward by the Si/Al interface

10 T T T T T
80 ) .

60 .

40F A=1150 nm .

Transmittance (%)

20F .

0 I I I L !
0 5 10 15 20 25 30

Incident angle (degree)

Figure 2.10: Total transmittance of emitted light out of bulk LEDs as adiion of
incident angle at wavelength of 1150 nm.

As mentioned in the previous sections, the transmittanesrotted light also
depends on the incident angle of the light-r&y, At the silicon band-edge emis-
sion (~ 1150 nm), this dependence for the case as the backside iaflecs
taken into account is presented in Figlre .10. We can se¢altithe light out-
side the cone with the apex angle-of33° (2 x6.,;;) will be totally reflected back
and the transmittance is almost constant for the light entids cone.

Then we can take the mean value of the transmittance to éxtteextraction-
coefficient for bulk Si LEDs af\ = 1150 nm using Eq[{Z26). The values are
0.0176 and 0.0074 for the case with and without backsidectedterespectively.
Or in other words, in order to obtain the internal efficiendéyolk Si LEDs we
need to multiply the external efficiency by 57 when countitepahe backside
reflection or by 135 when ignoring the part reflected from taekiside.

For SOI LEDs

In fact for SOI devices, the light generated within the 150 8@l layer if
propagating downward, in order to reach the top layer agdmas to be in two
times passing through the BOX layer and the M@ thick substrate. Therefore,
the light reflected from the backside Si/Al interface justtibutes a small frac-
tion to the total transmittance of the SOI devices. Thus erbxt calculation
of the transmittance for our SOI LEDs, we only consider theeaaf no backside
reflection.
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When the backside-reflection is ignored, the transmitt@aceof the emitted
light is just calculated for the light generated within th@dume of the 150 nm
thick SOI thin-film. The total transmittance includes theedt transmitted part
and the parts reflected back from the Si/BOX interface andB@X/substrate
interface.

80 T T T T T
£ 60 S
[} (O]
(&) (8]
[ oy
g 40 8
£ £
(%] 0
g 20 =
- =
| | | | 1 0 | | 1 | L
600 800 1000 1200 1400 600 800 1000 1200 1400
@ Wavelength (nm) (b) Wavelength (nm)

Figure 2.11:Transmittance of light in our SOI LED structures as a functiod wave-
length when the light-ray is perpendicular to the interfgeg interference from the BOX
layer ignored; (b) both interferences happening in the S@IBOX layer taken into ac-
count.

Note that, the peaks in Figute 2111 correspond to the camddf the con-
structive interference occurs in the thin films when the agtthickness equals
an integer number of half a wavelength:od = Im\. In order to investigate
separately the influence of interference occurring in theXB&yer on the trans-
mittance of our SOI-LED structures, we do calculations Yoo tonditions as the
interference occurring in the BOX layer was or was not tak#a consideration
(see Figur€Z11).

The total transmittance from SOI LEDs as a function of wavgtk for the
light perpendicular to the interfacé,(= 0) is shown in Figuré 211. We can
clearly see that the interference of the emitted light oe@iwithin the SOI layer
from Figure[Z.Tlla, whereas from Figlre 2.11b the combinasfdboth interfer-
ences happening in the SOl and BOX layer can be observed.owssthat the
interference happening in the BOX modified the positions (tlavelength) of the
transmittance peaks.

The incident angle dependence of the total transmittancéuding the reflec-
tion from Si/BOX and BOX/substrate interfaces) for SOl LEWas calculated
for the wavelength of 950 nm and 1150 nm. This is exhibitedigure[2Z.12. We
see that the escape cone is a little bit different for difiemeavelengths and at the
same magnitude level with bulk Si LEDs. The transmittangeedarom 46 % to
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Figure 2.12:Total transmittance of emitted light out of SOI LEDs as a fiow of inci-
dent angle for 950 nm and 1150 nm wavelength.

66 % depending on the incident angle. Thus in order to caleuke extraction
coefficient for SOI LEDs we take a mean value of the total tnzsittance of 56 %
and using the EqL{ZP6) we have C = 0.0112. It also meansdhatttact the
internal efficiency of SOI LEDs we need to multiply the extrafficiency by a
factor of 89.

From these calculated data, we can see a large influencereft#isorption of
silicon wafer on the total transmittance, special for bullls. This suggests that
the externally observed emission spectrum of the LEDs walsldl be affected by
the re-absorption. This influence was carried out and wiptesented in the next
section.

2.2.5 Calculation of emission spectra from bulk and SOI LEDs

In 1982, Wirfel extended the thermal radiation theory afniék for many
different kinds of radiation[22]. In that theory, the extibn states of a semi-
conductor is characterized by their chemical potengialand ., is the chemical
potential of a single state at the conduction-band and atdlemce-band, respec-
tively. Under the equilibrium condition between the extdas of a semiconduc-
tor, the chemical potential of photons is definegtas= /. — ... From the general
radiation equation, the generalized Kirchhoff law wasadtrced for the photon
current,j,(hv, i), emitted from an emitter

i (w1 = () TS [exp (hk%) - 1} e

with hv is photon energyq(hv) is the absorption coefficient of the semiconduc-
tor; cis the light velocity in vacuum; anklT" is thermal energy.
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Figure 2.13:Theoretical spectra calculated for Si LEDs at 300 K.

Thus, the spectrum of luminescence intensity of a light emgjidevice can be
calculated theoretically. By using the calculated datahef $i absorption coef-
ficient (previously presented in Figure 2.5) and by comlgritrwith Eq. (Z31)
we can derive the theoretical emission spectrum for a Si L&Dexample of the
calculated emission spectrum of the Si LED at 300 K is showFigure[Z.1B.
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Figure 2.14:Comparison of theoretical spectra from bulk Si and SOI-LEDise spec-
trum of SOI LED was calculated for the case with the interfiesein both SOI and BOX
layer (FigurdZTl1b) but no backside reflection taken intosaeration.

The product of the photon currents(hv), and the transmittance of the Si
LEDs, T'(hv), will result in the emission spectrum of the Si LEDs. Now ider
to analyze the re-absorption effects of Si on the emissieatspm for different
structures (bulk and SOI), we used our calculations of thesimittance for these
structures.

The emission spectra from bulk Si LEDs at 300 K for the cash waitd with-
out backside reflection are presented in Fidurel2.14. Welssetie emission
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peak shifts to the longer wavelength when the backside tiflecs taken into
account. This is because in that condition the light with@rtr wavelength was
re-absorbed stronger by the large volume of the silicontsates

For SOI LEDs, since the light is generated mostly in the S@éilathe emis-
sion peak shifts to the shorter wavelength. We use the triéiagioe shown in
Figure[Z.1llb to calculate the spectrum from SOI LED, anddlse can be seen
in Figure[2Z.TH.

Conclusion

Based on the main possible recombination processes aagurria silicon
LED, the internal quantum efficiency of the luminescencepsses (EL and PL)
was calculated for a range of excess carrier concentraton £0° to 101 /cm?,
The calculated data show that at low injection conditionewthe SRH recom-
bination is the dominant process, the impurity level (des@llimpurities) is the
most important parameter in both cases of bulk-silicon LEDSOI LEDs, which
controls the fraction of the competing radiative band-amdb recombination rate
to the total rate of all other non-radiative recombinatioagesses. However, at
a higher injection level the device efficiency is controllegthe Auger recom-
bination process. For the light emitting devices realizadS®©I| material, the
non-radiative recombination at the interface and jundisra key issue related to
the device efficiency. To improve the light emitting effiabgnthe non-radiative
processes must be suppressed sufficiently. This can be gdmeiting the con-
tamination level during device fabrication processes, rhproving the Si/SiQ
interface quality, and by introducing a potential barrierbiock electrons and
holes from reaching the'pn*contacts.

According to the theory of optics and reported experimestatd, a model was
introduced to investigate quantitatively the relatiorvitn external and internal
efficiency of a light source. The relationship between mi¢and external effi-
ciency of our realized light emitting devices was given birastion from the built
models. The influence of the backside reflection on the tratemse coefficient
and the emission spectrum of the light sources realized tndilicon wafers is
stronger compared to that of the light sources realized dm&®erial.
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Chapter 3

Optical Measurement Equipment
and Calibration

Abstract

The electrical and optical analysis equipment used in tlugkvis reviewed
in the first part of this chapter. Short descriptions of eaggtical instrument are
presented. Calibration of the optical system is an impoitsue to confirm the
reliability of the obtained results. In the second part,igibrmation about the
equipment used and procedures carried out in the calibrptmcess of the optical
system are described.

35
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3.1 Electrical Characterization Equipment

Electrical measurements, including I-V and C-V charaeztgrons, are all car-
ried out on a Cascade and Karl Suss PM8 probe station andmviigent 4156C
parameter analyzer.

3.2 Optic Analysis Equipment

All optical analyses performed in this work were made on tweasurement
systems. In the first system, emitted light is collected bypjatical probe (Light-
wave Probe or LWP), and then the collected signals are guioledscanning
spectrometer (Spectro 320) by an infrared optical fiber. hen gecond system,
light emitted from the object is collected by a microscopd anaged on a cal-
ibrated infrared camera (XEVA Camera), where the imagepareessed to the
desired data by suitable software.

More detailed descriptions of these two systems are predestfollows.

3.2.1 Fiber Optic Probe System

The fiber optic probe system includes the optical probe, fibbte, and spec-
trometer. A drawing of position of the optical probe and devon the chuck
during measurements is shown in Figlrd 3.1.

fiber probe

Device under test

l@ L owm | ()

Figure 3.1:(a) A photo of the LWP Lightwave probEgl[1]; (b) Drawing of réle position
between fiber-probe and device under test.

Probe: The optical probe used here is the LWP Lightwave probe. Tiube
(see Figuré=3]1) is optimized for use with the Cascade Mectofprobe station
and is convenient for optical characterization in comboratwith electrical mea-
surements. The LWP Lightwave probe includes an infraredtalgiber mounted
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Figure 3.2:Spectral response of Si, InGaAs and Ge detector as a furaftiwavelength
(A/W = Ampere of sensor output per Watt of incident light poy2].

into a holder, which is designed not only to stabilize therfipe@be on the probe-
station but also to enable the probe to change the lightatoligangle of the fiber.
The used optical fiber is a lensed-multimode fiber with cor® @umer diameters
of 25 and 62.5:m respectively.

Fiber-Optic Cable: The optical cable is used to transfer the collected signals
from the Lightwave probe to the spectrometer. The infraredrfused is of the
step-index type with a core numerical aperture of G:22.02 and two ends fitted
with standard SMA connectors.

SpectrometerThe transferred signal is processed by the Spectro 320. The
Spectro 320 has a focal length of 320 mm and it includes tweatiets: a silicon
detector and an InGaAs (infrared) detector. Therefore, seinsitive for a wave-
length range from 190 nm to 1700 nm and suitable for analysisiofabricated
silicon-based light emitting devices. Typical spectrajp@ense curves of InGaAs,
Germanium and Silicon detectors are shown in Figure 3.2.

3.2.2 Microscope and Camera System

A schematic overview of the system is shown in Fiduré 3.3. imfrared light
emitted from the device under study is collected by an objedens and then
passes through all the optical elements of the microscogplifier in the optical
break-out box splits the light beam: 30-40 % of the light gtwea panchromatic
camera for a top-view image of the device-structure; theareing part trans-
mits to the XEVA camera. The Specim spectroscope for sigmallyaing can be
installed optionally.

Now let’s go to the detailed parameters of each componemisofystem.

Infrared Camera.We use an infrared XenICs (XEVA) USB camera, which
combines a thermo-electrically cooled detector head wighdontrol and com-
munication electronics. The camera head is designed totfiirwan aluminum
anodized housing. A standard C-mount lens is mounted ondbsig. A suit-
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Infrared XEVA

Camera

with splitter

e =*——__ Step-motor for
Panchromatic 1D translation
camera

Specim ____
ImSpector Optical break-out box

Microscope with

Analyzing structure NIR objective lens

on-top of a ChUK\AT

,—=_|
| Probe station system |

Figure 3.3:Schematic overview of the microscope-camera system.

Figure 3.4:(left) The XenICs camerdright) Picture of the 2D array of InGaAs photo-
diodes (XFPA-1.7-320-TE1 detector) [3].

able adapter can be used to connect the camera either gli@ttle microscope
system or via a Specim ImSpector.

The detector used in the XEVA camera is the XFPA-1.7-320;T&EMatrix
of (256 x 320) InGaAs photodiodes (on the right of Figlrel 3.4). InGdhsles
are specifically suited for near-infrared (0.9 - Lun) imaging. A typical photo-
response of the XenICs InGaAs is presented in Figure 3.5.npéeature con-
troller is used to regulate the thermo-electric cooler tabsgization of the detec-
tor working temperature. A chiller is used to provide wat#pithe inlet-pipe at
the rear end of the camera for cooling the thermo-electrideroAn analogue-to-
digital converter is used to translate the pixel informatioto the desired form.

Specim ImSpectorA combination of the XEVA camera and an Imspector
creates a spectral imaging device. captures a line frormthge through a slit and
disperses the light from this line to a spectrum. The spEati@ge contains spatial
information in one axis and spectral information in the otnds. As a result, itis
possible to acquire full-spectral information from eaatelimage captured from
the target. Then a 2-D spectral image can be formed if the &ot®p sequentially
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Figure 3.5:Typical photo-response of the XenlICs infrared camera asctifin of wave-
length [3].
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Figure 3.6:The reflectance of the splitter as a function of wavelerigth [3

captures images from the target by either moving itself ovimgpthe target in a
way that the slit can scan through the target-surface. Ircase, in order to have
the image of the device under study, we use a step-motor te theMimSpector.

Splitter. About 60-70 % of the light incident on the break-out box esmter
the ImSpector/camera. The other fraction is reflected torehp@matic cam-
era, which is used just for viewing the device under testnFRigure[3.6 it can
be seen that the transmittance, which is (1 - reflectanceeosplitter slightly
decreases in the range of 950 nm to 1350 nm (the wavelengik rHnnterest for
Silicon LEDSs).

Step-motor. It is designed as an adapter connecting the spectroscope to t
camera-ImSpector system. The motor does the 1-D movemdrdudosequently
brings the system staying on-top of it to a new position altmthe translation
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Figure 3.7:A schematic structure of the microscope Mitutoyo FS70Z [#jit

direction. The step-size of each movement step ig80 and the moving speed
of the camera can be controlled by software (X-Cube). Eaebtsal line image of

the target is stored by the ImSpector after each movemeptedtthe step-motor.
In this way the hyperspectral image of the whole emittinga@n be recorded.

Microscope. The microscope system used in our laboratory is the Mitutoyo
FS70Z model. The schematics of this system is shown in Fl§uireln our exper-
iments we used objective lenses with magnification rangioigpBx to 50x. How-
ever, the calibrated experiments were performed only witRl&h Apo(chromat)
near-infrared (NIR) lenses for 10x, 20x and 50x magnifigatibhe specifications
of these lenses are shown below in Tdblé 3.1. Typical tressom characteris-
tics of M Plan Apo lenses are shown in Figlrel 3.8. For NIR lspgeshows that
transmission decreases when wavelength increases frotoQED0 nm. As a
result, the losses due to absorption of the microscoperaystaild increase with
wavelength in the NIR range.

It should be kept in mind that the other optical componenteémicroscope
system, as shown in FigukeB.7, such as beam-splitters atitioadl lenses are
not optimized for transmission in the NIR range. Thus thedgssecause of these
components can be large.

Software. Control of the XEVA camera for each set-up configurationr(dta
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Model & N.A. W.D. [mm] | f[mm] | R[pm] | & D.F. [um]
Magnification| Numerical| Working | Focal | Resolving| Depth of
aperture | distance | length | power focus
M Plan Apo
NIR-10x 0.26 30.5 20 1.1 4.1
M Plan Apo
NIR-20x 0.40 20 10 0.7 1.7
M Plan Apo
NIR-50x 0.42 17.0 4 0.7 1.6

Table 3.1:Specific information of the infrared objective lenses [4]

Spectral transmission characteristics of 100x objective
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Figure 3.8:Spectral transmission characteristics of 100x objecéws [4]: NIR = Near-
infrared; SL = Super-long (working distance); NUV = NeatraNiolet.

alone or combined with ImSpector) is performed by means et Control or
X-Cube software.

3.2.3 Calibration of the microscope system
Equipment used for calibration

Firstly, we describe all characteristics of the equipmeseitLin the calibration
process.

Pencil Light SourceThe pencil lamp used in our wavelength calibration is a
6030 Argon (Ar) lamp with the output spectrum shown in Fidéi# and the used
wavelength peaks (in infrared-range) is presented in Talle

Light source.A 150 W Quartz Tungsten Halogen lamp with a broad emitting
spectrum (see Figufe_3110) is used as a light source for thatéon process.
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Figure 3.9:0utput spectrum of 6030 Argon lamp, run at 10 miA [5].

Peak number 1 2 3 4 5 6 7
Wavelength (nm) 912.3| 922.4| 965.8| 1047.1| 1331.3| 1336.7| 1371.8

Table 3.2:Useable peak wavelength of Ar lamp in the infrared range [5].

Optical fiber. To guide the light from the light source to the microscope, a
glass randomized bundles fiber cable is used. This fiber wasechbecause it
gives a good uniform output and it can withstand up to 180 The transmis-
sion characteristics of this fiber are shown in Fidurel3.11igaid infrared fiber
showed a higher transmittance compared to the glass buitzbe$ut it appeared
to be unstable due to the heat absorbed from the light sowtieh changed its
transmittance during measurement.

Filters. A filter-wheel is installed between the light-source and ¢ip¢ical
fiber. A set of filters: 400 nm; 600 nm; 800 nm; 1000 nm; 1200 nrB5@
G1000; and a heat absorbing filter was installed into thisrfitheel. Since the
spectral range of our fabricated silicon LEDs is from 850 ort350 nm, we just
used for calibration the 1000 and 1200 nm wavelength filter.aFrough overall
calibration, we also used two broad bandpass filters: thed@&8 the G100 for
the transmission in the range of 850-2800 nm and 1000-28Q0espectively.

Radiant power/energy metéffigure[3.1P). This measures radiant power and
energy directly (i.e., no more scale/calibration factoes meeded) with a flat re-
sponse£ 1.5 %) independent of wavelength for the UV - IR in the reagmyter
range from 100 pW to 3 W.

Silicon diode detectorThis covers the range from 220 nm to 1100 nm. The
spectral response characteristics of the silicon detactoshown in Figurie3.2. A
shap-on attenuating filter can be used to extend the maxinmwemprange from
1-3 mW to 100-300 mW. The detector is actually ax4@0 mn? silicon probe.
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Figure 3.10:Typical spectral irradiance of 250 W and 100 W Quartz Tungstalogen
lamp [5].
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Figure 3.11:Typical transmittance of bundles fibers. The dash line mteis transmit-
tance of glass bundles fiber used in our calibration [5].

This probe is used to calibrate the visible camera (not ptegéhere in this book).

Germanium ProbeThis is a near infrared probe including a&5 mnt Ger-
manium detector. It detects signals in a wavelength ran@@f1600 nm. With-
out attenuating filter, it covers a power range of 1 nW-30 m\Wh\Whe filter fitted
it can measure a maximum power up to 300 mW. Fiduré 3.2 prestsd the
spectral response of the Germanium detector.

