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Nederlandse samenvatting
—Summary in Dutch—

“Wetenschap is het geloof in de onwetendheid van experts ..... Het is onze ver-
antwoordelijkheid als wetenschappers, die de grote vooruitgang en grote waarde
kennen van een bevredigende filosofie van onwetendheid, de grote vooruitgang die
de vrucht is van de vrijheid van denken, om de waarde van deze vrijheid, om te
leren hoe twijfel niet moet worden gevreesd maar verwelkomd en besproken, en om
deze vrijheid te eisen als onze plicht tegenover alle komende generaties.” - Richard
P. Feynman

De moderne levensstijl is sterk athankelijk van het internet. Het vormt de
ruggengraat voor videotoepassingen, spraakherkenning, dataverwerking, zoekma-
chines, sociale netwerken en cloud computing . Al deze toepassingen zijn erg
reken- en data-intensief en gebruiken het internet als centrale opslag- en verwer-
kingseenheid. In zijn Global Cloud Index Forecast and Methodology Report voor
2015-2020 voorspelt Cisco dat dit zal resulteren in een wereldwijde toename van
het IP-verkeer van 4,7 ZB in 2015 naar 15,3 ZB tegen het einde van 2020, waarbij
92% van het totale verkeer zal worden afgehandeld door datacentra gefocusseerd
op cloud computing. Om dit ecosysteem economisch en ecologisch in stand te
kunnen houden, moeten de interconnecties tussen de servers van het datacenter
schaling van de communicatiebandbreedte mogelijk maken, zonder het vermo-
genverbruik te laten exploderen. Problematisch daarbij is dat het aantal pinnen
op de processoren die instaan voor de dataverwerking niet aan dezelfde snelheid
schaalt als de globale I/O eisen. Dit resulteert in de noodzaak om de datasnelheid
in elk kanaal (elke I/O-pen) te verhogen, maar vanwege fundamentele fysieke be-
perkingen zijn elektrische interconnecties beperkt in bandbreedte. Optische inter-
connecties worden sinds lang beschouwd als een alternatief voor deze elektrische
interconnecties. Silicium fotonica krijgt daarbij steeds meer belang voor de reali-
satie van de benodigde zender en ontvanger systemen, de zogenaamde tranceivers.
Een van de uitdagingen is echter het gebrek aan monolithisch geintegreerde la-
sers in dit platform. Inspanningen om lichtbronnen en andere componenten zoals
elektro-absorptiemodulatoren te realiseren binnen dit platform vereisen ofwel de
monolithische groei van nieuwe materialen op silicium, ofwel heterogene integra-
tie van III-V-lagen door waferbonding of zelfs extern geintegreerde componenten.
Maar hier zijn verschillende uitdagingen aan verbonden: een complexe processing,
een hoge integratiekost, gebrek aan schaalbaarheid en/of een gebrekkige koppeling
naar silicium golfgeleiders. Germanium (Ge) aan de andere kant kan eenvoudig
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worden gentegreerd in een bestaand silicium platform, zoals uitgebreid werd aan-
getoond voor de realisatie van fotodetectoren. Gezien de aanwezigheid van een
directe bandgap bij 0,8 eV (1550 nm) is Ge bovendien een goede kandidaat om la-
serbronnen en elektroabsorptiemodulatoren te realiseren in golflengtegebieden die
relevant zijn voor datacom- en telecomtoepassingen. Daarom wordt in dit proef-
schrift een uitgebreide studie gepresenteerd waarin we evalueren of Ge-gebaseerde
lasers en elektroabsorptiemodulatoren technologisch compatibel kunnen zijn met
toekomstige optische interconnectietoepassingen.

Net als Si is Ge intrinsiek een materiaal met een indirecte bandgap en dus een
inefficiénte lichtbron. De mate van indirectheid in Ge is echter veel kleiner dan
bij Si. Als gevolg daarvan kan de bandgap van Germanium pseudo direct of zelfs
volledig direct worden gemaakt, hetzij door het toevoegen van n-type dopanten
(om een pseudo directe bandgap te creren), hetzij door het introduceren van uni-
axiale/biaxiale trekspanning, of het te legeren met tin (Sn) (om het een materiaal
met een directe band gap te maken). Introduceren van trekspanning of legeren met
Sn resulteert echter in lichtgeneratie met een golflengte groter dan 2000 nm. Der-
gelijke golflengtes hebben last van grote chromatische dispersie in conventionele
glasvezelkabels en ondersteunen daarom geen signalen met hoge snelheid over af-
standen die relevant zijn in een datacenter. Creatie van een pseudo directe band gap
in Ge door n-type dopering daarentegen maakt lichtemissie bij golflengtes kleiner
dan 1700 nm mogelijk en is als dusdanig relevanter voor optisch interconnecties.
Daarom werd in dit proefschrift n-type gedoteerd Ge geidentificeerd als de meest
relevante route voor de realisatie van een elektrisch gepompte laser die opereert bij
een golflengte < 1700 nm. We stelden daarbij initieel een drempelstroom van 10
kA/cm? als doelstelling. Dit is een verbetering met een factor 30 in vergelijking
met eerder gedemonstreerde elektrisch gepompte Ge lasers, maar nog steeds aan-
zienlijk groter dan voor huidige III-V quantum dot lasers. Doel van dit onderzoek
is daarbij een volledig inzicht te verwerven in het potentieel van Ge gebaseerde
lasers en te evalueren of deze route compatibel is met optische interconnectietoe-
passingen. Op basis van een standaard laser model werden de initiele vereisten om
deze doelstelling te behalen als volgt bepaald:

o Het bereiken van een doperingsniveau van 1x10%?° cm~2 in 400 nm dikke
Ge lagen.

e Het bereiken van een niet-radiatieve levensduur van meer dan 10 ns in P-
gedopeerde Ge lagen gegroeid op Silicium.

Om een eerste zicht te krijgen op de relevante recombinatie mechanismes in
Ge, werden pomp-probe-spectroscopie metingen uitgevoerd op geintegreerde Ge
golfgeleiders (WG) in een silicium fotonicaplatform. Een levensduur van 1.2 ns
voor 1.0 um brede en 0.375 pm dikke golfgeleiders werd opgemeten. Deze le-
vensduur is beperkt door recombinatie aan de zijwanden van deze golfgeleiders.
De hoge recombinatiesnelheid voor de Ge/SiO5 interface kan worden verbeterd
met verschillende passiveringsschema’s, zoals het groeien van een Si capping laag
of een dikke GeO, laag. Deze opties werden uitgetest op dunne Ge-lagen met
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dikte 0,6 pum, gegroeid op Si. De hoogste levensduur, voor het optimale passi-
vatieproces was 4.3 ns, waarbij de recombinatie dominant op de Ge/Si-interface
plaatsvind. Uit deze resultaten blijkt dat het bereiken van een levensduur van min-
stens 10 ns in gedoteerd Ge een zeer agressief doel is, zelfs zonder rekening te
houden met de impact van dopanten in de Ge-laag.

Parallel aan de levensduur studies, werd het epitaxy proces om sterk gedo-
teerde Ge lagen te groeien verder ontwikkeld. Initieel werden deze sterk gedo-
teerde Ge lagen gegroeid op 1 pum dikke virtuele Ge-substraten gegroeid op 300
mm Si wafers (001). De intensiteit van fotoluminescentie (PL) signaal opgeme-
ten voor deze lagen nam toe met stijgend doperingsniveau, op voorwaarde dat de
dopanten volledig geactiveerd werden. Deze stijging kan in verband gebracht wor-
den met het pseudo direct band gap gedrag van hoog gedopeerd Ge, waardoor het
een efficiéntere lichtbron wordt. Het snel verhitten van deze lagen op 700°C voor
30 seconden in N helpt om het aantal puntdefecten in de gedopeerde Ge-lagen te
reduceren en leidt dan ook tot een toename van het PL signaal. Het hoogste actieve
doperingsniveau dat op deze manier kon worden bereikt is 5x 10° cm~3.

Volgend op de ontwikkeling van het epitaxieproces, werden P-gedopeerde Ge-
lagen met een uniform doperingniveau over de hele dikte gegroeid op Si. Een
doperingniveau van maximaal 5,35x10'? cm™3 werd bereikt in deze lagen, na
een snelle annealstap. De breedte op halve hoogte (FWHM) van de PL spectra
voor deze lagen bleek echter aanzienlijk groter te zijn dan deze voor niet gedo-
peerde lagen. Deze verbreding werd ook waargenomen voor de P-gedopeerde Ge
lagen gegroeid op de 1 um dikke virtuele Ge substraten. Figuur|[I|toont de contour
van de PL spectra gemeten voor alle gedoteerd gegroeide Ge-lagen. Een duidelijke
verbreding van de PL spectra met verhoogde actieve P-concentratie is zichtbaar.
Aangenomen wordt dat deze lijnverbreding het gevolg is van de aanwezigheid van
geoniseerde P dopanten in de Ge-lagen. Deze geioniseerde P dopanten veroor-
zaken verstrooiing door Coulomb interacties. Deze verbreding kan ook worden
bestudeerd door de absorptiedynamiek van deze lagen te meten via transient ab-
sorptiespectroscopie. Ook de optische absorptie spectra verkregen met behulp van
deze methode voor gedoteerde Ge-lagen zijn verbreed en verlaagd vergeleken met
die van ongedopeerd Ge. De omvang van deze verbreding werd gekwantificeerd
door de spectra te fitten met een verbeterd density of states model, dat de fysica
van de verbredingseffecten meeneemt. Door de verbreding van de PL spectra en
de transient absorptie spectra onathankelijk van elkaar te fitten, bekomen we een
verbredingsparameter ', > 45 meV en I'yp¢ = 8 meV voor respectievelijk gedo-
teerd en niet gedoteerd Ge. Ook een daling van de niet-radiatieve levensduur van 3
ns voor niet gedopeerd Ge tot <0,3 ns voor P-gedopeerd Ge werd opgemeten. Dit
geeft aan dat de levensduur in gedopeerd Ge beperkt wordt door puntdefecten en
niet door defecten aan de Ge/Si-overgang. De resultaten van deze analyse worden
weergegeven in Figuur[3] Deze experimentele resultaten tonen aan dat alhoewel P
dopanten noodzakelijk zijn om Ge een efficiénte lichtbron te maken, de daarbij be-
horende verstrooiingseffecten en verkorting van de niet-radiatieve levensduur het
bereiken van lage drempelstromen bijna onmogelijk maken. Daarom zijn we nu
van mening dat Ge niet kan worden beschouwd als een potentiéle route voor het
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Figuur 1: Genormaliseerd fotoluminescentiespectrum van alle gedoteerde en
niet-gedoteerde Ge-lagen gegroeid op 1 pum dik Ge virtuele substraten.
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realiseren van efficiénte bronnen voor optische interconnectietoepassingen, aange-
zien dit zou leiden tot een onaanvaardbaar hoog stroomverbruik.