Labsphere diffuse reflectorlt is termed as Spectralon (see Figlre B.13), a
commercially available diffuse reflectance material madmfpolytetrafluoroethy-
lene (PTFE). The Spectralon CSRT-99-020 material is the brayabertian reflec-
tor available for use over the wavelength range from 250 n@6@0 nm. In the

wavelength range of 850-1500 nm the Spectralon has a (d)ffedlection coeffi-
cient of 99.8 %.
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Figure 3.12:Radiant power/energy meter with a probk [5].

Figure 3.13:A photo of the Labsphere diffuse reflector (Spectralon).

Calibration procedures

Next all steps of the calibration process are discussed.

The first stepis the wavelength calibration of the infrared camera. Doing
wavelength calibration of the camera means that we needitvata the spectral
axis of a spectral image to a known position in the pixel-mmaif the camera.
Therefore, the camera and the ImSpector should be aligneddn a way that
the spatial axis of the spectrograph is parallel to the loote pixel lines of the
camera. The alignment procedure is described in the camenaah

In the spectral image of the pencil Ar lamp, seven horizootght lines cor-
responding to seven peak wavelengths in the infrared raiipe é\r lamp can be
clearly identified. These peak wavelengths are mentiondaei\r lamp charac-
terization section. Note that those spectral lines shoelgharp and as narrow as
possible. This indicates that the Imspector is in good fo@iherwise, we need
to focus it again by following the camera manual.

The wavelength corresponding to each spectral line candaetngpositioning
the cursor on this line on the spectral image. At the same, tineecorresponding
coordinates in the image are also displayed on the statusfithe screen. The
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seven read wavelength values must be exactly the same asvitre \savelength
peaks of the Ar lamp. If this is not the case, open the wavéhecalibration data
(Excel file) stored in the computer and then correct it. Theeobed Y coordi-

nates should now belong to the wavelength peaks of the Ar.laAgpa linear

regression is calculated in this Excel file, all 256 new weawgth values belong-
ing to 256 vertical pixels are shown. Copy all these 256 wewvgths to the wic
file (wlcalXeva.wlc) and then store it at the same previoesimn.

The second steps determinations of the loss-factor of the microscopy sys-
tem using a broad-spectral light source. In preparatiorttisr calibration step,
we measure the spot size on the object when the microscopefagus. The
microscope has three objective lenses of NIR-10x, NIR-20wl NIR-50x. It is
possible to do this accurately by focusing on a wafer withtpresist and devel-
oping the wafer after sufficient exposure. The spot diamrsetemesponding to the
magnification of 10x, 20x and 50x are 3.920, 1.600, and 0.6@Grespectively.

After preparation, we perform a preliminary rough calibvatby using the
broad band filters. It is a rough calibration because thetspetthe light source
at the object plane could be different compared to that atntlage plane (absorp-
tion and reflection within the microscope is not the same favelength range
studied). So we simply assume the losses of the microsceptha@isame for the
full near-infrared range under study. After that, we chamdesired objective lens
of the microscope. And then, the optical cable is used toegthid light from the
light source into the microscope (with the G850 and G100€r§jt

The light power density (in W/ch) of the light source at the object position
can be measured by a Ge detector. The Ge detector measutesyshents and
translates them into power by using a calibration data dtoréhe equipment’s
microprocessor. This translation can, however, only beedamen the wavelength
causing the photocurrent is set. We use a broad spectrumesand thus can
not make this conversion correctly. Since we measure atlijgeband at the im-
age position with the same detector and since we later ontltekeatio of these
two values to extract the loss-factor, it is possible to useaitrary value for
the wavelength setting. We use the 1150 nm wavelength foGtheetector in
this calibration step. Since at all three magnificationssihet diameter is always
smaller than the detector dimension (for both Si and Ge twleave can deter-
mine the light power density within the spot in W/éry taking the ratio of the
light-power, measured in W by the detector, to the spot afbea.measured light
power density is termed;P

Next, replace the detector by the Spectralon . This matesfcts>99 %
of the incident light in a Lambertian way. When the microseapin good focus
on the Spectralon surface, part of the measured light pandiffusely reflected
back through the microscope and imaged at the focal planhidtposition, the
spot-size is in general larger than the detector size. Torerethe spot-size can
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be ignored as we calculate this light power density in Wicrfihe light power
density at this position ( is compared to the previously measured light power
density on the chuck (p and it allows the loss-factor of the object-microscope
system to be determined.

We now know both the light power falling on the Spectralon ifcWi and the
power falling on the image plane (W/én Since the reflection of the Spectralon
is ~100 %, we can calculate a “transfer” factor of the total mscape system
which includes all numerical apertures, beam-splitteds avsorption. The loss-
factor (Fi,ss) can be extracted from the formula:

P1:P2”{:1loss']\42

opt

(3.1)

with M, is the magnification of the microscope.

In this ‘rough’ measurement, we do not include the spectriflience of the
light source, microscope system and the detector. To ingpifoe accuracy of the
calibration, it is necessary to repeat the entire sequehtteeambove mentioned
steps, however, now using a well-defined small band filtehénlight path. Then
we know the transfer factor for this particular wavelength.

In the third step the calibration-factor for a relative unit (Analog-togital
Unit - ADU) is determined. As replacing the detector by theneaa at the fo-
cal image plane of the microscope, the diode matrix of theerans exposed
completely by the light reflected from the Spectralon. THeamihtegrated light
intensity (in ADU-counts) is collected by the camera witheatain integration
time. Thus, we convert the integrated light intensity intmets per unit time
(counts/seconds). By dividing this intensity to the numtfgpixels (256x 320)
we are able to calculate the light intensity of each pixel(ds/pixel/seconds).
Each pixel has a size of 3030 :m?, so now we can calculate the light power den-
sity P, at the focal image plane measured by the camera into coeotsid/cm.
Then we can express the relation as

P, =F, P, (3.2)

with F is the calibration-factor measured in Joule/count. Nownfriag. [3.2)
we can calibrate one count into energy (Joule). Thus we cafordthe broad
spectrum light source and for the specific wavelengths als wel

The next stegs determining the loss-factor of the microscopy systenh it
small-band filter. The emitting wavelength-range of thdo&ed LEDs is from
900 nm to 1300 nm, and in order to improve the accuracy of thibraéion we
chose two filters which allow transmission at 1001 nm and I#@2vavelength.
The peak-transmission of the 1001 nm and 1202 nm filter isl4& @nd 36.47 %,
respectively, whereas their bandwidth at 50 % is 9.31 nm dn@71nm respec-
tively.



Chapter 3. Optical measurement equipment and calibration 7 4

According to the typical characteristics of each opticahponent of the mi-
croscope system presented above, we see that the tramsmivtethe light through
the complete system decreases with increase of wavelengik.means that at
each magnification level the total losses of the completegaortmpe system in-
crease with wavelength.

Thefinal stepis the spectrum calibration. In the case of spectral measemes
the real external spectral intensity could be obtained bsecting for each wave-
length. As we observed there is a considerable differentvedes the loss-factors
of the 1001 nm and 1202 nm small band filters. However, in praete did not
perform this correction meaning that all the presented tspec this thesis are
without such a correction.

Calibration data

The loss-factor £,s) as a function of magnification using the light source in
combination with a broad- and with a small-band filter: It wsahat the loss-

Magnification 10x | 20x | 50x
Loss-Factor £,s) With G850 186 | 250| 210
Loss-Factor £,s) with G1000 269 | 381 | 317
Loss-Factor £.s) with 1001 nm light 181| 241 | 197
Loss-Factor £},s) with 1202 nm light 266 | 355 | 260
Mean Loss-Factor for the 850-1350 nm rangg24 | 298 | 228

Table 3.3:Measured loss-factor (k).

factor is different for different magnifications. This isopmably due to different
materials used in the different lenses. We can also sedhtital loss-factor rises
with longer wavelength. The losses measured with the G10660dre larger than
that measured with the G850 filter. Thg,, at 1202 nm wavelength is larger than
that at 1001 nm wavelength. This can be explained by the Itnaasmission of
the optical components (for the lens see e.g. Fifule 3.8pfwer wavelength.

For practical applications when we want to determine theieficy of our
LEDs we can derive a mean loss-factor of the microscope iw#welength range
of interest for each magnification (as shown in Tdblé 3.3)oun experimental
data we used the mean loss-factor corresponding to eachifrnagon.

The calibration-factor (5 used to convert a relative unit (count or ADU) to
a absolute light power (Joule/second = watt) was calibraididthe well-defined
narrow-band light filters (1001 nm and 1202 nm) and present&dble[3.%.

From the data measured with the well defined narrow-banddjlte mean
calibration-factor of 1.8 0.3) x 10-!® JJADU was calculated and used in all
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NIR-10x NIR-20x NIR-50x

Calibration factor £, = J/ADU)

for 1001 nm light 1.8x 107 | 1.8 x 10718 | 2.1 x 10718
Calibration factor £, = J/ADU)
for 1202 nm light 1.5x107® | 1.5 x 10718 | 1.9 x 10718

Table 3.4:Measured calibration factors. in J/ADU.

subsequent calculations of absolute light intensity preskin this thesis.

Conclusion

The typical characteristics of each optical element hawn lpgesented. The
equipment used for the calibration of the microscope andecarsystem was cal-
ibrated and certified by the suppliers. The essential inédian concerning the
carried out procedures has been illustrated and the mehsealibration-factors
are presented and were in the predicted range. The catibregin be considered
as an approval for the quantitative reliability of our expental data.
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Chapter 4

Bulk Silicon LEDs with dislocation
loops

Abstract

In this chapter we report on the mechanism of formation oédsfin silicon
crystals due to ion implantation and on the feasibility afeas defect engineering
approaches for the improvement of light emission of silipbm diodes. Among
the crystal damages caused by ion implantation, dislacdtiops are effective
in the carrier recombination process and influence the kghission mechanism
when introduced close to the"fm junction of the diodes. The'pregion was
formed either by ion implantation or by diffusion; and optadly, additional lattice
damage was created by silicon ion implantation. The expErmpresented in
this chapter clearly indicate that lattice defects have tardental effect on the
efficiency of light emission from silicon light-emittingalies (Si LEDS).

The work carried out in this chapter was published in:

Tu Hoang, et al.;The Effect of Dislocation Loops on the Light Emission of
Silicon LEDs Proc. of ESSDERC 2005, pp. 359-362, Grenoble, Septembér 20

Tu Hoang, et al..The effect of Dislocation Loops on the Light Emission of
Silicon LEDs IEEE Electron Device Letters, vol. 27, no. 2, pp. 105-1@hrkary
2006.
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Introduction

lon implantation has been the dominant doping techniqusilicon ICs since
the late 70-s. lon implantation proceeds through acceldrnains shot into a per-
fect silicon lattice, each implanted ion creating a casaafdgamage displacing
numerous silicon atomsi[1] with crystal damages as a corsmgu Recently, ion
implantation has been proposed by Bigal. [2] as a key technique to improve
the light emission property of Si. In that paper Boron-iomplantation was used
to fabricate light emitting diodes with a dislocation loggion close to the p/n
junction. It was shown by Ng. that the internal quantum edficly of such diodes
can reach 10° at room temperature. The higher efficiency of light emissgon
attributed to the presence of dislocation loops near thguprction. It is argued
that these loops spatially confine carriers through a madidio of the band struc-
ture, thus reducing the probability that carriers recoralthrough a non-radiative
process at point defects in silicon.

However, this explanation of the observed relatively ggrdight emission
has led to debate in literature [3-10]. By texturing thecsifi wafer surface
with inverted pyramid structures in combination with mim@mg parasitic re-
combination by using high purity float-zone silicon wafefspkeet al. [5] re-
cently showed that high purity bulk crystalline silicon mlagve a much higher
light emission efficiency (6.% external photoluminescence quantum efficiency
at room temperature) than assumed thus far. Kiéteal. [6] claimed that the ef-
ficiency for light emission is largely governed by the ShegkRead-Hall (SRH)
lifetime 75ry, i.€., the quality of the Si material. In neagerfectSi material the
maximum quantum efficiencyis expected to reach about 30 Stoweet al. [[7]
reported on experiments where boron or silicon was impthtddorm defects in
silicon. These experiments showed that light emission sdcudamaged silicon
samples even when no p/n junction is present. Furthermaiaol&vet al. [9]
used Boron implantations to fabricate p/n junction on nSCaubstrate and the
highest electroluminescence efficiency in those experisneas obtained when
there are no extended defects which means no observatidre adffect of the
spatial carrier confinement in their experiments.

In experiments from referencel [4], the p/n junction wasizeal by diffusion
in order to avoid introducing crystal damages, i.e., tod/i@gh minority carrier
recombination lifetimes in bulk silicon. Together with etttechniques as inl[5],
the authors were able to reast % external efficiency power conversion at room
temperature. This led us to the idea of comparison of elkrhimescence effi-
ciency of Si LEDs fabricated with ion-implantation to thatatized with dopant-
diffusion. This will give more essential information abaftects of dislocation
loops on the light emission from silicon.

When dislocation loop engineering can really enhance thiatige recombi-
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nation in Si LEDs, this would give potential for light-soescin silicon.

The experiments we carried out here can contribute in finaisgitable model,
closer to reality, to explain what happens exactly insigediticon light emitting
diodes when the carriers are injected through these distocdaop arrays.

4.1 Defects formation in Si-crystals by implantation

The implantation process used in Si-ICs consists of thela@ten of ions,
targeting them at the silicon substrate thus implantingithreto it. Each implanted
ion itself follows a random trajectory with a rangg but the concentration of ions
will peak at a projected deptR,, below the surface of the wafer. The spread of
the ions depends on the traveling range; a deeper rangesdibownore random
stopping events. This gives rise to a distribution of iongmmost of the ions are
within a standard deviatiost A R,, of the projected rang&,,. The total number
of ions implanted per ciis defined as the dose and a convenient relationship
between dos®), peak concentratiod’, and standard deviatioft A R, can be
derived by several models. The simplest model to calculdi®-aistribution of
implanted ions is the symmetric Gaussian implant model Hslexpressed in
equatio 4N

C(z) = C, exp <—(x2_A};%)2) = i o (-w) em™?).

Due to the effect of channeling, a tail of the implant profiEnde formed
much further than expected. Also lighter ions have the teagléo back scatter
from silicon atoms and fill in the front side of the distribarii All these effects
are included in the dual Pearson model [12]] [13].

The equation[{4]1) is also useful for calculating an effecthickness of a
layer to be used as a mask to block the transmission of theamtgd ions through
it.

The scattering events can be divided into nuclear collsiand electronic
stopping. Sharp nuclear collisions result in displacenoérgilicon atoms from
the lattice sites. An atom or ion that does not reside at ed¢atiite, whether it
is the displaced silicon atom or the implanted ion, is callgdrstitial. A sili-
con atom displaced from its own lattice site is caltedf-interstitial The vacant
lattice site is calledvacancy When an interstitial is injected into the lattice, con-
siderable energy is released and the lattice becomesesiraiihe energy required
to move the interstitial is low and the interstitials canilgasigrate into energy
sinks. Also impurity ions/atoms both in lattice and intérak positions can act as
a sink for lattice defects thus promoting the defect cluistgorocesses. Interstitial
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positions are matrix places between lattice sites [14]. &l@x when an amount
of energy called the displacement energy, is put into the nuclear collision, a
stable self-interstitial-vacancy pair is formed, the stled Frenkel-pair. For sil-
icon the displacement energy is approximately 15 eV. ThdantgenergyE, is
often in the range of kilo-electronvolts (1-1000 keV). Téfere a large number
of displacements will be introduced. A large amount of istiéials and vacancies
are injected into the matrix. When interstitials or vacas@ncounter each other
they form clusters. Cluster formation reduces the amoudaogling bonds and is
therefore energetically favored. So the resulting lattiekects are primarily small
interstitial and vacancy clusters. The recombination cheawicy and interstitial
restores the lattice-order. If the dose is high enough thregrsy damage builds
up until eventually an amorphous state is reached. Thehblg$or amorphous
layer production is the total vacancy concentration abokiekvthe substrate is
assumed to be amorphous. It is expressed as a percentage sifichn atom
concentration[][1]: the silicon atom concentration i 5.0?? ions/cn¥, and this
threshold is often taken to be within Y0 of the silicon lattice density.

The forming of an amorphous layer is almost exclusivelyated by the im-
plant dose. However, the subsequent evolution of the amoiplayer depends
upon the implanted atom/ion mass and implantation energyointed out in[Ji1],
for heavy ions like arsenic, whose stopping may be dominbyeduclear colli-
sions, the damage profile is relatively flat over the wholgguted range up to
R, i.e., from surface to projected range atoms have beenadisg! Lighter ions
like boron have an appreciable component of electronicpstgpat higher ener-
gies. Electronic stopping does not result into displacdroéatoms. Therefore,
the damage accumulation is concentrated gain.e., atoms are only displaced
nearR,,. For lighter ions then, the amorphous region will form firsttee peak of
the damage density profile ne&f and expands on both sides of this depth as the
implanted dose is increased.

During the ion implantation, various levels of damage cannb@duced to
the lattice. Due to the presence of large amounts of intedstin this region, the
lattice becomes stretched. Meanwhile, the Solid Phasep{EPE) re-growth is
not stretched. Therefore, high stress exists at the amagpbwystalline interface.
To relieve stress, interstitials just beyond the amorpkoystalline interface form
dislocation loops. The nucleation process of dominantaef@epends on implan-
tation parameters (dose and acceleration energy) andapasiling conditions
like temperature and time. Alassification schemeonsisting of five categories
for the different forms of implant-related damages was fgairout by Jonest
al. in [15]. Many different configurations of dominant defectsre classified and
visualized by different techniques as shownlin [16], ] [1718][and [19]. From
our experiment, we intend to introduce dislocation loopsategory 1l (or End
of Range) damage with two configurations: (perfect) prisendislocation loops
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and faulted-Frank dislocation loops, those are shown ifial@ving sections.

The category Il damages cannot be avoided once an amorgyarsd formed
evolving into extrinsic dislocation loops after epitaxiagrowth of the amorphous
layer at 550°C and additional higher temperature treatment. The regiocomed
by the amorphous layer is negatively strained after anmgathereas the category
Il regions are positively strained because of the extraeotmation of interstitials
in those regions. There is still a strain field at the dislmealoop regions although
the energy reduction was associated with formation of aelarterstitial cluster.
Therefore, they can behave as gettering sites for impsatnel implanted dopants.

The loop growth is governed by the bulk-diffusion mechanisfAtcording
to bulk diffusion mechanism, the radii of growing loops arepmrtional to the
annealing time. This implies a uniformly increasing aver&gpp radii. In addi-
tion, the loop growth rate increases with the increase okalimg temperature.
At lower temperatures (700C, 800°C) this growth appears to be much slower
than that at high temperatures (900, 1000°C). In general, secondary defects
become large enough during post implantation annealingnapératures exceed-
ing 700°C in order to be observable via transmission electron momeg (TEM).

In the meantime of the growing dislocation-loop sizes wémperature, the total
loop density is decreasing. For 700 and 800°C annealing, the loops remain

in the coarsening regime and the density of the interstibalund by the loops is
constant during the annealing process. For @@nnealing, the interstitial den-
sity decreases after 30 minutes and the loops change frono#isening regime

to the dissolution regime. After only 15 minutes of anneglat 1000°C, the
loop dissolution process starts and the interstitial dgnsiaches a very small
value 3 x 10'%/cm?) after 2 hours. For annealing times greater than 2 hours at
1000°C, very few loops remain and they evolve into stacking fa@@s-22].