In parallel met het Ge laserwerk onderzochten we ook de mogelijkheid om Ge

te gebruiken voor het realiseren van absorptiemodulatoren, gebruikmakend van het
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Figuur 2: Tijdsafhankelijke reductie in absorptiecoéfficiéntcontouren van niet-gedoteerde
Ge en gedoteerde Ge, geéxtraheerd voor een vaste, door een pomp geinduceerde
fotogeéxciteerde dragerconcentratie bij verschillende golflengte om de vermindering in
levensduur van de drager als gevolg van doping aan te tonen.
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Figuur 3: Samenvatting van pump-probe spectroscopie voor alle gedopeerde monsters om
de aanwezigheid van lijnbreedteverbreding te verifieren en ze te fitten met een standaard
en gemodificeerde toestandichtheidsmodel.
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Figuur 5: Oogdiagrammen van GeSi FKE EAM met een aangelegde spanning van 1,5 V
en 2,0 V, en met datasnelheden van 50 Gb/s.
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Franz-Keldysh effect. In zo’n modulator wordt de absorptiecoéfficiént van het ma-
teriaal gewijzigd door het aanleggen van een extern elektrisch veld. Ge gebaseerde
golfgeleiders met afmetingen van 0.6 pm breed, 0.375 pm dik en 40 um lang wer-
den vervaardigd en gedoteerd om p-i-n diodes te vormen. Het doperingsprofiel
werd geoptimaliseerd om het hoogste absorptiecontrast bij een spanningsvariatie
van 2 V te bereiken. Een EAM met een extinctieverhouding van 4,2 dB voor een
spanningsvariatie van 2 V en een verlies van 5,9 dB bij 0 V bias werd gemeten,
op 1615 nm golflengte. De directe band gap van Ge is echter verschoven naar lan-
gere golflengtes als gevolg van de aanwezigheid van 0,16% biaxiale trekspanning
wanneer het gegroeid wordt op Si. Om de operationele golflengte naar de C-band
te verschuiven, werd 0,8% Si toegevoegd aan Ge om een GeSi FKE EAM te vor-
men. De statische prestaties bleven onveranderd, maar de operationele golflengte
verschoof zoals gewenst naar 1560 nm. Deze modulatoren vertonen een minimum
link power penalty van 9 dB, 6 dB meer dan die van een ideale modulator, en heb-
ben een optische bandbreedte van ~30 nm. Door hun compacte geometrie en het
geoptimaliseerde dopingprofiel hebben deze modulatoren een 1 dB bandbreedte
groter dan 50 GHz. Dit maakt NRZ-OOK modulatie mogelijk met een datasnel-
heid van 50 Gbps, zoals in Figuur[d]en Figuur[5|wordt getoond, met een dynamisch
stroomverbruik van slechts 12,8 fJ/bit en een statisch stroomverbruik van 1,2 mW.
De hoge bandbreedte, compacte voetafdruk en het extreem laag vermogenverbruik
van deze modulatoren maken geavanceerde modulatieschemas mogelijk.

Ten slotte kan de hoge link power penalty van de Ge EAMs gebaseerd op het
Franz-Keldysh effect worden verlaagd door het gebruik te maken van het quan-
tum confined stark effect (QCSE). QCSE gebaseerde EAM’s maken gebruik van
de sterke excitonresonantie van SiGe/Ge quantum well lagen. Bovendien kan de
materiaalsamenstelling van de stack in principe worden afgestemd op gebruik bij
een golflengte van 1310 nm, waardoor ze ook geschikt zijn voor interconnectie-
toepassingen in en tussen datacenters.

Samenvattend kunnen we stellen dat Ge-gebaseerde elektroabsorptiemodula-
toren veelbelovend zijn als oplossing voor het schalen van de bandbreedte van
optische links binnen en tussen datacenters. Het gebruik van Ge als versterkings-
medium voor de realisatie van geintegreerde lasers, is echter minder veelbelovend,
en alternatieve oplossingen zoals monolithische III-V lasers moeten worden over-
wogen voor toekomstige optische transceivers.






English summary

“Science is the belief in the ignorance of experts.... It is our responsibility as
scientists, knowing the great progress and great value of a satisfactory philosophy
of ignorance, the great progress that is the fruit of freedom of thought, to proclaim
the value of this freedom, to teach how doubt is not to be feared but welcomed and
discussed, and to demand this freedom as our duty to all coming generations.” -
Richard P. Feynman

Modern day lifestyle is heavily dependent on the internet through video and
speech recognition/processing applications, search engines, social networking, cloud
computing and many internet of things applications. All of these applications are
computation and data intensive and use the internet as the central hard drive and
processing unit. In its Global Cloud Index Forecast and Methodology report for
2015-2020, Cisco predicts that this will result in a global IP traffic growing from
4.7 ZB in 2015 to 15.3 ZB by the end of 2020, with 92% of the total traffic to be
handled by cloud computing based data centers. To be able to sustain this ecosys-
tem economically and environmentally, the interconnections between the servers
of the data centers must enable scaling of the communication bandwidth, with low
latency and low power consumption.

In conventional electrical interconnects, scaling the number of pins in a pack-
age has lagged the I/O bandwidth demands of the processing nodes. This resulted
in the need for increasing the data rate in each channel (each I/O pin). However,
due to fundamental physical limitations associated with losses in the metal, elec-
trical interconnects are faced with a bandwidth versus power consumption bot-
tleneck that limits their scaling. Optical interconnects are considered as an al-
ternative for electrical interconnects and both multi mode and single mode fibers
have be adapted. In this field, optical transceivers that use silicon photonics can
allow dense intra and inter chip communication, at high bandwidths, low power
communication and small footprint have gained quick traction. A typical silicon
photonics platform uses silicon-on-insulator (SOI) wafers and can include various
components like (de)multiplexers, filters, fiber grating couplers and electro-optic
modulators have been developed within this platform. Nevertheless, one of the
biggest challenges it faces is the lack of monolithically integrated laser sources.
Efforts to integrate light sources and other devices such as electro absorption mod-
ulators exploiting III-V materials include monolithic growth of these materials on
silicon, heterogeneous integration of III-V layers through wafer bonding or even
externally coupled devices. But these approaches face several challenges, includ-
ing processing complexity, processing cost, the need to scale the number of chan-
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nels without compromising on the power consumption and/or coupling light to the
SOI waveguides. Ge on the other hand can be easily integrated in an existing sil-
icon photonics platform, as it was demonstrated extensively with the realisation
of high speed Ge photodetectors. Given the presence of a direct band gap at 0.8
eV (1550 nm), Ge is a good candidate to realize laser sources and electro absorp-
tion modulators operating in wavelength ranges that are relevant for datacom and
telecom applications. Therefore, in this thesis, a comprehensive study evaluat-
ing the performance of Ge based laser sources and electro absorption modulators
can be technologically compatible with future optical interconnect applications is
presented.