4.2 Experimental

In order to analyze the influence of the dislocation loopshenliminescence
from silicon, we fabricated fn diodes in Cz-grown 5-1Qcm n-type silicon
wafers, with the p located near the silicon surface (see Figuré 4.1). The p
region was formed by either'Bion implantation (at various energies between
40-100 keV) or by solid-state diffusion from B-doped CVDdaiayers. The dis-
location loop formation inside the B-implanted LEDs was ttolted by varying
the temperature of post-annealing between 850-2@0®or 20 minutes (in line
with Ng et al. [2]). The diodes formed by B diffusion were optionally imptad
with silicon (10° Sit atoms/cr at 200 keV and/or 450 keV) and subsequently
annealed at 950C for 20 minutes after each implantation to form dislocation
loops. Two implant energies of silicon were used to contieldepth of the dis-
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Figure 4.1:Solid schematic of structure of the fabricated LEDs.

location loops: either before the metallurgical junctioa,, inside the p region
(using 200 keV) or beyond it, i.e., in the n region (with 450/keThe conditions
used, such as: implantation dose, acceleration voltageading temperature and
time, are suitable for forming process of the category lladigtion loops. The
silicon implants were carried out on half of the wafer onlye 450 keV implant
was carried out on the right half, whereas the 200 keV impleag carried out
on the bottom half, as sketched in Figlirel4.2. In this manther,comparison
between implanted and non-implanted diodes becomes muoresentative since
all diodes are bound to exactly the same process conditidtes. implanting and
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Figure 4.2:Silicon ion implantation experiments on a single wafer agnihg B-diffused
silicon LEDs.

annealing, aluminum contact pads were formed at the backfrant-sides of the
device. The wafers were then sintered at 400or 5 minutes in wet B In order
to get comparable diodes, the sizes and structures of thiedédd LEDs were
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taken identical. The Pp sheet-resistance and junction depth were controlled to
be in the same range by changing implantation energy andsthfi conditions.
The sheet-resistance of theé pegions was measured by thaur-point method,
and the junction depth of the"n junctions was checked by tHeall-grooving”
technique. The obtained junction depth)X’dnd sheet resistangge of all LEDs

are presented in takle #.1.

Nr. | pt formation| Si* implant Anneal X;+£ 50| ps £ 0.4
(10'° cm~2) (nm) | (YD)
1 diffusion - 2 x 20"950°C | 415 25.0
2 diffusion 200 keV 2 x 20"950°C | 410 25.0
3 diffusion 450 keV 2 x 20'950°C 410 24.7
4 diffusion 200&450 keV| 2 x 20" 950°C | 410 25.5
5 40 keV B" - 20’ 850°C 360 23.0
6 40 keV B* - 20’ 900°C 370 23.7
7 40 keV B* - 20’ 950°C 395 24.7
8 40 keV B" — 20'1050°C 420 25.2
9 | 100 keV Bf - 20’ 950°C 650 28.2

Table 4.1:0verview of the silicon LED process variations and the messdata of the
junction depth (%) and the sheet resistange ) for these LEDs. Samples with"gregion
made by B-diffusion are annealed after each of the silicqoiamts.

These parameters of both implanted- and diffused-diodes baen used as
one of the key-elements for getting the suitable experial@anditions to realize
the comparable devices. The lateral extension of theegion is typically 200x
200 m?.

Electrical characteristics were measured using a Cascabtle ptation and an
Agilent 4156C parameter analyzer. Emission spectra wetiaradd with a Spec-
tro 320 scanning spectrometer and an InGaAs detector. Aoabfiber (65um
diameter) was mounted on a micromanipulator and positiatede the LED to
guide the light from the LED to the spectrometer. This detewtith sensitiv-
ity in the range of 850-1650 nm is very suitable for the erdigpectra centered
around~1100 nm wavelength. The EL efficiency measurements wereedasut
at IHP/BTU Jointlab, Cottbus, Germany, with a cooled Ge ctete

The presence of extended defects was verified using HR-XRDHRTEM
measurements. The strain profile, created by the appean&diocation loops,
in Si crystalline has been obtained by HR-XRD using the pogK’'Pert Epitaxy
v.4.0 from Panalytical B.V. And the configurations of therattuced dislocation
loops were observed by HRTEM images. More details aboupagemt and mea-
surement procedures are explained in chapter 3.
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4.3 Configurations and strain profile of defects

Configuration and presence of lattice defects created im Bamplanted and
Si-implanted devices were investigated by cross-sectioM analysis. From all
TEM images it is obviously seen that the dominant defectslelecation loops.
Actually, there is also the existence of other kinds of disfsach as dislocations
and point defects but very little compared to dislocatioop®. The two config-
urations of the formed dislocation loops that can be seelll iRE&M images are
faulted Frank loops and prismatic loops.

Figure 4.3:Two magnifications of cross-section HR-TEM of a B-implantieice with
40 keV implantation energy followed by annealing at 9&Dfor 20 minutes in nitrogen.

250 keV/

Figure 4.4:Cross-section HR-TEM of three Si-implanted devices: imftion energy
at 200 keV [eft); at 450 keV (ight) and two implantation levels 200 keV + 450 keV
(middlg with post-annealing at 950C for 20 minutes in nitrogen.

In the B-implanted devices, dislocation loops were creatéae upper 300 nm
of the sample as shown in Figure4.3. The defects do not esxttetite upper
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Figure 4.5:HXRD profile depends on scan-angle of B-diffusion speciméhaut im-
plantation. In (a): the dot-line is the experimental HRXRiensity as function of scan-
ning angle; and the continuous-line is the best fit corredimonto the calculated data
from simulation model of the XRD technology. In (b): Strairofile dependence from
depth of sample obtained by simulation corresponding tcbttst-fit data; Only tensile
strain introduced by boron dopant extending deeply intestli@on substrate.

Si/SIO, interface. Since boron implantation was used to fabricateegions and
also to introduce dislocation loops, the p/n junction wiltate deeper into the
silicon substrate. Using the ball-grooving technique am fébricated structure
we see the p/n junction at 395 ntn50 nm depth from the Si/SiQnterface.

The dislocation loops were also observed on Si-implantettds realized at
different implantation energies as presented in Figure At¥ band of defects is
present at a depth of 250-350 nm and of 450-670 nm below t8&XGihterface
respectively for 200 keV and 450 keV Si-implanted sample.e @islocation-
loop band formed by silicon implantation expands into adamgnge and has a
higher density with respect to that in the boron implantasamples because of
heavier implanted-ions and higher implantation energyweéier, the diameter of
dislocation loops in both Si and B-implanted samples ardairand in the range
of ~100 nm, since they were formed in the same post-annealirdjtcmms. These
profiles of dislocation loops can also be seen in TEM imageeofads with two
implantation energy levels as shown in the middle of Figu# 4

The junction depth on the Si-implanted devices have also determined by
using the ball-grooving technique. At a depth~o#10 nm, the p/n junction is
located between the two dislocation-loop arrays formedQfykeV and 450 keV
implantation.

High resolution X-Ray diffraction technology was used inl@rto quantita-
tively extract the strain-field profiles introduced by thasgance of dislocation
loops in crystalline silicon. The measurement results iobthfrom the non-
implanted and from the 200 keV Si-implantation sample amshin Figurd 4b
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Figure 4.6:(a): HXRD profile depends on scan-angle from B-diffusioncémen with
Si-implantation at 200 keV. (b): Strain profile dependenmoenfdepth of sample obtained
by simulation corresponding to the best-fit data; A compvesstrain peak of-0.1 GPa
(da/a = 800 ppm) is created by presence of dislocation lob@5G@-320 nm depth from
Si/SiO, interface.

and Figurd_4J6, respectively. In both Figures the dotted iinthe experimental
XRD intensity in counts as a function of scanning angle,(26) in seconds, and
the continuous line is the best fit corresponding to the ¢aled data from the
simulation model of the XRD technology. According to thesécalated data a
simulation was carried out to extract the strain profile acbdislocation-loop ar-
rays. The absolute magnitude of this strain was calculayatssingHooke’slaw:

g = Ygi . % (42)
asi
whereYsg; is Young’s modulus of crystal silicon at 300 K, 113 GPa, da&the
relative strain of silicon, andsais the lattice unit of silicon, 5.43.

A tensile strain, as a result of boron doping, is extendignfithe Si/SiQ
interface to deeply into the silicon substrate and is oleseon both samples. A
compressive strain peak ef0.1 GPa (corresponding to da/a = 800 ppm and in
the same magnitude level as presented_ih [24]) created byrésence of dislo-
cation loops at 250-320 nm depth from Si/Si@terface is only observed in the
Si-implanted sample as shown in Figlrel4.6b. The positiothisf strain peak
is in agreement with the position of the dislocation loopagron the HRTEM
micrographs of that sample.
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4.4 Electrical Characteristics

] no implant

1- - Bimplant @ 40 keV

10° 4=~ =Siimplant @ 200 keV

3- - - -Siimplant @ 450 keV
§—- —siimplant @ 200 + 450 keV

Current density (A/cm?)

Voltage (V)

Figure 4.7:3-V characteristics of five LEDs: B-diffused without imptaB-implanted at
40 keV; B-diffused with Siimplant at different energy 200kd50 keV, 200 + 450 keV.
All LEDs were annealed in nitrogen at temperature of 96For 20 minutes.

Current density-voltag@)-V) characteristics were measured at room tempera-
ture between the back and front contacts to verify a nornual@operation and to
investigate the level of generation-recombination cuseAll devices show a low
leakage current, as illustrated in Figure]4.7 for five diodik the same size but
different defect densities. This is contrary to the resafiatibed in referencél[2].
At a reverse-bias of 15 V, the highest leakage-current tdeosR.5 Alcm? was
seen in the doubly implanted diode. Under forward bias, Yerydecade change
of current, the voltage changes vary in the range of 64 mV ton¥2 and the
dominant contribution to the total current is the diffusicnrrent component. It
means that all diodes show a good ideality and recombinatiocess takes place
outside the space charge region throughout the low injecégime.

4.5 Light Emission Properties

The electroluminescence measurement of the devices waesccaut at room
temperature. Electroluminescence was observed undearfditwas at a constant
current of 100 mA (current density of 250 A/ém Light comes out not only
straight above the diode itself, but also (with weaker isigf) from the sides, as
shown by the photograph in Figure 4.8, and also reportedijn [2

The LED efficiencies were estimated from the EL band-to-b&adsition
peaks. The spectra were normalized using the spectralnsspaf the system
on a calibrated light source. The normalized spectra weza thtegrated and
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-

Figure 4.8:Photograph of a silicon LED device under a forward bias auroé 50 mA,
taken with an InGaAs (infrared) camera. The inside squatieeigliode area; the rectan-
gular black feature around it is the aluminum interconnect laond pad.

Internal Efficiency, %

1.6

=
N
1

o
[o2)
1

©
»
1

0.0

T T T T T T
Samples:
1. B-diffused, no implant
B-diffused, Si-implanted:
2.200 keV
3. 450 keV
4. 200 keV + 400 keV
B-implanted & annealed:
5. ann@850 °C
6. ann@900 °C
7. ann@950 °C
® 8. ann@1050 °C

AN

O,_/
o o0 O

O

2 3 4 5 6 7
Sample #

8

Figure 4.9:Comparison internal efficiency of all diodes.

after which the values were converted into photon flow at thergy of the re-
lated peak maxima and divided by the acting value of eledlmmto obtain the
external quantum efficiency. A correction factor of 73 bedwénternal and ex-
ternal quantum efficiency was calculated with the assumpioa Lambertian
cosine distribution of emission from the diode surface amdyaorable contribu-
tion from the reflection of the wafer-backside [5][25]. Theerimental error of
these absolute measurements was estimated to be ab@uai3®was mainly due
to inaccuracy in adjustment of samples, mirrors, and catiilin sources. The es-
timated internal efficiency of all diodes are compared amshin Figurd4.b. A
maximal internal efficiency of 1.% was demonstrated by the B-diffused (without
implantation) diode. The diode with double Si-ion implditda of (at 200 KeV
and 450 keV) shows the lowest efficiency. The efficiency ofriplanted samples
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was significantly below the value for the diffused LED andsta@amproved with
the increase of annealing temperature.

All electroluminescence spectra of the manufactured LER®svsthe same
emission peak at a wavelength of around 1150 nm, associ#tedhonon-assisted
radiative band-to-band recombination.

4.5.1 B-implanted LEDs

The evolution of the dislocation loops depends on the amggabnditions
after implantation as pointed out in the first section. Inurej4.I0 the emission
spectra of B-implanted LEDs annealed for 20 minutes at fearperatures are
displayed. The highest light emission intensity is founthi@ device annealed at
1050°C, consistent with the reported trend in [9]. Identicallppessed devices
showed a 4.3% variation of the electroluminescence.

——850 °C

- - 900°C N
6] ----950°C AR
—-—1050°C / \

EL intensity (a.u)

T T T T
900 1000 1100 1200 1300
Wavelength (nm)

Figure 4.10:Emission spectra of B-implanted LEDs under 100 mA bias ciress a
function of wavelength, annealed at various temperatures.

Figurel4.11 also shows a clear difference between lightgarigrom shallow
and deep junctions. The light intensity increases with gdeboron implant. A
higher energy implant leads to a deeper junction, and tbexehinority carrier
injection takes place deeper into the bulk. As a result, ramhiative interface re-
combination is more significant in the shallow junction LEi2am in the one with
the deeper junction. Moreover, the recombination rateeapthcontact also plays
an important role in these devices (see chapter 2). Sindeigltallower junction
the dislocation-loops are closer to the junction, theyaattmore recombination at
the p" contact and thus a lower injection level in the bulk. These teasons ex-
plained for the observation shown in Figlire 4.11 and wer@asudged by previous
reports [5].
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Figure 4.11:A silicon LED formed by diffusion exhibits stronger light éssion than an
ion-implanted LED. A lower implant energy leads also to lolight emission.

A direct comparison of LEDs with the same physical properhet prepared
to use boron diffusion rather than implantation, shows @rssing phenomenon.
The spectra obtained from these compared LEDs are showgund=L. T1L. Whereas
the light emission spectra from these two types of diodes/gshe same form, in-
dicating the same root for the photon emission mechanisenntiensity of elec-
troluminescence is higher for the diffused diodes than i@ implanted ones!
This strongly indicates that the defects created in theasili(by the boron im-
plant) influence the light emission in the diode; they redwatber than enhance
it.

In earlier work [2], it was assumed that the light emissiorsiiicon is en-
hanced by the presence of dislocation loops, through thedton of a strain
field. From the experimental results presented above, henvdvseems that the
introduction of dislocation loops suppresses the radatdcombination! For an
independent confirmation of this remarkable result we setsgrond experiment,
which will be presented in the next section.

4.5.2 B-diffusion LEDs with and without Si implantation

The same LEDs formed by boron diffusion, i.e., diodes witgliggble crystal
damage, were exposed to silicon implantations and substgaanealed (before
metalization). An appropriate choice of annealing temjueesand time (950C
and 20 minutes) results into the formation of extended defeose to the diode
junction. Cross-section TEM micrographs confirmed thegmes of the disloca-
tion loops at the appropriate depth, as indicated in se@i@n The dislocation
loop density was estimated to be:10'' cm~2 in the silicon-implanted samples,
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Figure 4.12:Comparison of the electroluminescence of B-diffused ailidiodes with-
out, and with silicon ion implantation to form lattice defec The device with the least
lattice damage emits most light.

which is more than three orders of magnitude higher than ¢énsitly observed in
diffused junctions[26]. It means that the effect of cryskalects introduced on the
diffused LEDs by diffusion process consequently is threkems smaller than that
on the implanted LEDs. In experiments from Gresral. [4], dopant-diffusion
technology is used and is one of the important elements fiingemprovement
of electroluminescence from silicon diodes.

This experimental approach leads to very similar silicasésl LEDs with and
without silicon lattice damage. The spectra obtained frbesé diodes confirm
our earlier findings, see Figufe~4112. Diodes that receiv@dmplant exhibit
the highest electroluminescence; implantation forminigcts above the junction
has a detrimental effect to the luminescence, but the desdect implantation
(450 keV) is clearly the most detrimental to the light enossiThese experiments
provide support for the earlier suggestion by Sobelesl.[9] that gettering of re-
combination centers might play a role in the improvementtbby Nget al. [2]],
and the recent findings of Truplke al.[5] that clean, monocrystalline silicon may
be a much more efficient light source than generally assuméth our experi-
mental method, we were not able to separate the effectsfefelit defects (point
defects, dislocations, stacking faults...) to the emissitficiency, and one type
of defect may counteract the contribution of another. H@vesince the mecha-
nisms for the evolution process of dislocation loops as tedimut before in the
first section and the fact of the obtained data, the domigal&fiects, present close
to the p/n junction in the fabricated LEDs, are dislocatioogs! Therefore, on
high quality monocrystalline silicon material, where theaning-function of the
gettering processes is less important, dislocation loogsigaffect the radiative
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recombination rate due to a lower injection level causedheyadditional SRH
recombination at the defects.

The appearance of strain fields in crystalline silicon aidiséocation loop re-
gion helps to create an energy sink that acts as getterirnigredr impurities and
implanted dopants, and the carrier confinement functiorhaf strain field has
not been observed in these experiments. Furthermore, ¢isemqee of dislocation
loops close to p/n junction of LEDs creates extra non-radiaecombination cen-
ters at a deep stale [27] which considerably decreasegtitelnission efficiency.

4.5.3 Temperature Effects

The temperature dependence of the light emission spectramestigated by
measurements at various chuck temperatures in the range3e#123 K. Three
diodes were characterized: one boron-implanted and ttez ttlo boron-diffused
diodes with and without silicon implantation. A monotononsrease of the in-
tegrated electroluminescence with temperature, showigur€{4.I3, is found in
all diodes with and without dislocation loops.
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Figure 4.13:Integrated EL intensity as function of chuck temperatur@ainge 253—
473 K: B-diffused diode (square symbol); B-implanted LEDI@tkeV (triangle symbol)
and B-diffused LED with Siimplant at 450 keV (circle symhol)

The temperature dependence of emission from silicon LEPsived much
attention regarding the essential physics behind it. Hewesonflicting obser-
vations were presented in literature. In particular at émegerature range above
200 K contradicting results were reported. [lh [6] and [31]@ereasing EL was
observed with increasing temperature; [ih [2] the EL wasenathdependent of
temperature in that range; and [ [4] an opposite behavier, decreasing EL
with increasing temperature, was observed.
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With the model proposed in][6], the SRH statistics for shadtoap levels were
used and the increase of SRH lifetime with temperature wasirsdd. When
the excess carrier concentratidm < 10'"/cm?, the SRH-lifetime increase could
overcompensate the decrease of the radiative recombira@igificient. Thus, the
SRH-lifetime increases when temperature increases gamedng to an increase
of the light emission efficiency(T). However, since in our experiments the lu-
minescence was observed at high injection levels (i.e.jgkteln excess carrier
concentration), this model may not be applicable.

In [B1] the authors reported another model based on thetiacwhen a p/n
junction was present in a silicon substrate, there are t¥ferdnt radiative recom-
bination processes occurring competitively: the transv@ptical (TO) phonon-
assisted free exciton recombination at band-edge of siliand the TO phonon-
assisted of excitons bound to traps. Redistribution batwikese two processes
when raising the temperature led to the anomalous temperb&havior of the
light emission from silicon light emitting diodes. This meéghowed a very good
fit with their experimental results. But, from our obsergas (and also from [3,
5, 6]), the radiative band-to-band recombination processites mostly deeply in
the silicon substrate, far from the p/n junction (i.e., fiaamh the created defects).
Thus this model is probably also not suitable to explain @megerature behavior
in our experiments. We should, however, keep in mind thahareasing recom-
bination rate at the p/n junction will influence the injectievel in the bulk when
operating at constant current.
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Figure 4.14.The band-to-band radiative recombination coefficient BusrL000/T, data
extracted from([29].

We have to realize that the band-to-band radiative recoatioim rate coeffi-
cient B depends not only on temperature but also on the iojettvel [25, 26,
29]. At different temperatures, the decrease of B when asirg the injection
level occurs with different temperature dependent ratéf [Bhe B-values at low
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Figure 4.15:Decease of band-to-band radiative recombination coeffi@ewith injec-
tion density at different temperatures, data extracteoh 2] and [32].

injection level were taken fronl_[29] and combined with theulés from [32],
see Figuré_414. When we combine the data from [29] &nd [32¢avecalcu-
late the decrease of B with injection density at differentperatures as shown in
Figure[415. We can clearly see that when the injection tieisbelow~ 2 x
10'" /cm?, B decreases with increasing temperature and vice verseab@ x
10'" /cm?. This explains the contradicting experimental tempeeatioservations
as mentioned above and the positive temperature behaviohwie observed.

We should further keep in mind, as mentioned in chapter 2,ahthis high
injection level, the carrier lifetime is controlled by theider recombination pro-
cess and that the Auger recombination rate coefficient as&® with increasing
temperature [33]. Due to this the injection level will inaee for increasing tem-
perature at constant injection current. These two phenarfdly clarify the EL
temperature dependence of our fabricated LEDs.

Spectra of one of three diodes, the boron-diffused diodk siiicon implant
at 450 keV, at different temperatures are given in Figur@4That Figure also
clearly shows the trend that the emission peak of all diotgtsdo larger wave-
lengths, qualitatively consistent with the band gap desess a function of tem-
perature [[34]. That change in band-gap energy of semicdoducan be ex-
pressed by the equatidn [27]:

- T?
T+

E,=E, (4.3)
where Fy is band-gap energy at 0 k; and 3 are fitting parameters, for silicon
they are 4.73< 104 (eV/K) and 636 K respectively.

When the temperature increases up to 423 K an indent aroenthténsity
peak of spectra was observed as in Fidurel4.16. This can beaimag by the
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Figure 4.16:EL spectra of B-diffused LED with Si implant at 450 keV as ftion of
chuck temperature in range 253-473 K.

change of the absorption coefficient of silicon at high terapges and might be
a result of competition at high temperatures between thebmapeting processes
of photon emission and photon absorption.

Conclusion

Silicon light emitting diodes were reported to exhibit higghantum efficiency
when the crystal defects are created near the p/n junctioweler, with our two
experimental approaches we show that silicon lattice danmag a detrimental
effect to the emission of light in forward-biased siliconmpdiodes. This was
observed in a wide experimentation range with varying deion loop densities,
dislocation loop depth, and annealing temperature. Thiasfimaling contributes
to a revision of the current understanding of light emis$iom defect-engineered
silicon LEDs. In these experiments a presence of local@aconfinement close
to dislocation loop regions due to the created strain fielsl mat observed.
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Chapter 5

Band-edge and D-line emission from
bulk Si LEDs

Abstract

The work carried out in chapter 4 is extended by the coopmaratiith a re-
search group named IHP/BTU JointLab in Cottbus, Germanye rBisults ob-
tained from the JointLab on our realized bulk Si-LEDs shout the light emis-
sion from silicon can be tailored to a longer wavelength atéhecommunications
level by the formed dislocation loops. The main results vpeesented in the IEEE
Transaction on Electron Devices. In this chapter we rephistpublication.

Copyright © 2007 IEEE. Reprinted, with permission, from EEransaction
on Electron Devices, vol. 54, no. 8, pp. 1860-1866, Augus720
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Influence of Dislocation Loops on the Near-Infrared
Light Emission From Silicon Diodes

Tu Hoang, Student Member, IEEE, Jisk Holleman, Phuong LeMinh, Jurriaan Schmitz, Senior Member, IEEE,
Teimuraz Mchedlidze, Tzanimir Arguirov, and Martin Kittler

Abstract—The infrared light emission of forward-biased silicon
diodes is studied. Through ion implantation and anneal, dislo-
cation loops were created near the diode junction. These loops
suppress the light emission at the band-to-band peak around
1.1 pem. The so-called D1 line at 1.5 pum is strongly enhanced by
these dislocation loops. We report a full study of photolumines-
cence and electrol ence of these diodes. The results lead to
new insights for the manufacturing approach of practical infrared
light sources in integrated circuits.

Index Terms—Dislocation loops, integrated optics, integrated
optoelectronics, light-emitting diodes (LEDs), light sources,
lumi t devices, optoelectronic devices, semiconductor device
fabrication, semiconductor devices, silicon.

I. INTRODUCTION

NTEGRATED electronics and integrated optics are enabling

technologies for the digital age. A breakthrough is expected
when electronics and optics can be fully integrated onto a single
chip [1]. Currently, light can be transported, split, switched, and
detected using integrated components in a microchip. However,
a light source that meets all the requirements for full monolithic
integration is still being searched. The quest is for an efficient
light source operating at (and above) room temperature and
preferably emitting in a narrow wavelength range. Red or
near-infrared light would be very suitable for communication
purposes. The light emitter should be laterally confined and
preferably switchable at gigahertz frequencies.

Light-emitting diodes (LEDs) and laser diodes based on
III-V semiconductors show excellent technical qualities, but
integration of these into a silicon chip has proved far from
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Fig. 1. Typical luminescence spectrum of dislocated Si measured at 80 K. The
dislocation-related peaks D1-D4, as well as the BB peak, are indicated in the
figure.

straightforward. The use of a silicon diode as LED is compli-
cated by the indirect bandgap. This leads to a long lifetime for
radiative recombination and, hence, severe competition from
nonradiative recombination processes. Until only a few years
ago, the quantum efficiency of a standard silicon diode was
assumed limited to 10~¢. However, it was recently shown that
forward-biased silicon diodes can reach an external quantum
efficiency close to 1%, combining standard silicon technology
with established techniques from the LED and solar cell indus-
tries [2]. The key in reaching high internal quantum efficiency
is in the mastering of the competing nonradiative recombination
processes: Schockley-Read-Hall (SRH), Auger, and surface
recombination [3]. A theoretical maximum efficiency around
20% has recently been predicted for silicon LEDs by several
groups [4], [5]. Modern IC technology offers a complete toolkit
to make such diodes, and one can further benefit from the
high purity of present-day silicon wafers. Silicon also can be
prepared to emit at somewhat longer wavelengths, as illustrated
in Fig. 1 (after [6]); the D1 peak around 1.5 pum is particularly
fascinating for the purpose of optical communication.

In various papers, a relation is reported between the quantum
efficiency of such silicon LEDs and the presence of dislocation
loops [6]-[10]. Dislocation loops can be conveniently formed
using ion implantation and subsequent anneal. Therefore, a
dislocation-loop-engineered silicon LED emerges as a poten-
tial light source for the further integration of electronics and
optics. However, the contradicting reports in literature concern-
ing the theoretical explanation of the dislocation loop’s role,

0018-9383/$25.00 © 2007 IEEE
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Fig.2. Cross section of a LED with two dislocation loop arrays formed above
and below the pT /n junction.

as well as contrasting experimental reports, call for further
experimentation.

In this paper, we investigated silicon LEDs with deep p*—n
junctions and created dislocation loops around the junction
using ion implantation and anneal. In a recent paper [9], we pre-
sented evidence that dislocation loops are detrimental to band-
to-band (BB) electroluminescence (EL). This paper brings a
full account of photoluminescence (PL) and EL in the full
wavelength region of interest (1-1.6 pum), which are extended
to cryogenic temperatures. Also, further physical analysis using
transmission electron microscope (TEM) and high-resolution
X-ray diffraction spectroscopy (HRXRD) is presented. A com-
plete and consistent physical picture emerges on the interac-
tion between the dislocation loops and the light emission of
silicon LEDs.

II. EXPERIMENTAL DETAILS
A. Device Fabrication

We fabricated p*'n diodes in Cz-grown 5-10-2 - cm n-type
silicon wafers (see Fig. 2). The p* region was formed by
either 40-keV BT ion implantation or by solid-state diffusion
from B-doped CVD oxide layers. The B diffusion took place
at 950 °C for 10 min in nitrogen plus 20 min in oxygen.
Under this condition, the p* sheet resistance and junction depth
were in the same range as the B-implanted regions (around
25 Q/square and 400 nm, respectively). The sheet resistance
of the p* regions was measured with a four-point probe, and
the junction depth of the p*/n junctions was checked with
the ball-grooving and staining technique. The dislocation loop
formation inside the B-implanted LED was steered by varying
the anneal temperature between 850 °C and 1050 °C, for a fixed
time of 20 min.

The diodes formed by B diffusion were optionally implanted
with 10 SiT atoms/cm? and subsequently annealed at 950 °C
for 20 min in nitrogen ambient to form dislocation loops. Two
implant energies of silicon were used to control the position of
the dislocation loops: either above the metallurgical junction,
i.e., inside the pJr region (using 200 keV) or beneath it, i.e., in
the n region (with 450 keV). A single B-diffused wafer received
all Si implant varieties, by implanting only part of the wafer.
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TABLE 1
OVERVIEW OF THE SILICON LED PROCESS VARIATIONS. SAMPLES 14
ARE ANNEALED AFTER EACH OF THE SILICON IMPLANTS

Nr. [ p* formation | SiT implant Anneal
(10" em™?)

1 diffusion - 2 x 20’ 950 °C
2 diffusion 200 keV 2 x 20’ 950 °C
3 diffusion 450 keV 2 x 20’ 950 °C
4 diffusion 200&450 keV | 2 x 20° 950 °C
5 40 keV B* - 20" 850 °C

6 40 keV BT - 20’ 900 °C

7 40 keV BT - 20’ 950 °C

8 | 40 keV B* - 20° 1050 °C

Possible wafer-to-wafer variations (e.g., low-level contamina-
tion or thermal budget differences) are thus avoided. (Transient-
enhanced boron diffusion caused by the silicon implants
[11], [12] will result in slightly different p* profiles for each of
the diodes. We found no evidence that this affects our results.)
Under the given implantation dose, acceleration voltage, and
annealing temperature and time, category-II dislocation loops
form [13], [14] in two configurations: prismatic dislocation
loops and faulted Frank dislocation loops.

Subsequent to the implantation and the final 950 °C anneal,
aluminum was deposited at the front- and backside of the
devices, and the front metal patterned. The wafers were then
sintered at 400 °C for 5 min in wet Ny ambient. The lateral di-
mensions of the p* region (approximately 200 x 200 ;zm?) and
the test structure geometry of the fabricated LEDs were similar
for all those four regions as well as for the case of B-implanted
samples. Larger areas were used for the PL measurements.

The details of sample fabrication are summarized in Table 1.
Variations were made in the formation of the p™ region, the
(optional) lattice-damaging silicon implant, and the thermal
anneal. These experiments are intended to verify earlier exper-
imental observations and to improve insight into the mecha-
nisms behind these observations.

B. Measurement Setup

Electrical characteristics were measured using a Cascade
probe station and an Agilent 4156C parameter analyzer. The
EL was measured under current pulses (1-100 mA) with a
frequency of ~30 Hz. The PL from these samples was excited
by an Ar-ion laser emitting at 514 nm with an excitation power
of 100 mW and a laser-spot diameter of 100 pm. The exci-
tation beam was chopped at ~30-Hz frequency. For detection
of EL and PL signals, the luminescence was analyzed with
a monochromator and a liquid-nitrogen-cooled Ge detector
system. A standard lock-in technique was applied to process
the luminescence signals.

The LED efficiencies were estimated from the EL BB tran-
sition peaks. The spectra were normalized using the spectral
response of the system on a calibrated light source. The normal-
ized peaks were then integrated over wavelength. The obtained
values were converted to photon flow values at the energy of
related peak maxima and divided on the acting value of electron
flow to obtain external quantum efficiency. The value for the
internal efficiency was estimated by taking into consideration
geometrical and reflectivity factors.
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Si/SiO, interface

Fig. 3. HRTEM images of dislocation loops on the samples: (a) B-implanted
at 40 keV; (b) Si-implanted at 200 keV; and (c) Si-implanted at 200 keV +
450 keV. The prismatic dislocation loops are indicated by the letter p, and the
faulted Frank dislocation loops are indicated by the letter F.

III. RESULTS AND DISCUSSION
A. Physical Analysis of the Dislocations

TEM images show that the dominant visible defects in
the implanted samples are dislocation loops. In B-implanted
samples, the dislocation loops were formed inside a 300-nm
region from the sample surface, as shown in Fig. 3(a). In these
samples, the implantation creates both the p™ impurity profile
and the lattice damage leading to dislocation loops. Since the
dislocation loops form around the peak of the implantation
profile (projected range) and always lie before the metallurgical
junction, the p/n junction was located beneath the dislocation
loops in the silicon substrate for B-implanted samples.

Dislocation loops were observed also in Si-implanted sam-
ples, as presented in Fig. 3(b) and (c). Bands of defects are
present at depths of 250-350 and 450-670 nm below the
Si/SiO; interface corresponding to 200- and 450-keV Si im-
plantation, respectively. The density of dislocations is higher
than in the B-implanted samples. The diameter of dislocation
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Fig. 4. I-V characteristics of five LEDs: B-diffused without implant;
B-implanted at 40 keV; B-diffused with Si implanted at energies of 200, 450,
and 200 + 450 keV. All these LEDs were annealed in nitrogen at 950 °C for
20 min.

loops in both Si- and B-implanted samples was in the same
~100-nm range. From the TEM images, it was obtained that
the formed defects are mainly prismatic dislocation loops and
faulted Frank dislocation loops (indicated in Fig. 3 by the letter
p and F, respectively).

By using HRXRD, the crystallographic features of the
200-keV Si-implanted sample were further investigated. As
expected, the high boron doping results in tensile strain [15],
extending almost 2 ym into the substrate. A compressive strain
peak of 0.1 GPa (da/a = 800 ppm), which is created by the
presence of dislocation loops, is shown at 250-320-nm depth
from Si/SiO, interface. The TEM and HRXRD results thus
confirm that the silicon implantation and subsequent anneal
caused dislocation loops in the desired regions.

B. Electrical Properties of the Diodes

Current—voltage (/-V) characteristics were measured at
room temperature between the back and front contacts to
verify normal diode operation and to investigate the level of
generation-recombination currents. The reverse leakage current
of the B-diffused diode is very low. This indicates a low
contamination level in our devices [16]. All B-implanted diodes
also show low leakage currents. In the Si-implanted diodes,
the leakage current was larger and increased with dislocation
loop density, as shown in Fig. 4. However, the highest reverse-
current density at —15 V of a double Si-implanted diode is
still at the acceptable level of 2.5 uA/cmz‘ Under forward bias,
the diodes have a swing of 6472 mV. This good ideality indi-
cates that the recombination process predominantly takes place
outside the space charge region throughout the low injection
regime.

C. Diode Luminescence at Room Temperature

Infrared light emission is observed in all samples, both under
forward biasing (EL) and when excited with an Ar laser (PL).
Typical PL and EL spectra are shown in Fig. 5 (taken at
cryogenic temperatures in this case). In most cases, the BB



Re-print: Influence of Dislocation Loops on the Near-Inféi@Light ...

79

HOANG et al.: INFLUENCE OF DISLOCATION LOOPS ON THE NEAR-INFRARED LIGHT EMISSION

Photon energy (eV)
1.2 11 1 0.9 0.8 0.7
T T T T

#2, Bdiffused

Si double implant EL

20mA, 30K+

Luminescence intensity (a.u.)

#3: B diffused
Si implanted, 200keV
T T T
1.0 1.2 14 1.6 1.8

Wavelength (um)

Fig. 5. Typical PL and EL spectra of samples, manufactured with boron
diffusion and silicon implantation. The BB and D2-D4 peaks are observed
in the spectra. At this low temperature, the D-band EL is dominant, because
phonons are required for BB recombination.
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Fig. 6. Results of EL measurements on diodes made with B diffusion,
optionally implanted with silicon. (a) The peak intensity of the BB and D1 lines
for each of the samples. (b) EL peaks at these wavelengths. Measurements were
performed at 300 K, and the diode forward bias was 20 mA.

recombination peak around 1150 nm and the D1 peak around
1500 nm are observed both in the PL and the EL spectra.
With our measurements, we have confirmed that the intensity
of both emission peaks depends strongly on the presence of
silicon lattice damage, presumably the presence of dislocation
loops. However, the trend is opposite: More lattice damage
leads to an increase in D1 luminescence and a decrease in BB
luminescence. This is quantified in Fig. 6. Concerning the BB
peak, this result contradicts the assumption by Ng et al. [7]
that dislocation loops are responsible for enhanced 1.1-pm light
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Fig. 7. Dependence of current-normalized EL intensities on the forward
current. The data were obtained from a B-diffused double Si-implanted sample
(sample 4 in Table I) at 300 K.

emission. This comes on top of earlier arguments [4], [17] that
the carrier confinement mechanism proposed in those papers is
not likely. Kveder also reported a decrease in BB luminescence
in the presence of a high density of dislocation loops [8].

PL measurements confirm a strong BB signal on the B-
diffused sample without silicon implantation. The signal from
this sample was about 30 times stronger than that from the
sample implanted with 200-keV Si* ions. In other silicon-
implanted samples, at 300 K, the PL signal was below the
detection limit.

Although our HRXRD measurements revealed the presence
of a high strain field caused by the dislocation loops, no
effect of the strain was detected on the BB luminescence peak
position and/or shape. This result suggests that most of the BB
luminescence originates far away from the loops. Therefore,
BB radiative recombination mainly occurs in the defect-free
regions of the wafer, as was suggested in [10].

All silicon-implanted samples exhibit D1 luminescence, as
well as the B-implanted diode with lowest anneal temperature
of 850 °C. Early studies of the lines D1-D4 indicated that
the dislocation loops are responsible for the emission [18].
Indeed, we find an increase of D1 emission with increasing
lattice damage (caused by silicon implants). Still, by using
the implantation-damage approach, the D1 EL remains weak
under all conditions. Plastic deformation of silicon, causing
much higher dislocation loop densities, in combination with
gettering and hydrogen passivation, led to external efficiencies
of 0.1%—0.2% [8]—but plastic deformation is difficult to embed
into microelectronic fabrication. Efficiency improvement for
D1 emission could be feasible by using multiple implantation
energies and special implantation geometries.

In Fig. 7, the ELs at the D1 and BB peak are shown in
the forward-biased current range from 10 to 30 mA (at much
higher injection than reported in [19]). The EL is normalized to
current. Superlinear behavior is seen for the BB line, whereas
the D1 line has a slight sublinear intensity increase with
current. The BB efficiency thus improves at higher injection,
whereas the D1 line is attenuating. The observed behavior of
BB radiation is consistent with efficiency calculations as a
function of the carrier injection level. The BB EL efficiency is
expected to decrease at even higher injection levels (when the
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Fig. 8. Internal efficiency of various diodes, estimated from the external
intensity of the BB peak at 300 K. Sample numbers are explained in the
figure. Results from B-diffused samples are shown with closed circles, and
B-implanted samples are shown with open circles.

carrier injection level goes well beyond 10'7 cm~3), due to a
strongly enhanced Auger recombination. For the D1 efficiency
versus injection level, the situation is more complex. The
SRH mechanism cannot be applied for extended defects [20].
The occupancy of the dislocation states may either gradually
saturate at higher injection levels or show a field dependence.