As it is the case for Si, Ge is intrinsically an indirect band gap material and
hence an inefficient light emitter. However, the degree of indirectness in Ge is
much smaller than for Si. As a consequence, Ge can be made a pseudo direct band
gap material or even a direct band gap material, either by adding n-type dopants (to
make it pseudo direct band gap), or by introducing uniaxial/biaxial tensile strain or
via alloys with Sn (to make it a direct band gap material). When Ge is converted
to a direct band gap material using the latter two approaches, the light emitted
has a wavelength of > 2000 nm. Such wavelengths suffer large chromatic dis-
persion in conventional fiber optic cables and hence cannot support high speed
bandwidth signals for distances relevant in a data center. On the other hand, a
pseudo direct band gap Ge obtained through n-type doping enables light emission
at wavelengths < 1700 nm, which are affect much less by chromatic dispersion.
Therefore, in this thesis, highly n-type doped Ge was identified as the most rele-
vant route towards an electrically pumped laser emitting at a wavelengths < 1700
nm. We thereby set an initial threshold current density target of 10 kA/cm?. This
is a 30-fold improvement from previously demonstrated electrically pumped Ge
lasers but also still considerably larger than the current state of the art III-V based
quantum dot lasers. During the course of trying to reach this target, we aim to
establish a complete understanding of the potential of Ge based lasers and to eval-
uate if this route is compatible with optical interconnect applications. A standard
joint density of states model was developed to identify the device requirements.
Preliminary results from a standard joint density of state model from which we
identify the following requirements to obtain a Ji;, <10 kA/cm? Ge laser:

e Reaching Ge layers with doping level of 1x102° cm~3 is essential.

e Retaining a Shockley Read Hall recombination mediated carrier lifetime >
10 ns in P-doped Ge with a thickness of 0.4 ym grown on Si is essential.

To gain some initial understanding of the relevant recombination mechanisms
in Ge, carrier lifetime measurements were performed, using pump-probe spec-
troscopy, on undoped Ge waveguides (WG) integrated in a silicon photonics plat-
form. A carrier lifetime of < 1.2 ns was extracted for a 1.0 ym wide and 0.375 ym
thick Ge WG. This lifetime is limited by the defects at the sides of the WG, where
an interface recombination velocities of 0.975x10% cm/s and 1.45x10* cm/s for
Ge/Si and Ge/SiO» interface were extracted respectively. The high recombination
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velocity for the Ge/SiO, interface can be improved through various passivation
schemes, such as a Si cap or a thick GeOy layer. We implemented such schemes
on thin Ge films with a thickness of 0.6 um grown on Si to simplify the study. The
highest carrier lifetime extracted from these films was of 4.3 ns, with the dominant
recombination occurring at the Ge/Si interface. These results shows that obtain-
ing a lifetime of at least 10 ns in doped Ge as set forward in chapter 2 is a very
aggressive target, even without considering the impact of dopants in the Ge layer.

In parallel to the carrier lifetime studies, the epitaxy process through which
we can grow highly n-type doped Ge layers was further developed by the epitaxy
team at imec with my role covering the optical characterization, device and ma-
terial physics modeling. Highly doped Ge was grown on 1 pm thick Ge virtual
substrates which were grown on 300 mm Si wafers (001). In-situ doping with
Phosphorus was performed in an ASM-Intrepid XP™ epi tool with Ge;Hg and
PH; used as precursor gases. P atoms up to a concentration of 4 x 102° cm 3 were
incorporated in Ge, but the surface of the layers became rougher as the concen-
tration exceeded 7x10'? cm™3. A maximum active P concentration of 6.2x 1019
cm~? was extracted for unannealed layers. The photoluminescence (PL) intensity
from these layers increased as the doping level increased, provided the dopants
were fully activated. This increase can be related to the pseudo direct band gap be-
haviour of heavily doped Ge, which renders it a more efficient light emitter. Rapid
thermal annealing at 700°C for 30 seconds in Ny helped to reduce point defects in
the doped Ge layers and consequently increased the PL intensity further. Never-
theless, the highest active doping level that could be obtained after annealing was
around 5x 10 cm~—3.

Having developed and analyzed the details of the epitaxy process, P-doped Ge
layers with uniform doping level across the entire Ge thickness were grown on
Si. However, the full width at half maximum (FWHM) of the PL spectra obtained
for these layers was found to be significantly larger (~ 1.5x) than those extracted
from undoped Ge. This broadening was also observed for all P-doped Ge lay-
ers grown on 1 pum thick Ge virtual substrates. Fig. [6] shows the contour of the
PL spectra measured for all doped Ge and undoped Ge layers measured. A clear
broadening of the PL spectra with increased active P concentration is measured
from the as grown and the annealed Ge layers. This is believed to originate from
carrier scattering induced linewidth broadening effects related to ionised P dopants
present in the Ge layers. These ionised P dopants are the source of Coulomb scat-
tering events that broadens the recombination and absorption/gain spectrum of the
material. This broadening was further investigated by studying the absorption dy-
namics of these layers using transient absorption spectroscopy. The optical bleach-
ing spectra obtained using this method from doped Ge-layers were broadened and
suppressed compared to those of undoped Ge. The extent of this broadening was
quantified by fitting them with a modified joint density of states model that in-
cludes the carrier scattering physics. By independently fitting the broadening of
the PL spectra and optical bleaching spectra, we could extract a broadening pa-
rameter I'op > 45 meV and I'p = 8 meV for doped and undoped Ge. A drop in
carrier lifetime from 3 ns in undoped Ge (unpassivated) to <0.3 ns for P-doped Ge
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Figure 6: Normalized photoluminescence spectra from doped and undoped Ge layers
grown on 1 pm thick Ge virtual substrates.
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was also observed in the transient absorption measurements. This indicates that the
lifetimes in doped Ge are limited by point defects and not by the defective Ge/Si
interface. The results of this analysis are shown in Fig[§] All these experimental
results show that even though P dopants are necessary to make Ge an efficient light
source, the associated carrier scattering effects and reduction in carrier lifetime are
detrimental for low threshold laser operation. They increase the expected thresh-
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Figure 7: Time resolved reduction in absorption coefficient of undoped Ge and doped Ge
extracted at different wavelengths to demonstrate the reduction in carrier lifetime in doped

Ge.
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Figure 10: Measured eye diagrams from GeSi FKE EAM with 1.5 Vpp and 2.0 Vpp voltage
swing and with data rates of 50 Gb/s.

old current density by a factor > 40 and make it extremely difficult to achieve a
laser operating with Ji, <10 kA/cm?. Therefore, we now believe Ge cannot be
considered as a potential gain material for optical interconnect applications as it
would lead to an unacceptably high power consumption.