The estimated internal efficiencies of the BB EL at a forward
current of 50 mA are shown in Fig. 8 for all diodes. It can
be seen that, in the case of B-implanted samples, the presence
of dislocation loops leads to a suppression of the BB lumines-
cence. The dislocation loops are formed during annealing, but
will dissolve again when annealed at higher annealing tempera-
ture. The B-implanted samples annealed at 850 °C are therefore
expected to have the highest dislocation loop density [21]. All
samples then show that the BB luminescence decreases with
increasing dislocation loop concentration.

D. Temperature Dependence of Luminescence

The competitive recombination through dislocation levels
and via the BB transition also affects the temperature behavior
of the EL. EL spectra recorded at various temperatures from
the double-silicon-implanted sample are presented in Fig. 9
(top). As shown in the figure, the low-temperature spectra
(T < 100 K) exhibit a well-pronounced D-band structure, with
clearly distinguishable D1, D2, and D3 peaks (compare with
Fig. 1). The peaks change shape, intensity, and position as a
function of temperature. Data related to the changes in the inte-
grated intensities of the D-band and BB peak and those related
to the positions of their maximal intensities are presented in
Fig. 9 (bottom).

As shown in Fig. 9, the BB-peak intensity increases substan-
tially starting from 7" > 180 K, being under the detection limit
at lower temperature. Such an increase in intensity of the BB
peak with temperature correlates with that reported previously
for P- and B-implanted Si samples [5], [7], [22], and is opposite
to the temperature behavior of the BB peak in nonimplanted Si
samples [5], [23]. At the same time, a decrease in the integrated
intensity of the D-band was observed. Since the intensity of
the BB peak in Si-double implanted samples at 300 K is still
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Fig. 9. Top: The EL spectra of a B-diffused double Si-implanted sample at
various measurement temperatures. The forward current during the measure-
ments was 20 mA. The curves are shifted in the vertical direction for clarity.
In the spectrum detected at 27 K, the D1, D2, and D3 peaks are clearly
distinguishable (cf. Fig. 1). Bottom: The signal intensities and positions of
maximum intensity, derived from the upper figure. The dashed line shows a
fit of the temperature dependence of the BB peak position following the study
in [24]. The other lines are drawn to guide the eye.

~10 times less than that in nonimplanted ones, we suppose
that the anomalous behavior of its intensity is related to re-
distribution of recombination processes between the BB re-
combination and the radiative and nonradiative recombination
processes related to dislocations. Moreover, comparison of the
changing ratios of the signal intensities in Fig. 9 (bottom) leads
us to suggest that a substantial part of the dislocation-related
recombination processes in the samples are nonradiative. PL
from the D-band in the Si-implanted samples was detected at
temperatures below 200 K. Similar to EL, the PL intensity
of the D-band increased on the order of 200-keV implant
— 450-keV implant — double implant.

The temperature dependence for the position of the max-
imum intensity of the BB peak corresponds to the expected
dependence [24], as illustrated by the fit in Fig. 9 (bottom).
The T-dependence for the D-band maximum position is more
complex. A similar dependence for the D1 peak, which is
reported previously [25], was attributed to the origin of D1 lu-
minescence, i.e., to the radiative transition between two shallow
levels related to dislocations.

The emission at 1.1 pum is strong at room temperature
and above, as earlier reported in [2], [7], [9], and [22].
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Room-temperature emission at 1.5 pm is considerably weaker
in all our experiments. To determine the best method for the
introduction of dislocations into silicon for 1.5-um LEDs,
including plastic deformation [8], wafer direct bonding [10],
and ion implantation, further investigations are necessary.

IV. CONCLUSION

The impact of dislocation loops on the infrared light emis-
sion from silicon LEDs was studied. Silicon p*n diodes were
fabricated using boron diffusion, boron and silicon implanta-
tion, and thermal anneals. The resulting diodes show a strong
variation in the density and physical location of implantation-
originated dislocation loops—confirmed by TEM and HRXRD
measurements. Strong light emission is observed around the
BB recombination wavelength of 1150 nm, which is identified
as phonon-assisted radiative recombination. The BB radiation
becomes progressively weaker at lower temperature and with
increasing dislocation loop density.

D-band luminescence shows the opposite trend, both in tem-
perature and the dislocation loop density. From the found de-
pendences, it is concluded that, with the applied manufacturing
techniques (B diffusion, and B and Si implantation), the most
efficient room-temperature silicon LED is formed by causing
minimum lattice damage, emitting at the BB edge (1150 nm).

Ton-implanted silicon LEDs may present interest for light
emission at 1.5 pm; however, to that purpose, the disloca-
tion loop density must be strongly increased compared to
the devices presented here, while nonradiative recombination
processes must remain suppressed.
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Chapter 6

Silicon-On-Insulator LEDs

Abstract

Silicon-On-Insulator (SOI) technology has in some fieldd©ffabrication
significant advantages over conventional bulk silicontetbgy and has received
considerable investigations around the world. Howeverafiplication in LEDs,
SOI LEDs suffer from poor EL efficiency compared to their b@kcounterparts.
We realize that this low efficiency could be caused by thetikely large non-
radiative recombination rate at thé mnd p" contacts and at the Si/SjOnter-
faces. In order to improve the radiative recombination, waeadseries of exper-
iments for realization and characterization of Si LEDs gs80I technology by
means of reduction of the aforementioned non-radiativehagisms.

The fabricated p/p/n™ devices exhibited an external quantum efficiency of
1.4 x 10~* at room temperature, with a spectrum peaking at 1130 nm,haikic
almost two orders higher than reported thus far for SOI LEDkis large im-
provement is due to three confinement mechanisms, termedhajacal effects,
quantum-size effects, and electrical field effects. Thecstire utilizes two very
thin silicon slabs close to the"fp and rt/p junction to reduce the'pand n™ con-
tact area and to confine the injected carriers in the cermvdl/ldoped p-region.
The field effects are implemented by administering the gmmite voltage at the
poly-gates on top of the thin silicon layers and by contngjlthe voltage applied
to the central poly-gate covering the p-region. With thipraach, we realized
an efficient compact infrared light source with high potehswitching speed for
on-chip integration.

This work was published in the report:

T. Hoang, P. LeMinh, J. Holleman, and J. Schm8#rong efficiency improve-
ment of SOI-LEDs through carrier confinemeli#EE EI. Dev. Lett., vol. 28, no.
5, pp. 383-385, May 2007.
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Introduction

The recent progress in silicon light-emitting diodes hakttepower conver-
sion efficiencies of 1 % (internal quantum efficiencies ab@r6), potentially
offering a new integration approach for VLSI circuits witptaal communica-
tion [1]. It was found that high-purity silicon with low dopg levels and low
defect density leads to the highest efficiency at the barshta recombination
wavelength [[2][3]. However, these high efficiency silicokDs emit infrared
light from an extended volume. This lack of spatial confinatrnrohibits the
formation of compact optical integrated structures, levgtvitching speed, and
will lead to undesired cross-talk problems in integratedrosystems. One ap-
proach to a better confinement of the light emission is to fargilicon-LED in
silicon-on-insulator (SOI) material. The fabrication ofaéeral LED in thin-film
high-quality SOI material has a few advantages over bui&kmsil such as higher
optical switching speed with lower power consumption; dretiptions for inte-
gration and coupling of the light into waveguidés [4]. Th#é flielectric isolation
of the active device layer forces confinement of the elesteord holes which in-
creases the probability for light emission. These madeap@oach attractive,
because both VLSI electronics and integrated optics areraomty fabricated on
SOl wafersl([5]. Yet, the highest reported efficiency of @ihd_.EDs on SOl is two
orders of magnitude lower than in bulk silicon LEDS [6].

As discussed in Chapter 2, the emission efficiency can beowegr signif-
icantly in a lateral light emitting diode realized on highatjty SOI wafers, as
long as the non-radiative recombination processes oogumiostly at the inter-
faces[[7][8] and at the'pand n™ contact[[9] are well suppressed. We realized that
by locally tailoring the thickness of the silicon layer tawa nanoscale dimen-
sions & 10 nm) at positions close to the fp and n/p junction of the p/p/n*
structure. The fabricated devices exhibit a high quantditiency for SOI-LEDs,
closing in on bulk silicon efficiency levels. They were maaattired with normal
VLSI processing procedures.

With this chapter, in thé\pproachesection we introduce novel device struc-
tures that reduce the non-radiative recombination by comgfithe carriers in an
SOl peninsula and by redistributing carrier concentradiotie interfaces through
field effects. The SOI peninsula is connected togmd n" regions by thin slabs
making it possible to further enhance the carrier confingmém order to cre-
ate very thin SOI layers we used the well-known self-lingtioxidation mecha-
nism [10][11] where the oxidation rate retards when the yit@pproaches nano-
scale dimensions due to strain introduced in the thin Si filfftess phenomenon
helps us in getting a better uniformity of the thin film. ThelSibn was reduced
to the final thickness by the layer-to-layer oxidation taghe [12] which will be
presented in th&xperimentakection. In the next section, measurements of ox-
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ide quality and carrier lifetime are introduced. Followedthe characterization
data of electrical and electroluminescence propertiesiodd from the fabricated
devices with supporting results from device simulation.

6.1 Approaches

In order to realize an efficient light emitting diode on SOlterals, two
approaches were proposed and carried out in our researdt. theése two ap-
proaches we limit the non-radiative recombination prolitgbat the interfaces
and at the contacts, and consequently the radiative recatdn is enhanced.

‘il +V ﬂ TVg +I \
| n* p-region Popt | n* i p-region p* |
T ' T
BOX BOX
Substrate Substrate
Al back-contact (a) Al back-contact (b)
+V Vv
= = ' V.,
= Vq t _j/_
nL]_/_Ff " =
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BOX p-region BOX p-region
Substrate Substrate
Al back-contact (C) Al back-contact (d)

Figure 6.1:Cross-section drawing of the laterat fjp/n*™ diode with four variations of
the p-region.

The first approach is a lateral fp/n* diode structure with four variations
of the p-region: normal or thinned p-region and with or with@oly-gate on
the central region (see Figurel6.1a]]6[1b] 6.1d, 6.1d). @oisgn of EL inten-
sity from structure 1a to that of structure 1b offers theigbib study the influ-
ence of interface recombination. Structure 1c and 1d esdblénvestigate the
band-gap widening effect performance when the centraltemmitegion is scaled
down to less than 10 nm thick. The silicon band-gap energyingtease signifi-
cantly [13] [14]; therefore, when electrons and holes ajecited into this thinned
region, they will recombine and emit light with shorter wkaregth corresponding



86 High Efficient Infrared Light Emission from Si-LEDs

to its widened band-gap. Applying a suitable voltage to qaalij-gate covering
the two ends of the thinned p-layer presented in Figure 6elgsito enhance the
injection process of electrons and holes into the centratiegregion.

Vb2 Vbi +I V vb2 Vg Vb| * V
r nt | p-region [ o | | n*t ! p-region Lopt |
L L
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V2 Vi +V Vs Vo Vi rV
Ve Wl e Vimam Vi
2 1im BOX 3 hm “Sam” BOX 3m
Substrate Substrate
Al back-contact (C) Al back-contact (d)

Figure 6.2:Schematic structure cross-section of lateralgsn™ LEDs with two gated
access regions: (a)/(b) no thinning and without/with cangiate; (c)/(d) thinned down
and without/with central gate.

In the second approach, we introduce new structurestfg/p* diodes, in
which electrons and holes are injected into the centralmelthrough a gated
access-layer (see Figurel6.2). By doing this the non-riadiaécombination at
the p"/p and n/p junction can be strongly suppressed due to three subseque
mechanisms. Firstly, by administering the appropriatéagd at this poly-gate,
minority carriers face a potential barrier during the way when trying to es-
cape from recombination within the active region. Seconigfylocally thinning
down the access-layer, electrons and holes after beingf@gjento the central re-
gion have difficulty to find out the exit through diffusion. riaily, as the silicon
layer was scaled down to less than 10 nm thick, the band-gdenivig effects
may play a role to further increase the confinement. Withapjsroach, after be-
ing injected into the central area electrons and holes aNiehmore probability
to recombine there and have less chance to reach the contexta result the
emission efficiency was strongly enhanced. Moreover, timeradiative interface
recombination can be controlled by electric fields for addél improvement, see
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Figure[6.2b anf8l2d. Part of the results were presentédin [1

The two series of SOIfp/nt LEDs with different sizes can all be realized
in the same processing procedure. In the following partspaical and electrical
characteristics obtained from them will be presented symesaly.

6.2 Experimental

6.2.1 p"/p/n* diode realization

All devices corresponding to the aforementioned apprcacetege realized on
the same wafer and under the same fabrication conditioresthitkness variation
of the thinned down layer was carried out on four quadran@diiying the wafer
into four parts. In this way we expect that when comparing @diwith the
same structure on one wafer-part to that on others the ue@amariations can be
ignored. A general process-flow used for realization ofudels:

1. SOl island formation The starting material is a 100 mm p-type “Smatrt-
Cut” substrate with a silicon device layer of 1502 nm on top of a buried-
oxide (BOX) layer of 400 nm. The device layer is B-doped sitiovith
a resistivity of 1-1002cm. After thermal oxide growth, the device layer is
selectively etched into different islands with desirecesiby wet etching
in TMAH 10 % solution at 50°C. In these SOl islands the devices with
different structures were realized.

2. SOI thinning A standard local oxidation of silicon (LOCOS) technology
was used step by step to locally create the very thin regibtiseeadesired
positions. After each oxidation step, the grown-oxide waescked for its
thickness by ellipsometry and then removed by buffereddHForder to
examine the remaining thickness of the SOI layer, the seaghihwas mea-
sured with a DekTak (Veeco DekTak 8).

3. Gate-oxide growth After the thinning process, the ;8l, layer was re-
moved by immersing the whole wafer isPIO, 85 % solution at 150C
for 15 minutes. A final 12 nm gate-oxide was grown at 9Q0in a dry-
oxygen ambient.

4. p* and n* formation The highly doped p and n" regions were formed by
ion implantation with BE and As" respectively, with a dose of & 10'°
ions/cnt. Dopants were activated by furnace anneal in a nitrogerr@mvi
ment at 800C for 30 minutes.
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5. Deposition of first poly-siliconA 300 nm LPCVD poly-Si layer was doped
by implantation with Phosphorous at a dose of 10'° ions/cn?, and then
patterned. This forms a poly-gate on top of the thinned regio

6. Deposition of gate-oxide at the central p regiofo insulate the first poly-
gate from the central gate a 30 nm thick oxide layer was degmbat 800 C
by LPCVD, followed by a strengthening step of the depositgitie by
annealing in nitrogen ambient at 900 for 30 minutes. Then the gate oxide
layer covering the central p-region includes two layers:ni thermally
grown oxide and 30 nm LPCVD oxide.

7. Deposition of second poly-silicomhe poly-silicon gate covering the cen-
tral active region was formed similar to the first poly-silclayer.

8. Contact and passivatiorMetal contact areas were fabricated by sputtering
of a Ti/W barrier layer and Al (+1 % Si) on the wafer after opepithe
contact windows. Finally, the Si/Siinterface was passivated by treatment
in wet nitrogen at 400C for 10 minutes.

The fabricated devices have not yet received any specahtient, like surface
texturing or anti-reflection layer covering, for enhancihg outcoupling of light.

6.2.2 Profile of thinned-down SOI layers

The cross-section of the thinned SOI layers was analyzethdyHR-TEM.
Four cross-section TEM specimens corresponding to fowktigiss variations
were processed by the focus ion beam (FIB) technique. Tlokrtess of these
four thinned layers can be observed from their HR-TEM imagad were found
to be 27 nm, 19 nm, 10 nm and 5 nm thick. This value has an umncgrtaf
+ 2 nm across the wafer because of the initial SOI uniformity. HR-TEM im-
ages present a very uniform profile of SOI thin-film as well asiy good Si/SiQ@
interface. Uniformity within a single thinned SOI layer stienated of 0.5 nm. As
an example, HR-TEM images of 27 nm and 5 nm layers are showiguréf6.Ba
and6.Bb respectively.

6.2.3 Electroluminescence measurement setup

All electroluminescence (EL) measurements from thesecdeseries were
carried out with the infrared camera system via the micrpsat various mag-
nifications (see chapter 3). The emission spectrum of the AP extracted at
a randomly chosen position on the emitting area from theiodtiimage. The
integrated EL intensity was collected from the image.
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(&) 27 nm SOl (b) 5 nm SOI

Figure 6.3:Bright field cross-section HRTEM image of: (a) 27 nm thinnedl &ayer;
(b) 5 nm thinned SOl layer.

6.3 Gate oxide and interface quality

6.3.1 C-V measurement

The gate oxide quality was examined by C-V measurementst $eies of
MOSFET test-structures were realized respectively foffitsepoly silicon (cov-
ering the thinned regions) and the second poly-silicon€dog the central p re-
gion) in the same fabrication process as thén™ diodes on the same SOI wafer.
Figure[&2 shows an example of the n-type MOSFET crosseseatid also the
measurement setups. In this measurement the source, dichisulstrate were
grounded. The capacitance was measured between the frten¢lgatrode and
the three others.

1. [ iy

| n* i p-region Pt

BOX

Substrate
Al k-con

Figure 6.4:Cross-section of n-type MOSFET test structure and the C-d¥smement
setups.

The high frequency C-V characteristics of these four MOS&REre mea-
sured at 100 kHz frequency and are presented in Flgule 6din Bre measured
C-V characteristics, according to MOSFET theory (examplfig]) we can say
that our formed gate-oxide is of high quality. The capadé&formed by the sec-
ond poly-gate is approximately 4 times lower than that offiret one because
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Figure 6.5:High frequency C-V Characteristics of n-MOS and p-MOS dtres mea-
sured at 100 kHz for: (a) the first poly; and (b) the second.poly

of an almost 4 times thinner oxide-gate compared to the seooa. These C-V
curves also indicate a low fixed interface charge conceatraflThis once more
confirmed that the SOI islands are bounded by a high qualéynhlly grown

oxide. Moreover, we can also extract threshold voltage ef MOSFET from

these C-V curves. The threshold voltage of the n-MOS for lyatie-oxide layers
is approximately -0.2 V, whereas for the p-MOS it is abou®-@. Note that the

poly-gates are n-type doped for both channel types.

6.3.2 Carrier lifetime measurement

The interface quality is an important issue especially fot @evices. If we are
able to quantitatively obtain the portion of the interfaeeambination rate over
the total recombination, we will know how the interface nedmnation affects
the carrier recombination lifetime in a semiconductor devi In the following
paragraph we deal with the recombination in the volume of36¢ layer and at
the top- and bottom oxide-silicon interface. The test stmecand measurement
setup are presented in Figlirel6.6. We follow the method testin [16] and[[17]

Ve TVg
[+
[ “ir—+ ]
BOX v’
IV

Figure 6.6:Cross-section drawing of a gated p-i-n diode used for etitraof the life-
time recombination at Si/SiQnterfaces and within silicon volumes.
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with the following assumptions: we assume that the enenggl lef the effective
recombination centers in the volume and at the oxide integaf the SOI layer
are at mid-gap. This assumption does not mean that the aigese traps is the
same. The interface-traps could be Si dangling bonds whé¢heavolume traps
are e.g. due to metal contamination.

We further assume that recombination lifetime of electrand holes in the
volume ¢, andr, respectively) are the same. This means that according to the

equation
1
T=— 6.1
(UVUthNtV) ( )
the product obr,, the capture cross section of traps in the SOI volumergndhe
thermal velocity of the carriers are the same, Mepresents the trap-density per
cm.

For the interface recombination we make similar assumptaom

1
i (UsUthNts> (62)

where s is the surface recombination velocity and ikl the surface density of
interface traps per ctn We further assume that when the electric field due the
top gate and bottom gate is at the same level, the potensailiition in the
silicon is flat. This assumption holds for doping levelsof.0'¢ ions/cn? which
is the case in our samples. For such low doping levels in tregmn also band-
gap narrowing can be ignored. We will now derive equatiomghie volume and
surface recombination and we do so under the condition of \®v injection
level. Under this condition the potential along the x diretis flat and potential
drops occur across the fp junction and across the p/gunction. Calculations
based on the assumptions above make the results semitqtisatbut we are
looking after trends and orders of magnitude rather thanuacome with high
precision.

The SRH theory results into the following equations for vokiand surface
recombination:

_1 np_ni2 and R :S'<nsps_ni2>

C Tn+p+2n " no+ps+2m
where n and p are electron and hole concentration distobsiticross the silicon
film respectively. They are related to the intrinsic cardencentration, nas

np =n? exp (1—\;}?) (6.4)

(6.3)

with g is the elementary charge,z\is the forward-bias voltage, andl is the
thermal energy.
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The maximum recombination rate in the SOI film and at the fater can be
calculated fromdR(n)/on = 0, and which is found for the condition n = p. The
maximum volume and surface recombination are now given by

o1 qVr
Rvmax — an €xXp (sz) (65)
and
~ 8 aVr
Ry max = 5 1l XD <2kT)' (6.6)

The condition of n = p in the lowly doped region will now be asked under
certain conditions for the gate bias on the bottom and tog. gat

In fact, at the Si/Si@ interfaces in the SOI structures, the concentration of
electrons and holes can be equal only when it is in depletimition, i.e., the
front- (or back-) interface recombination rate reaches g&imam when it is put
at depletion. However, due to interface coupling effecésgbak current position
changes correspondingly to each bias voltage at the oppgaie. Whereas, re-
combination occurring within the thin-film SOI volume shoawsiaximum when
the front-gate and back-gate are biased in such a way thpbtkatial and carrier
concentration profiles in the SOI film are nearly flat. At thamdition, the recom-
bination rate is constant in the whole p-region volume; ¢fae, the maximum
recombination current in the SOI film can be simply equal ® phoduct of the
maximum volume recombination rate(R..) and the p region volume:

[vmax =4dq Rvmax (tSOI w L) (67)

where to;, W and L respectively are the thickness, width and lengthhefg-
region. And similar for the maximum recombination currenthee Si/SiQ inter-
face, we have

]smax = q RsmaxAinterface - q Rsmax (W L) . (68)

Figure[6.Y shows the diode curreptthrough a gated p/n* diode with the
p region of 146 nm thick, %um long, and 60um wide at a forward-bias ¥ =
0.3 V when scanning the front-gate voltage,(Mrom -3 V to +3 V, whereas the
back-gate voltage ();) was chosen in the range of -20 V to +20 V. Since the
buried oxide is much thicker than the front gate oxide, ireottd get comparable
fields we need higher voltages at the back-gate.

The current peaks in the middle of the figures show the ovexatimbination
current, when the front and back interface are depletedhiegeAll three current
components, i.e., recombination current at the front- aakbnterface as well as
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Figure 6.7:Forward current of a lateral'gp/n™ diode (146 nm thick, 5:m long, and
60 um wide) at = = 300 mV as a function of: (a) front-gate bias at differentkgate
voltages; (b) back-gate voltage at different front-gatele

recombination in the bulk of the thin film, are active and we aae this peak value
(I.ax) to calculate the effective recombination lifetimg;, from the equation

_ quitsot WL [ aVp
P\axT

with 7.¢ is related to the surface recombination velocity at froptdad back (s)
interfaces by formula

Teff

(6.9)

-[max

e T (6.10)

When the front interface is strongly accumulated and the liaierface is
strongly inverted (i.e., ¥ <-1.5Vand \{, >4 V), orvice versa (i.e., ¥ > 0.5V
and M, < -10 V), the current is saturated as a plateau (see Figure dfig
volume recombination component is only contributing tc thaturated current.
Under this condition, recombination is only effective iretbentral region of the
SOl film, where electron and hole concentrations are staiplyle If we assume
a linear potential distribution across the SOI film thiclksethe recombination
current in this film can be given by

Iy = feq Rax (teg W L) (6.11)

where tg is the effective film thickness, is a correction factor for the case when
one assumes no band-gap narrowing effect and linear paltdigiribution across
the SOI film thickness. Since these assumptions are redsofwatour diode at
the chosen working conditions, the correction factor i tiase is approximately
equal to 1. From now we will skig. in our calculation.

According to [17] one can obtaiggtfrom the equation:

2kT/q

2¢r — Vr| 612

teg = tsor
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where¢r = (kKT/q) ln(NA) is the Fermi potential of the p region with doping
concentration of N = 1 x 10' /cm?. We have & = 25.6 nm. It is now possible
to extract the volume recombination lifetime, from

q teff WL qVF
]plateau = Tni exXp (ﬁ (613)

Taking the plateau current of 32 pA from Figlirel6.7b, the madurecombina-
tion lifetime () obtained from Eq[{612) anB{6113) is L8.

In Figure[6.Ya, when the back interface is invertegd,(¥ +4 V), we see cur-
rent peaks at a constant front-gate voltage (-1 V), this igicned by the plateau
current belonging to a front-gate voltage of -1 V on Fidui@6 This current is the
sum of the front interface and the volume recombination comepts. Therefore,
it is easy to obtain the front interface recombination cotrfeom Figurd 6.J7b.

When both interfaces are driven to either strongly invectedccumulated, at
subthreshold region (small forward bias) we see almost nectflowing through
the devices (very low plateau). That is because at this tiondve indeed have a
narrow base device but the carriers can not pass througlath@mnbase to reach
the opposite carriers for recombination due to high repgfields.

When assuming a uniform trap distribution in the Si/Siterface, the front
interface current can be expressed using (6.6), as

\%
Ifront =dq RsfmaXW L= q St WL N €exXp (;lkr;) (614)

and a value of 6 cm/s was calculated for the front interfacem@ination rate.

Similar for the back-gate interface, we obtained a backfate recombina-
tion rate of 1 cm/s (the same level aslinl[17]).

To analyze the influence of the active region length (p-reég@mn recombi-
nation fraction between the volume and interface companemt do the same
measurements on two other diodes having the p region witkedahee width and
thickness but the length of 20m and 60xm. The results are presented in ta-
ble[6.1:

Length of the p-region (L) S5um | 20pum | 60um

Volume recombination lifetimer() 1.3us | 1.2us 1.4us
Front interface recombination velocity)§ 6 cm/s| 1.5 cm/s| 0.3 cm/s
Back interface recombination velocity,js| 1 cm/s| 0.5 cm/s| 0.5 cm/s

Table 6.1:Recombination parameters in the silicon volume and at ttegfates of SOI
pt/p/nt diodes with different lengths extracted experimentallioatinjection level.
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These data show that the interface recombination curraredses when in-
creasing the device length. When the length increases from %0 60um, the
decrease of;sand g is because of two reasons: decrease of injection level for a
longer device since we measured at the same forward biesgeo(D.3 V); less
effects of " and p~ contact recombination (see chapter 2 for more information)
for a longer device. This also indicates that the fractiomaafiative recombina-
tion within silicon volume over the non-radiative recomdtion at the interfaces
was improved for a longer device; therefore, it may emit maglet compared
to a shorter diode at the same injection level. That relatidhbe examined by
electroluminescence measurements of this device series.

From the obtained volume recombination lifetime-df.3 .S, we can by using
Eq. (6.1) estimate a trap density N 10 /cn?. This is a rather high value com-
pared to the high quality bulk silicon nowadays where=NLO' /cm?® is typical.
However, this high value can be explained if we assume thanglthe fabrica-
tion process an amount of210” /cm? contaminating atoms was introduced. This
contamination level is not very unlikely for the standardS/ltechnology and at
the detection limit of TXRF (Total Reflection X-Ray Fluoresce). For bulk sil-
icon material (50Qum thick) it remains actually a very low value when such an
amount of contaminants diffuse into the bulk while for a 2@ thick SOI layer
it results into a high volume concentration. This can be seearealistic problem
for the SOI technology in general and requires ultra cleantbals and proce-
dures as well as detection techniques in order to masterotfiamination level.

-25V
1x107°

20V 15V
8x10™"" A

6x10™"" 4

4x10™"" 4

Diode current (A)

2x10™" 4

Front-gate voltage (V)

Figure 6.8: Forward current of a thinned*gp/n™ diode (5pum x 60 um x 27 nm of
p-region) at \\- = 300 mV as function of front-gate bias at different backegatltages.

This measurement was also carried out on the diode with aeHdimctive
region, and the information given from these measuremeassinsufficient to
enable to extract each recombination component. An exafopldiode with a
27 nm thick p-region is presented in Figlrel6.8. We see thacthrent peak
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position depends on the applied voltages at the opposite daihce we could

not identify any characteristics from the volume currentlesthe measured data
only relatively indicated the profile from interface recamdtion components, we
are just able to say that the interface recombination dot@snhaver the volume

component in this type of device. It means that a thicker &gt is preferred for

lateral light emitting diode realizations.

The lifetime measurements presented above are only ingicet order to
give us an idea for the trend of the relative carrier recoratoom distribution in a
SOI LED because in fact our LEDs normally work at higher itige conditions,
where the diffusion current dominates over the recombanatiurrent, thus the
absolute carrier lifetime will be different from the obtathdata.

6.4 Characterization of lateral p*/p/n* diodes with
different p-region dimensions

The realized p/p/n* diodes vary in the dimension of the emitting region:
three width levels of 20, 40 and 6dm and the length increases fromun to
60 um. The realized thinned regions as mentioned inElperimentalsection
were 146 nm (normal LED), 27 nm, 19 nm, 10 nm and 5 nm. In thif@eeve
only focus on the device structures in Figlrd 6.1, which weoposed above as
the first approach.

6.4.1 Electrical properties

I-V characteristics of normalgp/nt diodes (devices in Figute®.1a) with dif-
ferent sizes of the p-region were analyzed and are exhititEeyure[6.9. All of

5
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Figure 6.9:1-V characteristics of p/p/n™ diodes depend on the length with the same
width of 60 um (a); and on the width at the same length of;20 (b).
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them show a good diode profile, with a slope of 68 to 72 mV/deedow injec-
tion regime depending on the p region dimensions. The sergstance increases
when increasing the length and decreasing the width of tineeamlume.

The fabricated diode with different thickness was also ati@rized. The
diode resistance increases significantly when reducin&tliiégn thickness. The
I-V curves of five diodes with the same structure except p-rethickness (146—
5 nm) are presented in Figute_8.10. Decreasing the p-regiickness from
146 nm to 5 nm, resulted in diode resistance increase of 1€stimd the sub-
threshold slope was also affected.

24 thickness of p-region: =
146 nm L TIRETE 2.2x10°4
-=-27om [, T
<+ 19nm
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—--= 5nm
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Figure 6.10: Diode I-V characteristic Figure 6.11:Diode current as function of

was affected by silicon film thicknessfront-gate voltage when applying a forward

Five diodes have the same structure exias of 4 V. The diode is with p region di-
cept the p-region thickness. mensions of 2Q«m x 60um x 146 nm.

The influence of the center gate-voltage is not the same aMi@% In our
lateral diodes a corresponding current always flows framiqon™ electrode at a
certain forward bias. With the structure shown in Fidurd6thie gate-voltage can
be used to modify the diode current but cannot block it. Au20Ilong structure
was examined at a constant forward bias &/4 V). The change of current when
scanning the front gate voltage from -3 V to +3 V is shown inurgd6.11. A
higher diode current was observed when the front S $W@rface was driven to
accumulation or inversion since in both cases the carriasitiein the channel
under the poly-gate was enhanced and an extension of elitbgy tcontact or
nt contact was occurred under the gate. A minimum current wais aea gate
voltage of~0.6 V, when the silicon film was depleted. Note that here tloeleli
was working at much higher injection level, where the diifiscurrent dominated
over the recombination current. The diode behavior theiffisrdnt compared to
a low injection condition as was used in carrier-lifetimeasgrements.
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6.4.2 Optical properties

We analyzed the electroluminescence characteristicsesetdiode series us-
ing the infrared camera system (XenICs). At room tempeeatall diodes ex-
hibit a band-to-band recombination peak at around 1130 nmexample of the
emission spectrum at a 5 mA current (corresponding curemsity of 5.7x 10*
Alcm?) is shown in Figur&6.32. This EL profile indicated normal pbon-assisted

600

4
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Figure 6.12:EL spectrum of a normal Figure 6.13:Integrated EL of a normal
SOl diode with a 5um x 60 um (L x SOl diode as a function of device length
W) of active region at a current densityat the same current density of 5710*

of 5.7 x 10* Alcm?, Alcm?.

silicon band-edge recombinatidr [6]. The influence of thegnated EL intensity
on the device length is included in Figlre 8.13. It shows Wittt the same width
(60 zm) and thickness (146 nm) of the p region, EL intensity insesawhen
the length rises from m to 20 um and remains at almost the same level un-
til 60 um. It is qualitatively in agreement with carrier lifetime asurements
presented above. According to our calculations presentetiapter 2, the non-
radiative recombination at the"pand n" contacts have more influence on the
device with a shorter length. For diodes with p-region londpan 20.:m, the
effects of the contact recombination are almost at the saves. |

We expected that a small shift of EL peak to a shorter wavétewguld be
observed after reduction of the thickness of p-regionsvodld nm, however, it
could not be seen with our optical system because the oiipahls were under
the detection limit of our ImSpectro-Camera system whilevais not possible
to inject a sufficient high current through the very high semnce layer. There
is a possibility to enhance conduction of this silicon tladrfilm by creating a
conduction channel within that thinned film using a suitaldkage at the center
poly-gate (structure on Figute'6.1c) or confine the injectdiers in the thinned
film using electrical field effects created by the two polgatiodes (structure on
Figure[61d). But in spite of doing this, radiative reconaiiaon processes just
take place mostly outside the thinned volume. This can be B@eexample in
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poly-gate

Figure 6.14 Top-view photograph of the thinned fp/n* diode (structurE®€l1d) at 1 mA
forward current, taken by InGaAs camera via a 50x-microscdphe central p-region is
10 nm thick, 10um long, and 6Qum wide. The poly-gate close to the p junction was
biased at -1 V and the poly-gate close to tHémjunction was at 1 V. The electrodes and
SOl island were visible because of weak illumination froneaternal lamp.

Figurd®&.1h: we see the light emitted mostly at thesyale, very weak light emitted
from the n" side, and no emitted light from the central thinned region.
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Figure 6.15:Far-field view of the light emitting profile from a normat fp/n* diode.
(a) 3D view of the emitting area (20 20 um? of p-region): front-right is i region; the
opposite is P region. We can see a higher emitted light intensity at destges and at
the junctions. (b) Light intensity as a function of positialong the device length across
the p-region.

In a far-field view of the electroluminescence profile, Fei@Ih shows the
top-view photograph of the emitting area taken by the CCDerdinWe see that
the light intensity is higher at the edge of the silicon filmrgmared to the central

*This measurement was done with a VIS-AR coated CCD camerhilgi$°Research, Eind-
hoven, by Victor Zieren and Martijn Goossens.
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region because of wave-guide effects of the emitted ligsitimthe silicon layer.
Since the emitted wavelength is in the same range of the ptadthickness and
silicon refractive-index, the light after being generaiggartly confined within
the silicon slide and escapes at the silicon edge. Itis @sp® recognize that the
light peak generated at thée fp junction is higher than that at thée fp junction.
The light intensity profile along the device length is prdajoral with the product
of electron and hole concentration. At high injection lefael a lateral g/p/nt
diode, the number of electrons and holes are equal withingh&al p-region and
are more dominant at the fp junction compared to that at th&/p junction. This
can be explained entirely by the p-i-n model presented ia§719], in which the
most effective issue was that electrons are more mobile liodes at the same
injection condition.
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Figure 6.16:Atlas simulation data for a‘fp/n* structure under high injection condi-
tion: (a) electron and hole concentration as function oftfmsalong a cut-line from p
to n™ region; (b) band-to-band radiative recombination profidohging to this carrier
distribution. Band-gap narrowing was not taken into actduihis simulation.

Distribution of carrier concentration and radiative re¢mnation along the
device-length was modeled with the Atlas simulator of Sitva The simulated
data included in Figurle6.116, essentially support the expmtal observations.

Self heating effects of SOl materials give an additionalierfice on the device
efficiency. In SOl materials, a silicon thin-film is insuldtaot only electrically
from the handle silicon wafer but also thermally by a thickied-oxide layer,
because of its low thermal conductivity. Working under ahhayirrent density
produces heat, whereas the generated heat is not able tbebse as fast as
necessary. As a result, the device body becomes hot quickbur experiments,
the critical current level is just in a range of a few tens ofliampere. As an
example shown in Figuie 8117, a diode with a p-region of:20long and 2Q:m
wide was blown up just after a few minutes at 45 mA forward entr(current
density of 1.13x 10° A/cm?). The blown-up area is close to the&/p junction
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and under the aluminum layer, in which a higher recombimataie has taken
place. The temperature distribution in the device body vimsilsted using the

Atlas simulator and shows a good agreement with the expatahebservations
in Figure[6.18.

ATLAS
Temperature Distribution

Figure 6.17:Top-view photograph of a Figure 6.18:2D simulation of temper-
failed diode after just a few minutes at 4ature distribution inside a diode cross-
mA. section under high injection condition.

The I-V characteristic of the SOI diodes is also influenced by setting.
Figure[6.1D exhibits a comparison of simulation data whers#if-heating effects
are taken and are not taken into account for the device-ptglgented in Figure
la. The diode series resistance increases during opelaicause of a rise in
temperature. Note that in 2-D simulation, the unit of cutrrdowing through a

device is calculated as Am, in other words, it is calculated for a device with
1 pm width.
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Figure 6.19:Simulation data of self heating effect on didde characteristics.

The EL profile can be modified by applying a voltage to the figate. When
scanning the gate voltage from accumulation to inversieright intensity peak
at the two junctions can be strongly modified (see Figuréd®.aad the change of
light intensity peak at the™p junction is larger than that at the opposite junction.
It signifies that the gate voltage does not only have effentshe interface but
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also on the junctions, and therefore the change of EL intemsll be the total
effect of both components. However, responding to the gelcanning the total
integrated EL changed by only a few percentages dependittgeanjection level
(Figure[6.20Db).