In parallel to the Ge laser work, we also investigated the potential of using Ge
for realizing absorption modulators, exploiting the Franz-Keldysh effect. In such
a modulator, the absorption coefficient of the material is modified at photon en-
ergies below the band gap through the application of an external electrical field.
Ge based WG with dimensions of 0.6 pm wide, 0.375 um thick and 40 pm long
were fabricated and doped to form p-i-n diodes. The doping profile was optimised
to provide the highest contrast in absorption for a voltage swing of 2 V. An EAM
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with an extinction ratio (ER) of 4.2 dB for a voltage swing of 2 V and an insertion
loss (IL) of 5.9 dB at 0 V bias was measured at 1615 nm wavelength. The fig-
ure of merit defined as ER/IL for such a device was <1 for a voltage swing from
0 to -2 V (2 Vpp). However, the direct band gap of Ge is red shifted due to the
presence of 0.16% of biaxial tensile strain when grown on Si, away from the wave-
length region relevant for telecom applications. To shift the operating wavelength
to the C band, 0.8% Si was added to Ge to form a GeSi FKE EAM. The static per-
formance remained unchanged but the operating wavelength shifted to 1560 nm.
These devices were shown to allow for a minimum link power penalty of 9 dB, 6
dB more than that of an ideal modulator, and have an optical bandwidth of ~30
nm. The compact geometry and optimized doping profile of these diodes make
it a high speed modulator whose 1 dB So; bandwidth is >50 GHz. This enables
NRZ-OOK modulation at a data rate of 50 Gbps, as seen in Fig. 0] and Fig. [10]
with dynamic power consumption of 12.8 fJ/bit and static power consumption of
1.2 mW for 2 Vpp swing. The high bandwidth, compact footprint and extremely
low power consumption of these modulators enable advanced modulation schemes
such as space division multiplexing and PAM-4.

The high link power penalty of the Ge EAM exploiting the FKE can be re-
duced by expoiting the quantum confined stark effect (QCSE). These QCSE EAMs
use the sharp exciton resonance enhanced absorption features of SiGe/Ge quantum
wells. An applied bias modulates the spectral position of this resonance and results
in high figure of merits. A FOM of up to 1.75 was extracted from initial demon-
strations for 1 Vpp swing at 1520 nm wavelength when heated to 75°C, which is
3% better than what measured for Ge based FKE EAM. Moreover, the material
composition of the stack can in principle be tuned to operate at 1310 nm, making
the device potentially suitable for intra data center interconnect applications.

In conclusion, Ge based electro absorption modulators, exploiting the Franz
Keldysh effect and the quantum confined stark effect, can provide a solution for
bandwidth scaling and with low power consumption for intra and inter data cen-
ter optical links. However, using Ge as a gain medium will result in high power
consumption and alternative solutions such as monolithic III-V lasers must be con-
sidered for future optical transceivers.






Introduction

1.1 Optical Interconnects

The current information technology ecosystem is strongly driven by the growing
need for multimedia services and video on demand services, internet of things ap-
plications, social networking and cloud computing that requires significant band-
width to transport and store data. These compute-intensive and data-intensive ap-
plications use the internet as the central hard drive and processor unit and have
created the need for increasingly powerful data centers [1]]. These applications
require complex and frequent communication between the servers. Such a high
level of interaction creates the need for energy efficient interconnection schemes
with high bandwidth and reduced latency even though the size of the data center
increases. To elaborate further, the annual global data center IP traffic is predicted
to reach 15.3 zetabytes (ZB) by the end of 2020 from 4.7 zetabytes (ZB) in 2015
as reported in Cisco Global Cloud Index: Forecast and Methodology report for
2015-2020 [2]]. By 2020, 92% of this workload will be located in cloud comput-
ing oriented data centers. For such a high volume of traffic within a data-center,
fast processing speeds at low latency communication play a vital role in big data
and cloud computing applications. For example, a latency of 0.5 s when load-
ing a search page reduces Google’s search traffic by 20% and a latency of 0.1 s
while loading a page in Amazon’s website decreases the sale by 1% [3]]. In addi-
tion to this, power consumption management is a challenging issue in the design
of data centers. It is estimated that in 2015, 3% of the global electricity supply
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(higher than UK’s annual power consumption) and 2% of the total greenhouse gap
emissions (same carbon footprint as the airline industry) had their origins from
data centers [4]. Such high power consumption adds pressure to the economics of
maintaining and scaling the size of data centers as the majority of the cost is not
spent in the computing, switching and routing equipment, but on powering, oper-
ating, maintaining and administrating the data centers [I} [5]. As a consequence,
there is a need for interconnection schemes that address high bandwidth with low
latency and low power consumption.

M Traditional Data Center (9% CAGR) 27% CAGR
18 m Cloud Data Center (30% CAGR) 2015-2020
16

10
Zettabytes
per Year

2015 2016 2017 2018 2019 2020
Source: Cisco Global Cloud Index, 2015-2020.
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Figure 1.1: Global data center traffic in 2020 predicted in Cisco Global Cloud Index:
Forecast and Methodology report for 2015-2020 .

Modern hyperscale data centers and high performance computing systems con-
sist of high volumes of compute nodes with local main memory and are intercon-
nected using high speed interconnect networks [8]. In such ecosystems, computa-
tion or memory intensive applications are decomposed into many smaller tasks and
are executed in parallel. Interconnection demands between the processing nodes
therefore scales with the I/O bandwidth requirements of each node. High end pro-
cessing nodes with multiple Tbps I/O bandwidth needs are already commercially
available as shown in Fig. [I.2][6l [7]. These I/O bandwidth requirement double ev-
ery 3-4 years with the need for 20 Tb/s bandwidth looming around in the coming
few years [9]. However, the number of I/O pins per package, for electrical inter-
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Figure 1.2: 1/0 bandwidth requirements of commercially available FPGA chips and
processors taken from [6}|7].

connection, dedicated to address these I/O demands have scaled slowly with the
number doubling every 6 years. Since the number of I/O pins lagged the processor
I/O needs, bandwidth scaling in electrical connections was achieved by increasing
the data rate in each channel (each I/O pin). However, these electrical intercon-
nects suffer from fundamental physical loss mechanisms due to dielectric loss and
skin effect losses that scale as a function of distance and bandwidth. In an effort
to increase the transmission data rate, the industry pursued higher order modu-
lation schemes that required equalization and noise cancellation circuits, which
increased the power consumption without a substantial increase in the distance
reach. For example, the power consumption from a commercially available switch
chip is 20-40 pJ/bit where the dominant energy consumption is from the electri-
cal I/Os of the chip as the switching circuits are implemented with < 1 pJ/bit [3].
Moreover, industries move towards the Shannon’s capacity limit for communica-
tion through channels in a typical electrical interconnection [[10]. Therefore, for
cloud data centers where the communication distance spans from 300 m to 2 km,
the interconnect scaling and performance are severely limited by the interconnect
frequency. In order to address this ever increasing demand of bandwidth and the
long distance reaches in a data center while operating at low power consumption
of 1 pJ/b, multimode and single mode optical interconnects have been adopted [[7]].
In the current cloud based data centers, optical interconnects have been deployed
between servers and Top of the Rack switches (TOR) illustrated in Fig. [I.3]and
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Table ﬂ;ﬂ Low cost VCSEL based transceivers with multi-mode fiber (MMF) op-
erating at 850 nm wavelength are the preferred choice of optics that are currently
being deployed in the data center. But they will soon be replaced with single mode
fiber (SMF) based transceivers that support data rates up to and beyond 100 Gb/s
with reach that can support the expanding size of data center for intra data center
links and inter data center links [[11]]. The typical choice of wavelength for these
SMF based transceivers are O- band for intra data center optical links and C- band
for inter data center optical links.
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Figure 1.3: Schematic illustrating the interconnection in a cloud data center campus taken
from [12|].

Within the framework of optical interconnects, silicon photonics has emerged
as an energy-efficient solution that can allow high bandwidth intra chip and inter
chip communication while maintaining a low power consumption and small foot-
print [9]l. Silicon photonics transceiver with 4-channel space division multiplexed
(eg: 100G-PSM4-QSFP28 form factor from Mellonox, Luxtera and Intel) and
4-channel coarse wavelength division multiplexed (eg: 100G-CWDM4-QSFP28
form factor from Intel) to meet 100 GbE Ethernet application are already com-
mercially available [14-16]. These solutions can modulate data at a speed of >25
Gbps per channel without the need for any equalization and consume very low
power (the silicon photonic optical transceivers from Intel and Mellanox consume
3.3-3.5 W or >30 pl/bit) [9, [17]. Moreover, the CMOS foundry manufacturing
promises high yield, high reproducibility and reliable production of transceivers at
very low cost due to the exploits of economies of scale. Therefore, silicon photon-
ics solutions with the objective of developing high density of integrated optical I/O
bandwidth density of 100 Gbps/mm?, power consumption of <10 pJ/bit, capable
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of operating at temperatures >100°C and at a cost of <1 $/Gbps have been the
main industrial focus for future optical interconnects [[T1].

Switch ASIC/FPGA Optical Module
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Figure 1.4: Schematic of electrical channel between the payload IC and optical
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Figure 1.5: Schematic cross-section of an optical engine in Fig. consisting of a Silicon
photonic interposer and a CMOS IC to drive the photonics circuit taken from [18]]. The
components of this optical engine are listed in Table@

1.2 Silicon Photonics

Example of a communication channel between the payload IC and the optical en-
gine that can be implemented in an energy-efficient way is shown in Fig. [L.4][18]).
Here, the optical engine consisted of a CMOS chip with drivers used for modula-
tors, trans-impedance amplifiers for the photodetectors and some control circuitry,
but also a photonics IC with active components such as laser diodes, modulators,
photodetectors and passive components such as multiplexers/demultiplexers, light
couplers and fiber couplers as summarized in Table[T.2] These photonic ICs have
been demonstrated on a number of different platforms based on III-V materials,
silicon nitride or silicon-on-insulator [19H23]]. Each platform has its distinct prop-
erties but due to low cost fabrication and high refractive index contrast between
the waveguide core and surrounding (An =~ 2 at A=1550 nm) leading to highly
confined waveguide modes and tight device integration, the silicon-on-insulator
platform is becoming a main stream option.

The silicon photonics platform from imec uses 200 mm or 300 mm diame-
ter silicon-on-insulator wafers with 220 nm of top crystalline silicon and 2 pm of
buried oxide (BOX) [23]. This platform exploits the benefit of using high-
volume, high-yield tools and technological processes used to develop and fabri-
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] Module | Abbreviation Name

CMOS DRV Driver

CMOS TIA Trans-impedance amplifier

CMOS CTRL Control circuitry

CMOS and Photonics TSV Through Silicon Via

Photonics LC Light coupler
Photonics (de)MUX Multiplexer and Demultiplexer
Photonics FC Fiber coupler
Photonics DFB LD Distributed feebback laser diode
Photonics MOD Modulator
Photonics PD Photodetector

Table 1.2: Components part of the optical engine in Fig.
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Figure 1.6: Schematic cross-section of imec’s silicon photonics, capable of handling 50
Gb/s NRZ-OOK modulation, showing basic active and passive devices taken from [17)].