We see that under a high injection condition the carrier eatration at the
front interface was just slightly modified by the appliedegabltage, but in this
condition the influence of gate voltage becomes more efti@etwo junctions,
where the non-radiative Auger recombination dominates twe other mecha-
nisms. Moreover, since electrons are more mobile comparduwbles, the gate
bias effect is stronger on thée fp junction than on the /p junction, and this can
be clearly seen in Figute 8l20a. When a negative voltagepigeaito the gate, the
decrease of the number of electrons at thrunction is larger than the increase
of number of holes at the'p junction, as a result the total Auger recombination
in the whole device volume decreased. Whereas, at a pogiiteevoltage the
growth of the number of electrons at thé/p junction is greater than the reduc-
tion of the number of holes at the other junction; therefbietotal non-radiative
Auger recombination enhanced. As soon as the non-rad@teess is modified,
the radiative process will react in an opposite trend. This lse observed from
Figure[6.2Db when the diode works at 4 mA and 5 mA of forwardenit
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Figure 6.20:Field effects of front-gate voltage on EL profile of fjp/n™ diode: (a) at
5 mA forward current, larger change of light intensity at tHep junction; (b) change of
integrated EL intensity at different current levels.

Moreover, we can also see that the relative relation of theradiative re-
combination process occurring at the interfaces and atuthetipns depends on
the injection level. This is shown in Figuke_6120b, the clen§the integrated
EL intensity depends on the injection. At a constant negagate voltage, the
integrated EL intensity increases with the injection lewbile an opposite trend
was seen at a positive gate bias. It indicates that in thikcddle non-radiative
recombination process at the interfaces keeps a strorfget eh device emission
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than the contact recombination. Thus an opposite trendduvoellobserved from
the device where non-radiative recombination is more ingudrat the contacts
than that at the interfaces.

6.5 Two barrier structures

The LED structure with two thinned access silicon layergFe[6.2c, d)
was proposed to yield a large improvement of the electratestence efficiency
since there are three effects contributing to the carriefisement in the emitting
volume, which are:

¢ Electrical field effectsby administering the appropriate gate poten-
tial, minority carriers experience a potential barrierhrstthin film;

e Geometrical effectsthe injected carriers have difficulties in finding
the exit through diffusion, as it is geometrically small;

e Band-gap widening effectdshe minority carriers encounter an en-
ergy wall of the larger band-gap energy at the thinned silleger (as
thickness below ca. 10 nm).

In the following paragraphs, these effects are identifigeeexnentally and by
simulations. All the experimental parameters of the opacal electrical charac-
terization presented in the following were obtained fronaides with the width
of 60 yum. The simulation current was calculated (from the simataturrent-
density) for the structure with a gdm width.

6.5.1 Electrical characterization

Current-voltagel¢V) characteristics of devices are measured between'the n
and p~ region showing diode operation with a slope of 72 mV/decétides and
electrons are injected into the central area through timaéd regions. The access
resistance of such diodes is high, and increases with a akxm@ the thinned
silicon region. The diode current strongly depends on thieeseesistance of
the thinned layers. This series resistance can be reduffedesly by applying
a bias-voltage to poly-gates on top of the thinned regiong.aBplication of a
negative voltage (V) to the poly-gate next to the'region and a positive voltage
(Vi2) to the poly-gate next to the™nregion, the carrier density in the thinned
silicon layer is enhanced. From the structure in Fiduré @v@cobserved that
when \,,; = -1V and V,,, = 1V, the series-resistance was reducedJdytimes.
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This leads to good forward conduction: ag;\£ -1V and M, =1V, 1 mA flows
at ~2 V forward bias (\:). Meaning that at enhanced condition, a ¥ 2 V
can lead to a mean current density of 3310° A/cm? through a silicon layer
thinned down to 5 nm and a current density of 14410* A/cm? through the
central region. FigureE. 8. 21 show&/ characteristics of five diodes with varying
thinned-region thickness.
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Figure 6.21:-V characteristics of 5 diodes with the same structure exbeptickness
of the thinned region, measured at room temperature fer-1 V and M, = 1 V: (a)
current in semi-log scale; and (b) current in linear scate 9 diodes in this measurement
with the distance between the two thinned regions pfrb

Since a larger band-gap certainly exists in a thinner eogrdayer, it is not
easy to separate the geometrical effects from the band-gkgmimg effects. Sim-
ulations enable us to decrease the thickness of the acgess lahile keeping the
band-gap energy constant. It also opens the possibilithamge the band-gap
while keeping the access layer thickness at the same levetder to study these
two consequences separately we used simulation tools angrésented in the
luminescence property section.

6.5.2 Luminescence characterization

We compared the electroluminescence at room temperatufigeotliodes,
which only differ in thickness of the thinned access sili¢idm. Their EL spec-
tra with the same intensity-peak atL130 nm wavelength are recorded in Fig-
ure[622a. The EL increases by as much as a factor 24 whersaeggsns are
thinned from 146 to 5 nm, as quantified by the integrated Eknsity in Fig-
ure[6.2Pb. This enhancement of electroluminescence iniaésilicon volumes
(on the same wafer), but with different access regions, da@xed by confine-
ment of the injected carriers in this volume. Three confinenedfects to that
enhancement will be identified as following.
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Figure 6.22: (a) EL spectra of five diodes with the same emission regiomnel
(5 pm x 60 um x 146 nm) but different access layer thickness measured at tem-
perature and under 1 mA forward current; (b) the integratedEensity of these diodes
as a function of thinned SOl thickness.

The effect of gate voltages was studied on these fabricatetbsl at the same
forward-current of 50Q:A, under two biasing conditions: first, with both poly-
gates grounded and second, with gate biases,pF\¢1 V and j, = +1 V. The
latter condition creates a high electron density in the $ilinon region connected
to the n" contact, and a high hole density in the thin film adjacentéqthcontact.
Not only does this reduce the diode’s external resistanaieshinjected into the
p-type silicon now encounter a potential barrier on theiy wathe n" region,
and similar for electrons, vice versa. The integrated Ebnisity ratio between
these two conditions increases from 1.5 to 2.5 when decrgdlse thickness of
the thinned regions from 27 to 5 nm respectively, as showngare[6.23B.
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Figure 6.23:Comparison of the integrated EL intensity for diodes wagkimder two
bias conditions: two poly-gates grounded and biased,at\V1 V and M, = +1 V.

The influence of gate-voltage at each poly-gate on the eomgsioperty was
investigated further by a change in observation of integt&L under a constant
current when keeping one gate at constant bias while vatieapplied voltage
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at the other one, and vice versa. Figlreb.24 shows that kvecimportance
of both gates is almost equal. As soon as the access chame&lswen to accu-
mulated condition, the EL intensity is going to be at satarat And it can also
be observed that the introduced electrical-field startsotasifunction at an ear-
lier state: the integrated EL intensity starts to saturatemM,; = -0.5 V and

Vi 20.7 V.

3.2x10°

V,=+07V . m 3.0x10°4 Vi =-05V e,
3.0x10° A r.,./—-/ /. .
2 8x10° = 2.5x10° u
/
2.6x10° ./ 2.0x10° /

3
2.4x10 —/ 1.5x103*/
2.2x10°+

(a) 1.0x10° - (b)
2.0x10° . . T . T T ' T i T
0.0 0.3 0.6 0.9 1.2 1.5 0.0 03 06 0.9 1.2 1.5

Integrated EL (a.u.)
Integrated EL (a.u.)

Bias voltage -V, at p'/p junction (V) Bias voltage V, at n’/p junction (V)

Figure 6.24:Change of integrated EL intensity with gate-voltage agptie (a) Vi1
while keeping V,» at 0.7 V (at this bias level of 4 the integrated EL starts to saturate);
(b) V2 while Vy,; = -0.5 V (at this voltage of }; the integrated EL starts to saturate).
The device has a 5 nm thick access layer and the forward ¢wmeen0.5 mA.

The EL improvement caused by electrical field effects wasuewad also by
means of simulation of minority carrier current density hwit the thinned ac-
cess layer at different applied gate-voltages under the samrent level flowing
through the diode. More minority carriers appearing in theried region indicate
that they contribute less to the radiative recombinatiahéxcentral active region,
and more loss of them to non-radiative recombination at timtacts. Simulation
data supported the experimental observation as we see Ieestyncarriers for
a higher bias-voltage at the poly-gate (see in Fi§urel 6 2f&)m cross-section of
the simulation structure if now we draw a cut-line across3hem thick access
layer we can see the minority current density belonging & ¢tlt-line. Electron
current density at the access layer close'tépgunction and hole current density
close to rf/p junction can be seen respectively in Figureb.25a[ando6a®slif-
ferent bias levels of the poly-gates. In this simulation file& effect gives 2.3
time-increase of the mean radiative recombination rateimicg in the central
p-region.

Thinning down the access regions has a stronger effect (speef6.2Z2b
and[6.ZB). In FigurE6.23, in the case of no field effect an Eldase of a fac-
tor 3 is observed when the access layer thickness decregage27 nm to 5 nm.
While the quantum-size effect is known to be significant omhen the silicon
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Figure 6.25:Simulation of the change of the minority current densityhivitthe 5 nm
thick access Si layer versus the bias voltage at poly-gatgie ®00 p,A current flowed
through the device. At a higher gate-voltage of poly-gataysless electrons can reach the
p*/p junction; (b) holes were rejected of reaching thémjunction; (c) higher radiative
recombination rate occurring within the central p-region.

layer thickness is below 10 nin [13] [114], we realize that thefensity starts to
increase as the thinned silicon layer is still quite thick (@n and 19 nm). This is
evidence of the geometrical effect.

The geometrical effect on EL can be analyzed separately\ag@simulation.
In the input data of the simulation model, the silicon baiag-gt the access region
is kept at the same energy of 1.12 eV for all five thicknessl$ew£5, 9, 15, 30,
and 150 nm. At the same forward current of 208, thinning down of access
layers helps to the confinement of electrons and holes inghtal p-region and
therefore increases radiative recombination probabilibe radiative recombina-
tion rate along a cut-line across the device length withedgiht thicknesses of the
access-layer can be seen in Figure6.26. We see two sharp mEsgqlectively at
the two junctions, which is the result of the band-gap naimgveffect in highly
doped silicon. There are two important points to be awareeoé:hfirstly, the
light emitted from these two peaks will be mostly absorbeckl®y the i~ and p
region; secondly, the recombination simulations showsratr cubic and since
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the non-thinned p-region is much thicker than the access lélye integration of
this radiative recombination rate across the thicknessetbrresponding region
show that the most effective part contributing to the deeicgssion is the central
non-thinned region. Therefore, in the remaining simulatiata we just take into
consideration the radiative recombination from the céptr@gion. It is shown in
Figure[6.2F that the mean radiative recombination rateeas®s with a factor of
4.5 when the access-layer thickness decreases from 150 fimnio Fewer elec-
trons (holes) diffused through a thinner access layer tchrgé/p (n*/p) junction,
leading to a higher radiative recombination rate in thereptregion. This once
more indicates the stronger effect of geometrical thinning
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Figure 6.26:Simulation of contribution Figure 6.27: Mean radiative recombi-
of radiative recombination rate along th@ation rate within the central p-region as
device-length with different thickness ot function of the access-layer thickness.
the thinned layer. Diode simulated abiode simulated at 20@A with Vi, =
200 A with Vi3 =V =0 V. Vi =0 V.

The same simulation procedure was carried out to separatedgtigate the
band-gap widening effect. In a structure with 9 nm thick asdayer, we define
the silicon band-gap of this access layer at different easi@nd compare the total
recombination rate in the central emitting region. With thported observation
of the band-gap widening effe¢t[13][14], for a silicon lay$ 5 + 2 nm thick its
band-gap can be widened up to 1.2 eV, so in our simulationilicers band-gap
of this thin layer was set at 1.12, 1.14, 1.17 and 1.2 eV. Bszai the band-
gap widening the carrier confinement process can be seatydle&igure[6.28.
At the same simulated current of 2@@, we see more carriers confined within
the central region resulting into a higher band-to-bandmdanation rate when
increasing the silicon band-gap of the access layer. Thepadson of mean
radiative recombination rate within the central p-regivdifferent energy levels
of silicon band-gap is performed in Figure d8.29. The bantand recombination
rate is enhanced by 2.2 times with a 80 meV increase of the-bapanergy in
the access region.
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Figure 6.30:L-I characteristics of diodes measured at room temperature.

The simulation data presented above clearly distinguistetbonfinement ef-
fects implemented in our devices. And it indicates that theite improvement
of the external quantum efficiency, which was experimeptaserved in our fab-
ricated devices, is a reasonable result.

TheL-I characteristics of those diodes at room-temperature angrsim Fig-
ure[6.30. Note that the surface of this device did not recanyespecial treatment
to maximize the outcoupling of light]1]. The external quamtefficiency of the
device at room temperature under 1 mA forward current reaghex 10~ for
the device with the thinnest SOI layers (5 nm). According o calculations of
internal efficiency (presented previously in chapter 28, highest possible inter-
nal efficiency in this geometrical is close to 1 % with the asption of a surface
recombination velocity s = 10 cm/s. Moreover, if we realirede devices on a
thicker SOI layer £2 um), together with further improvement of Si/Sinter-
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face quality, it would be possible to reach an internal efficy level of 5 %.

Distribution and spatial location of the emitted light candeen for example in
Figured®.3ll. Itis a top-view infrared photograph of a deyigith the access layer
of 5 nm thick; the p-region of 1@m long and 6Q:m wide) biased at 1 mA taken
by the InGaAs camera. The contact-pads and device struistwisible in this
picture because we additionally illuminated the device byeak external lamp.
The bright central area is the active region (p-type petastwo brighter ends
of the central area are a result of the part of internally cédie light waveguided
to the edge at the proper escape angle. The two poly-gatasesdjto the central
region, which control the access of carriers, also wavegpatt of the emitted
light in the direction of the p and n" regions. Part of this escaped at the edges
of the poly-silicon. In the case of the structure on the Hgildie of Figurd .31,
there is also a gate on top of the central p region and we sebriglater lines at
the short edge of the device. One is due to the waveguidinggisOl layer and
the other one due to the waveguiding in the poly-gate on tap dhe integrated
intensity from the edges amounts to 15-20 % of the total kghission. Moreover,
one can still recognize that the emission on the right-sfdeentre region (p/p
junction) is higher than that on the left-side"(p junction), which is the same
emission profile from the normalpp/n* diode presented earlier.

Figure 6.31:Top-view infrared photograph of the light emitting devidaded at 1 mA,
taken by InGaAs camera via a 50x-microscope: (left) no e¢gtte; (right) with central
poly-gate. The device has an access layer of 5 nm thick; tlegipn is 10um long and
60 um wide; at bias condition of yj =-1 Vand M, =1 V.

With the right-structure in Figule 6.B1, it is possible t®ubke central poly-
gate to further increase device-light-emission by lingtihe non-radiative recom-
bination occurring at the Si/SiOnterfaces. The external observation showed an
EL increase of a few percentages as previously presentadivaitnormal p/p/n*
diodes. For our fabricated diodes the optimal voltage apgh the central gate is
-4 V.
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Temperature effects

The temperature dependence of the integrated EL intensisyimvestigated
in the range of 253-473 K for all series of fabricated devidgsinteresting tem-
perature dependence of EL characteristics was observedh witdicated quan-
tum confinement effects (see Figlre .32). As far as the pat@onfinement is
concerned (electrical field effect and/or band-gap widgmffect) the EL inten-
sity decreases with temperature. This was indicated by eedse in the inte-
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Figure 6.32:Temperature dependence of integrated EL intensity of diedth different
access layer thickness under 0.7 mA forward current whemdlg-gates are grounded
or (b) poly-gates are biased ofy=-1Vand \,, =1 V.
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Figure 6.33: Under a constant currenFigure 6.34.Temperature dependence of
of 0.7 mA, with gate-bias of }; = -1 V the integrated radiative recombination rate
and M, = 1 V; and silicon band-gap ofalong device length for two different sim-
the thinned layer of 1.2 eV, the integratedlation conditions of band-gap energy at
minority current density along the cut-linghe thinned access regions; E 1.12 eV
across the thinned layer increases wh@fn: = V2 = 0 V) and E = 1.2 eV
increasing temperature. (V1 =-1Vand M =1V).

grated EL intensity with temperature obtained from deviwéh the thinned re-
gion thickness smaller than 10 nm at both bias-conditiom®bf-gates (grounded
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or biased) and from devices with thicker access layef(nm) when poly-gates
were biased. The opposite trend, in line with bulk silicorDLEehavior [23][24],
occurred for devices without thinning and with a thicker b@thinned layer when
two poly-gates grounded.

In confined-carrier systems, the confinement is normallyced by increas-
ing temperature [25] [26]. In our device, this happens thiothe increase of the
minority carrier concentration in the thin regions at fixedegpotential. Thermal
escape of carriers through quantum confinement barrieresased with temper-
ature (Figuré_.6.33). Simulation data presented in FifjiEd 6learly strengthens
the observed experimental data. Under a constant curresitdef 7.8 x 10
A/lcm? (0.7 mA), with the silicon band-gap energy at the thinnedmegvas set to
1.2 eV, at the gate-bias ofyy=-1V and V,; = 1 V, when increasing temperature
from 250 K to 450 K we see the integrated EL intensity decrepas a result of
the increase of escaped carriers. Whereas, an oppositevisshobserved when
the band-gap was setto 1.12 eV and the gate-bias pEW, =0 V.

The found temperature dependence behavior indicates tinatevices work
efficiently at around room temperature and above, allowagutilization of this
emission process in integrated microsystems.

Conclusion

A compact efficient light source on SOI material with many metrical vari-
ations was presented. The devices emit infrared light basgghonon-assisted
band-to-band recombination in high-quality silicon. @ariconfinement effects
were successfully implemented. Using thinned down, galiembis access re-
gions, the quantum efficiency was shown to improve with ainhwe orders of
magnitude.

The experimental results were compared with simulatioristaree carrier
confinement effects were identified, i.e., electrical figlelpmetrical and quantum
size effects. The combination of these effects resulteddievéce which exhibited
a record electroluminescence efficiency for SOI-LEDs.

Compared to bulk-silicon LEDs it has the advantage of addlieand verti-
cally well-defined light emitting area, and probably higbeiitching speed. The
guantum efficiency can be enhanced further by improvemethieo®i/SiQ inter-
face quality and increase the relative recombinationifsadbetween volume and
interface components. The quantum effects can be moreeeffiviith a thinner
access layer<5 nm).
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Chapter 7

Conclusions

Abstract

To finalize the thesis and the four-year project named HEL I®&main goals
are included in this chapter and the conclusions belongingatch chapter are
summarized. From there some general conclusions are dimehfinally, some
future research is proposed.

7.1 Conclusions through the thesis

Chapter 2:

Based on the main possible recombination processes augdurria silicon
LED, the internal quantum efficiency of the luminescencepsses (EL and PL)
was calculated for a range of excess carrier concentraftioms10'° to 10" /cn’.
The calculated data show that at low injection conditionewthe SRH recom-
bination is the dominant process, the impurity level (desy@l impurities) is the
most important parameter in both cases of bulk silicon LECS®I-LEDs, which
controls the fraction of the competing radiative band-amdb recombination rate
to the total rate of all other non-radiative recombinatisogesses. At a higher
injection level the device efficiency is mainly limited by éer recombination.

For the light emitting devices realized on SOI material, nloa-radiative re-
combination at the interface and junctions is a key isswseadlto the device effi-
ciency. To improve the light emitting efficiency, the normigtive processes must
be suppressed sufficiently. This can be done by limiting thr@amination level
during device fabrication processes, by improving thei&ySnterface quality,
and by introducing a potential barrier to block electrond hales from reaching
the junctions.
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Using the theory of optics and reported experimental datapdel was in-
troduced to describe quantitatively the relation betweeaearaal and internal effi-
ciency of a light source. The relationship between inteamal external efficiency
of our realized light emitting devices was given by extractirom the built mod-
els. The influence of the backside reflection on the tranantt and the emission
spectrum of the light sources realized on bulk silicon wafeistronger compared
to that of the light sources realized on SOI material.