cate CMOS electronic chips [|17,23]. The waveguides are patterned using 193 nm
lithography. The 300 mm platform has an additional benefit of using 193 nm im-
mersion lithography that can be used for the realization of advanced devices. The
top 220 nm of crystalline Si, along with patterning steps that enable etch depths of
220 nm, 150 nm and 70 nm, and an additional deposition of a 160 nm thick poly-
silicon layer on top of the crystalline Si are used to realize passive components like
waveguides, multiplexers/demultiplexer and fiber-grating couplers [24-27]. The
Si can be doped with n-type or p-type dopants using 3 implantation steps in order
to tailor the doping level to form different flavours of p-i-n diodes. These diodes
are used as electro-optic modulators in Micro Ring Resonator or Mach Zehnder
configurations [17, 28]]. Ge mesas, to enable photodetectors in the platform, are
selectively grown in oxide trenches formed on top of the 220 nm Si layer. After
a Ge chemical mechanical polishing (CMP) step to planarize the top surface, a
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threading dislocation anneal to reduce bulk defects, n-type and p-type implants in
Ge followed by a 550°C anneal to activate the dopants are performed. The above
mentioned active and passive components enable scaling of optical channel band-
widths by employing wavelength division multiplexing (coarse WDM or dense
WDM) and space division multiplexing in PSM4 configuration as shown in Fig.
17 30]. However, a key component missing in the platform shown in Fig.

[I7]is a monolithic light source.
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Figure 1.7: Schematic showing possibilities of scaling the number of optical channels
using Si photonic devices in Fig. @by exploiting the spatial and frequency dimensions of

the channel .



INTRODUCTION 1-9

1.2.1 Lasers for Silicon photonics

A laser typically comprises of a cavity and a gain medium. The device is operated
when the active medium is populated with electrons and holes, either electrically
or optically pumped, that modifies the absorption spectrum/coefficient of the ma-
terial. Beyond a critical injection point called the transparency condition, the in-
jected carriers make the material act as a gain medium through the process of stim-
ulated emission. When the net active gain matches the optical losses in the cavity,
the device begins to lase (this operating point is called the laser threshold). As sim-
ple as this explanation may look, factors such as heat generated due to electrical
or optical pumping and a reduced carrier lifetime associated with Shockley-Read-
Hall recombination effects, to name a few, play a crucial role in the efficiency of
the device. As a result, over the years many approaches were considered to bring
coherent light on to the silicon photonics platform [31-33]. Below is a summary
of the different types of coherent light sources that have been proposed to be inte-
grated on a silicon photonics platform:

1. Si Raman laser: When optically pumped, Si enables light generation and
amplification due to the Raman effect, whereby the raman gain coefficient
in Silicon is 10*x higher than the gain coefficient in fiber. On pump-
ing Si waveguides at 1540 nm wavelength using a pulsed laser, stimulated
amplification and hence lasing was observed at 1675 nm (Stoke’s wave-
length) [34H36[]. Even though this was the first laser demonstration on Si,
the devices need an additional external laser to optically pump the waveg-
uide, making it impractical for optical interconnect applications.

2. Er-doped laser on SiN: The success of Erbium doped fiber amplifiers led
to the exploration of similar type of light sources on Si. These devices use
Er as an atomic light emitting center in SiO,:Er, SiN,:Er, Al,O5:Er3t and
Er silicates |31} |37, |38]] and have led to demonstration of optically pumped
C and L band waveguide lasers with SiN core waveguides. However, a low
concentration of active Er atom was reported, resulting in low net gain (~7
cm™ 1) and cavity length up to 20 mm. Moreover, the presence of dielectrics
hinders the transmission of electrical current making it a highly inefficient
light source, when electrically pumped [31].

3. Colloidal QD based laser: Colloidal quantum dots are inorganic semi-
conductor materials that are dispersed in a solution and have strong quan-
tum confinement properties due to their nanometer size geometries. The
strong quantum effect provide attractive optical and electrical properties that
have been exploited to form SiN based lasers with QDs comprising of Cd-
Se/CdS core/shell as the gain medium. Initial optically pumped microdisk
and distributed feedback lasers at visible wavelength show very promising
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results [39} 40]. However, achieving uniform distribution of QDs across
large area of active medium, extending the wavelength to support datacom
communication and realizing an electrically pumped laser are some of the
challenges the research community have to tackle before they can become a
mature source for optical interconnects.

External cavity laser: Here, an external gain medium or SOA is coupled
to a SOI circuit containing with a cavity design using a grating coupler or a
SiN spot size converter [41},[42]. This approach shows an easy way to inte-
grate a gain medium with an existing Si photonics platform, however, dense
integration to scale the number of optical channels would be technologically
challenging. Moreover, the coupling losses from the gain medium or SOA
to the silicon photonics chip is a source of optical power loss that affects
the link power consumption and can be reduced with other laser integration
approaches.

. Heterogeneously integrated III-V on Si: In this approach, a pre-fabricated

III-V stack or laser is integrated on a Si photonics chip using flip-chip tech-
nology, pick-and-place technology or using transfer printing techniques. They
can be integrated through either direct integration or using wafer bonding
techniques. In direct integration, individual laser diodes are integrated on
a SOI wafer using soldering bumps. This allows for pre-selection of func-
tional lasers but comes at the expense of increased assembly cost due to the
need for sub-micron precision alignment [43]. Luxtera has pioneered this
approach where they use a ball lens to overcome alignment constraints [32].
In general however, this approach becomes complicated while scaling the
number of channels. On the other hand, wafer bonding techniques can be
performed using direct bonding or indirect bonding that use metal or poly-
mers (DVS-BCB or BCB) act as adhesive layers. A detailed process flow
can be found in [32] 33| |44] 45]. Devices fabricated with metal bonding
provide low contact resistance and excellent thermal dissipation properties,
but suffer from high absorption from the bonding metal and increased pro-
cessing complexity to selectively remove the metal from the region critical
for light coupling. On the other hand, adhesive bonding results in less fab-
rication complexity, but at the cost of poor thermal conductivity. The poor
conductivity of the polymers can lead to laser performance degradation with
time and therefore asks for optimization around the polymer thickness. On
the other hand, direct bonding involves molecular bonding between the sur-
face of the III-V die and the SOI wafer. This technique needs ultra clean
and atom-scale smooth surfaces resulting in a complex fabrication process
that can result in low yield, but provides high quantum efficiency and decent
thermal conductivity. The Si photonics products from Intel includes hybrid
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lasers that are based on bonding technique [T1]]. Fig. [I.8]shows some exam-
ples of hybrid Si lasers [46H48]l. These hybrid Si lasers can use III-V QDs
as their active medium resulting in extremely low threshold current density
(205 A/cm?) and increased device reliability, making it a strong candidate
for short-reach interconnects [49]. Integration of additional III-V devices
like an electro absorption modulator (EAM) with 12 dB of extinction ratio
for 0 to -2.5 V swing (2.5 Vpp) and the insertion loss of 1.2-5 dB are also
feasible [45]]. As a result, the heterogeneous integration of III-V on Si is a
promising technology for future short-reach optical interconnect but it suf-
fers from processing complexity and additional associated cost, which point
towards the need for monolithically integrated solutions that can be useful
for scaling the number of optical channels.