Chapter 4 + 5:

The impact of dislocation loops on the infrared light enassirom bulk sili-
con LEDs was studied. The'm junction in the LEDs was fabricated using boron
diffusion or boron implantation. The dislocation loops wereated close to the
p*/n junction with different sizes, densities and at différpasitions by varying
the implantation energy or post-implantation annealimggderature. The density
and physical location of implantation-originating diskion loops was confirmed
by TEM and HRXRD measurements. Strong light emission is mdesearound
the band-to-band recombination wavelength of 1150 nm,tifkeh as phonon-
assisted radiative recombination.

The BB radiation becomes progressively weaker at lower &satpre, and
with increasing dislocation loop density. This new findirantributes to a revi-
sion of the current understanding of light emission fromedefngineered sili-
con LEDs. In these experiments the presence of local carietinement close
to dislocation loop regions due to the created strain field W®T observed.
From the found dependencies, it is concluded that with theiegh manufactur-
ing techniques (B diffusion, and B and Si implantation) thestrefficient room-
temperature silicon LED emitting at the band-to-band edd®Q nm), is formed
by causing minimum lattice damage.

D-band luminescence shows the opposite trend, both in texyve and the
dislocation loop density. lon-implanted silicon LEDs maggent interest for light
emission at 1..xm, however, to that purpose the dislocation loop densitytines
strongly increased compared to the devices presented \nbile, non-radiative
recombination processes must remain suppressed.

Chapter 6:

A compact efficient light source on SOI material with many metrical vari-
ations was presented. The devices emit infrared light basgghonon-assisted
band-to-band recombination in high-quality silicon. @arconfinement effects
were successfully implemented. Using thinned down, gatiembis access re-
gions, the quantum efficiency was shown to improve with alnbwe orders of
magnitude.

The experimental results were compared with simulatiorstaree carrier
confinement effects were identified, i.e., electrical figjdpmetrical and quan-
tum size effects. The combination of these effects resuftexa device which
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exhibited a record electroluminescence efficiency for SBDs.

Compared to bulk-silicon LEDs, SOI-LEDs have the advantaa later-
ally and vertically well-defined light emitting area, anapably higher switching
speed. The quantum efficiency can be enhanced further byouaprent of the
Si/SIO, interface quality and increase the relative recombindtiaction between
volume and interface components. The quantum effects carobeefficient with
a thinner access layet6 nm).

General conclusions:

The obtained results suggest the success of the HELIOScproje

In order to produce a high efficient Si LED, high quality stiicmaterial and a
low contamination level due to the fabrication processareley issues. A-1 %
internal quantum efficiency can be achieved with our SOI-EEDhis closed the
efficiency gap between bulk-Si LEDs and SOI LEDs. Moreoves, achievement
opens a potential application for high speed photonic natiegl circuits.

7.2 Future work

1. Performance of lateral SOI-LEDs with embedding few esakmodifica-
tions in order to improve light emitting efficiency: use tkec SOI layer; create
thinner access layers; control the contamination bettengdiabrication process.
These possible variations are based on the theoreticaicpoed presented in
chapter 2.

2. Investigate a complete optical integrated circuit idahg light-emitters,
waveguide structures, and photodetectors. The light emaitire based on our
high efficiency fabricated SOI LEDs. LPCVD $8l, with the band-gap energy
of 4.6 eV and the refractive index of 2.05 is a suitable matéar waveguiding
signal through silicon integrated circuits. Furthermdhe LPCVD SiN, layer
can be patterned by a CMOS compatible process.

3. Study the potential high switching speed of the SOI-LEB®\g electri-
cal and optical methods. External electrical field (by poates) can be used to
further increase the on/off switching frequency of the LEDs
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Summary

Since 1965 the number of transistors on a single integrateait(IC) for min-
imum component costs has been almost doubling each 18 marphenomenon
which is known as Moore’s law. The most advanced ICs contarerthan a bil-
lion transistors and the line-width used in the next gememaCMOS-processes
is 32 nm. It is expected that in the coming decade the exp@ientrease in
complexity will start saturating because we are approachindamental limits,
and new approaches are being explored to push the develofuritver after the
saturation of conventional microelectronic technologystéad of electrical inter-
connects, optical integration is suggested to be used irogi@ctronics. Further-
more, silicon nowadays remains the first material for IC tetbgy. Meanwhile,
a compact high-speed efficient silicon light source beingabte for on-chip in-
tegration process is still missing. The aim of this reseasdo investigate this
missing component.

This dissertation presents an exploration on infraredtigmitting probability
in silicon light emitting devices (Si-LEDs) with new appuabees to improve the
routinely low emission efficiency of silicon. It starts withtheoretical calcula-
tion of the possible internal quantum efficiency in bulk-&Ds and SOI-LEDs,
after that a model for calculating the relationship betwieggrnal and external ef-
ficiencies is introduced. Following that the experimenytalthieved results from
our realized LED structures implementing the theoreticatlictions are exhibited
subsequently.

The probability ratio of radiative and non-radiative redonation in silicon
determines the light emission efficiency of a Si-LED. Thétigmission from
silicon is inefficient because the unwanted non-radiage®mbination processes
are faster than the desired radiative transitions of edastand holes. The high-
est possible internal quantum efficiency of photolumineseeand electrolumi-
nescence for a bulk Si-LED and an SOI-LED is theoreticallicwated in a
wide range of excess carrier concentration fron®40?° cn. This calculation
shows that a high purity level of silicon wafer is required chigh efficient light
source. Furthermore, the non-radiative recombinatiocgsses, such as Auger
and Shockley-Read-Hall, occur mainly at the junctions antthe Si/SiQ inter-
faces. Thus, if one can inhibit the carriers from reachirggéhareas the radiative
recombination will be enhanced consequently, i.e., tHe kgnission efficiency is
improved. Those information can be found in chapter 2 ofdigsertation.

In chapter 3, the optical analysis equipment used in thikvisdescribed.
Calibration of the optical system is an important issue toficon the reliability
of the obtained results. All information about the equipmesed and procedures
carried out in the calibration process of the optical systam be found in this
chapter.
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The importance of the purity of the silicon material is exaed in the ex-
perimental series presented in chapter 4. The lattice tefeere introduced in
silicon wafer at different levels by implantation of eith@oron or silicon ions.
When all device variations are realized on the same wafeurtdesired variation
from fabrication processes are excluded, the efficiencypawison of the emit-
ted light between devices is made to investigate how dislmtaoops affect the
light emission probability. A conclusion drawn from thesg@eriments is that the
Si-LEDs with less defects (high purity) will emit more ligat the band to band
wavelength of 1.15xm. The created defects in silicon crystalline however do act
as emitting centers at communications wavelength of 153:th. These lumines-
cence peaks are known as D-line emission (chapter 5). A vaidger analysis of
the dislocation-loop related emission is carried out atitiqpitrogen temperature
(77.4 K) up to room temperature. It is shown that the banand recombination
and the D-line are competing each other, i.e., the D-linession is stronger in the
LEDs with more dislocation loops. However, the D-line enaascaused by dis-
location loops is negligible at room temperature, wheraga,higher temperature
the band-to-band emission is stronger.

Chapter 6 presents a new approach in which the limitationitkSi LEDs
caused by the lack of a spatial confinement; such as: low Bwwgcspeed, diffi-
culty in formation of compact optical integrated structjreross-talk problems;
can be improved by using SOI technology. The key elementHat improve-
ment is that the emitting region in our SOI-LEDs is a well coatl area on a high
quality SOI layer. An efficiency improvement of almost twalers compared to
the reported thus far on SOl is the result of the successilizatton of carrier
confinement effects in the realized SOI-LED structures. Wag of using the
standard local oxidation (LOCOS) technique to create twi@thlin access layers
close to the p/p and n/p junction, respectively, in a'gp/n* structure is given.
By doing that, three confinement mechanisms implementeldeasame time in
that emitting device are electrical field effects, geoncetreffects, and band-gap
widening effects. Simulation data supporting for thoseegixpental results are
also demonstrated in this chapter.

In conclusion, the success of this research project givesaibution to the
recent understanding of light emission from silicon andrgpa highly potential
application for high-speed photonic integrated circuits.
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Samenvatting

Sinds 1965 is het aantal transistoren op een geintegrsenddeling (In het
Engels Integrated circuit, afgekort IC) ongeveer iedejgaar verdubbeld, een
fenomeen dat bekend is onder de naam “wet van Moore”. De rgeasanceerde
IC’s bevatten meer dan een miljard transistoren en in de komgeneratie CMOS
processen zullen afmetingen van 32 nm voorkomen. In de kdenéen jaar
verwacht men dat de exponentiéle groei van de complexéérfviakken omdat
de fundamenteel fysische grenzen bereikt zullen worderzaEgezocht moeten
worden naar nieuwe benaderingen om de grenzen in de ontwnigke van de
conventionele IC technologie verder te verleggen. Eéndeapaken waar onder-
zoek aan wordt verricht is om i.p.v. elektrische verbindinggebruik te maken
van optische integratie terwijl toch silicium het basis enetal voor dat soort ICs
blijft.

Wat voor dat doel nog ontbreekt is 0.a. een compacte suplereneefficiente
op silicium gebaseerde lichtbron. Het doel van dit ondekasdet speuren naar
deze ontbrekende schakel.

In dit proefschrift wordt onderzoek gepresenteerd naarmdisse van infra-
rood licht in silicium LEDs die gemaakt zijn via een nieuwenhdering om de
gebruikelijke lage emissie efficiéntie van silicium te beteren. We beginnen
met een theoretische berekening van de potentiéle inkevaatum efficiéntie in
bulk-Si LEDs en SOI-LEDs; daarna wordt een berekeningeagjepresenteerd
die handelt over de verhouding tussen interne en exterreefiie. Vervolgens
worden experimentele resultaten, gemeten aan door onaligesrde LED, gep-
resenteerd.

De verhouding tussen stralende en niet-stralende recatndin silicium bepaalt
de hoeveelheid lichtemissie van een Si-LED. De lichtopgsénn silicium is
laag omdat ongewenste niet-stralende recombinatie peceseller zijn dan de
gewenste stralende recombinatie van elektronen en gaterhoBgst mogelijke
interne kwantumefficientie voor fotoluminescentie enkel@uminescentie van
een bulk Si-LED and een SOI-LED is theoretisch berekend eeergroot ge-
bied (10°-10* cm~3)van lading injectie. Deze berekening laat zien dat een hoog
zuiverheidniveau in een silicium plak een vereiste is vaor kchtbron met hoge
efficientie. De niet-stralende recombinatie processealszAuger- and Shockley-
Read Hall recombinatie, vinden voornamelijk plaats bij d@ gn n"p overgan-
gen en aan de Si/Siyrensviakken. Als men dus kan voorkomen dat de lad-
ingsdragers deze overgangen bereiken zal als conseqdeatiean de stralende
recombinatie toenemen. Dit wordt beschreven in hoofdstk2dit proefschrift.

In hoofdstuk 3 wordt de optische analyse apparatuur dig etk gebruikt is
beschreven. Calibratie van het optische systeem is eemdrgkeonderdeel om de
betrouwbaarheid van de verkregen resultaten te garandélieninformatie over
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apparatuur en calibratieprocedures van het optischeesydtant in dit hoofdstuk
terugvinden.

Het belang van de zuiverheid van het silicium materiaal deonocht in een
serie experimenten die beschreven staan in hoofdstuk 4o@er defecten wer-
den op verschillende diepte niveaus geintroduceerd inlidais plak door im-
plantatie van zowel borium als silicium ionen. Wanneer dbleice variaties op
dezelfde plak gerealiseerd worden, worden variaties irfdietcage proces uit-
gesloten. Een vergelijking van lichtopbrengst is gemaadsen verschillende de
vices om te zien hoe dislocaties licht emissie beinvioedsmn conclusie die uit
deze experimenten getrokken kan worden is dat de Si-LEDsmmeter defecten
meer licht emitteren op de golflengte van 1150 nm, wat ovéi@ahmet de en-
ergieafstand tussen de conductieband en de valentiebagd (Eand-to-band”).
De gemaakte defecten veroorzaken echter een toenemens&esinj de wel-
bekende communicatie golflengtes van 1.3—+inh Deze luminescentie pieken
zijn bekend als D-lijn emissie (hoofdstuk 5). Een veelorterade analyse van de
emissiegerelateerde dislocaties is uitgevoerd vanaf aibdar stikstof temper-
atuur (77,4 K) tot aan kamertemperatuur. Het is duidelijkieen dat de “band-
to-band” recombinatie en de D-lijn recombinatie elkaardmetirreren wat erop
neerkomt dat de D-lijn emissie sterker is in LEDs met meelodaties. Echter
de dislocatie gerelateerde D-lijn emissie is verwaarlaasbij kamertemperatuur
terwijl de “band-to-band” emissie sterker is.

In hoofdstuk 6 wordt een nieuwe benadering getoond waarimegerkingen
van bulk Si-LEDs, die veroorzaakt worden door het afwezjg zan ruimtelijke
opsluiting van de ladingsdragers zoals: lage schakelsitklhet probleem van
moeilijk te realiseren compacte optische geintegreetrdetsiren en overspraak
problemen, kunnen worden verbeterd door het gebruik vané&shologie. Het
belangrijkste element voor deze verbetering is dat de pleat de emissie in
onze SOI-LEDs in een goed gedefinieerd en opgesloten gelaatspindt. Een
verbetering van bijna 2 ordes van grootte is bereikt vekggienet de tot dusver
gerapporteerde resultaten op SOI. De manier waarop gelarit gemaakt van
standaard LOCOS techniek om twee ultradunne toegangstigeibij de p'/p,
de n*/p overgangen alsook in eer fp/n* structuur met ultra dunne p laag te
realiseren wordt gepresenteerd. Hierdoor worden in hettdealrie opsluiting-
mechanismen tegelijkertijd doorgevoerd. Dat zijn elekin- veld, geometrische-
en “band-gap” verbreding- effecten. Simulatie resultatendeze experimenten
ondersteunen worden in dit hoofdstuk ook weergegeven.

Tenslotte, dit onderzoeksproject levert een bijdrage aaketinis van lichte-
missie in silicium en geeft mogelijk aanleiding tot een t@@nde toepassing van
optische IC’s die bij hoge snelheid kunnen werken.
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Appendix A: Optical constants of some materials

In the fundamental optical regime, there are several diffeformulations of
optical constants [C2.2ﬁ1] Based on the quantum-mechanical theory of absorp-
tion, Forouhi and Bloomer in [C2.20] built a series of gehexpuations to derive
the optical constants. The optical constants extracted these equations show a
good fit to experimental data. The wavelength dependent¢ealftical constants
of intrinsic Si and SiQ used in this thesis were extracted from them. Therefore, in
this appendix we introduce those expressions instead gigiraferring to them
as a reference.

To deduce these expressions the distinguishable statesdeéned as either
the bonding and anti-bonding states in the valence band @mduction band of
amorphous materials &s) and|c*), respectively. And for crystalline semicon-
ductors, dielectrics, and metals the distinguishablestatre defined as critical-
point states|x.i;), in the valence and conduction bands. The electron wavewect
is presented as symbel

The inter-band transitions of bound electrons are respt®r optical prop-
erties of a material. The relationship of photon (with eyefg= hw) absorption
and electron transitions were studied to derive the extinatoefficient. After
that, from the obtained equation for the extinction coedfitj the Kramers-Kronig
relation was used to derive the refractive coefficient.

A.1 Derivation of extinction coefficient

The extinction coefficient for each material (amorphougstiline semicon-
ductors, or metals) can be written compactly in followingralas.
For amorphous:

A(E — E,)?
= 9 Al
ko) = 2 —BE+ O (A1)
with A, B, andC' are constants given by:
A = const (" |x| 0)]* x 7, (A.2)
B=2(E,» — E,), (A.3)
2.2
C = (B — B+ (A.4)

*ref. [20] of Chapter 2
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with v = 1/7 and 7 is the life-time of electrons at the excited state. In the
Eq. (&A2), the term)(c* | x| o)|” represents the dipole matrix element squared be-
tween the states.

For crystalline semiconductors and dielectrics:

q
A;
2 E? — BiE + C;

i=1

(E - E,)? (A5)

ky(w) =

where the subscriptdenotes thé" type of the critical-point state, and the inte-
gerq is equal to the number of observed peaks associated withritiekepoint
transitions.

For metals:
q A )
— ! E A.
with A;, B;, and(C; are constants given by

Ay = const (Ko | X| k)7 X % (A7)
Bi =2 [Ec(’fcrit) - Ev("icrit)]i (A8)

h2?
Ci == [Ec(/‘fcrit) - Ev(’icrit)]? -+ ZZ (A9)

where the superscripts v and ¢ denote valence and conduetrah respectively.

In Eq. &), the term(x¢;, | x| 5%, )| represents the dipole matrix element squared
between the't critical-point state of the valence band and that of the ogtidn
band.

A.2 Derivation of refraction coefficient

The refraction coefficients of a medium are expressed astheutas.
For amorphous:

B.E + C,
Malw) =nalo0) + —pE e (A.10)
whereB,, andC, are
A
B, = 0 (-B*/2+ E,B—E; +C) (A.11)
A 2
Co = 0 [(E2+C)B/2—2E,C]. (A.12)
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For crystalline semiconductors and dielectrics:

q
B,E+ C,,
= A.13
whereB,,; andC,,; are
A; 2 2
Bxi — @ (—(BZ) /2 + EgBi - Eg + Cl) 3 (A14)
A; 5
Cyi = 0. [(EZ +C;) Bi/2 —2E,C}] . (A.15)
For metals: .
B,,E+Cy
= Al
n#(w) n,u(oo> + — El2 o BZE + C@ ( 6)
whereB,; andC),; are
A; 9
By = = (—=(By)?/2+ Cy), (A.17)
A; B;C;
= —t A.18
KT 19
with @; is the same for crystalline semiconductors and metals as
1
Qi = 3 (401‘ - 32)1/2 . (A.19)
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A.3 k(w)andn(w) of Siand SiG;

All parameters ofA;, B; and C; are obtained by fitting from experimental
data [C2.20] for Si and Si©as presented in Tallé 1 aid 2 respectively. Applying
these parameters to Hq. A.5 and EQ._A.13 the extinction ciesiti as well as the
refractive index of Si and SiQas a function of wavelength can be extracted.

For crystalline silicon:

A, B; (eV) | C; (eV?) | n() | E, (eV)
0.00405| 6.885 | 11.864 | 1.950| 1.06
0.01427| 7.401 | 13.754
0.06830| 8.634 | 18.812
0.17488| 10.652| 29.841

Table 1: Value of the parameters;, B; and C; for crystalline Silicon were

extracted by fitting of experimental data. These parametene extracted
from [C2.20].

For silicon dioxide:

A, B; (eV) | C; (eV?) | n() | E, (eV)
0.00867| 20.729| 107.499| 1.226| 7.00
0.02948| 23.273| 136.132
0.01908| 28.163 | 199.876
0.01711| 34.301 | 297.062

Table 2: Value of4;, B; andC; for SiO, were obtained by fitting of experimental
data. These parameters were extracted from [C2.20].
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