Indirect bonding
SiOx layer
InGaAsP v
MQW 400nm Si rib waveguide
220 nm Si waveguide ’

=

Bonding
metals

n-v

Si blocking
Si Substrate stripe
Direct bonding
p contact _- p-InGaAs
BEe—————————=—=_" _p-InPdadding
i THIE “" p-AlGalnas ScH [ IV Mesa
Region|  n contact -~ AlGalnAs MQWs

50l
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> n-InP/InGaAsP SL

Si Substrate - - optical mode

not to scale

Figure 1.8: Cross-sectional schematic of Hybrid Si laser formed by using direct and

6.

indirect bonding techniques [4648].

Monolithic III-V on Si: Monolithically integrated laser diodes on Si can
fully exploit the economics of scale silicon photonics promises. But the
growth of III-V materials on Si faces challenges such as large lattice con-
stant mismatch (8% for InP/Si and 4% for GaAs/Si) and the polarity mis-
match between Si and III-V materials. Growing III-V materials directly on
Si results in huge density of threading dislocation defects that are detrimen-
tal for laser operation and the device reliability over time [33]. To tackle
this, strained layer superlattices (SLSs) as a dislocation filter layer or us-
ing quantum dots (QD) as defect filters that bend the threading dislocations
have been adopted but they all require very thick buffer layers. Electrically
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pumped QD III-V lasers with very low threshold current and long mean time
to failure (MTTF) have been demonstrated [S0-53]]. New materials beyond
the conventional InP and GaAs such as GaP based GaNAsP and GaSb have
been explored to reduce the buffer thickness. Alternate buffer-less epitaxial
strategy exploiting shallow trench isolation process and aspect ratio trapping
have enabled an optically pumped O-band laser and can enable coupling of
light to silicon waveguides. However, efficient electrical injection and cou-
pling to Si WGs still remains as a challenge [[54-58)]].

7. Ge based laser on Si: Inspite of having 4% lattice mismatch with Si, Ge is a
CMOS compatible material with much less processing complexity 59 60].
The high refractive index of Ge (4.2 in Ge as compared to 3.4 in Si at 1550
nm) allows for easy and efficient coupling of light from the silicon waveg-
uide to the Ge waveguide, with good confinement. As a result, the active
medium can be located in close proximity to Si WG and allows for the real-
ization of efficient photodetectors, electro-absorption modulators and possi-
bly laser sources. However, undoped Ge is an indirect band gap material and
the gain coefficient from such a material is unacceptably low. High n-type
doping, biaxial/uniaxial tensile strain or Sn alloying can increase the quan-
tum efficiency for light emission of Ge by making it a pseudo direct band
gap or direct band gap material [61} |62]. Optically and electrically pumped
lasers on Si operating at 1550-1700 nm (for the n-type doping case, at room
temperature), at 1550 nm (for tensile strained Ge but at cryogenic temper-
atures) and at > 2000 nm (for GeSn also at cryogenic temperatures) wave-
lengths have been demonstrated [[6372]]. But, the threshold current density
of these demonstrated devices are very high, leaving significant room for
improvement. This observation serves as the main motivation for this thesis
and will be elaborated in Chapter 2]

1.2.2 Modulators for Silicon photonics

Another device that is currently not fully satisfactory is the modulators. Exter-
nally modulated devices typically help in relaxing the frequency limits bandwidth
of directly modulated laser diodes and allow the laser to operate in CW mode.
Over the years, many approaches have been considered to realize Si based mod-
ulators that can be monolithically integrated in a Si photonics platform. They
exploit the plasma dispersion phenomena in Si as a phase shifting element in
the form of metal-oxide-semiconductor (MOS) capacitor, pin diode and pn diode
[17,28,|73]. Using these phase shifting elements, electro-optic modulators in mi-
cro ring resonator (MRR) and Mach Zehnder interferometer (MZI) configurations
were demonstrated. MZI modulators typically exhibit large optical bandwidth,
but they suffer from a large footprint and high power consumption for high speed
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Modulator Footprint Optical ER IL Speed Power
configuration | (umXx pm) Range (dB) | (dB) consumption
MZI1 ~2000 >80nm | 2.3 5.6 | 56 Gb/s 720 fJ/bit
x 500

MRR - ~10x10 | ~300 pm | 6.1 8.4 | 50 Gb/s 12.8 f1/bit

Low Q

MRR - ~10x10 ~50pm | 6.6 1.8 | 16 GHz -

High Q

Table 1.3: Summary of high speed Si modulators [17)].

modulations. On the other hand, MRR modulators have small footprint and low
power consumption, but the devices have small optical bandwidth and are very
sensitive to process and thermal variations. The performance of the MRR modula-
tors strongly depend on the quality factor (Q) of the device. High Q devices have
very low link power penalty, small optical bandwidth and can allow for high device
figure of merit (FOM is the ratio of extinction ratio with device insertion loss). But
they suffer from low 3dB small signal bandwidth as the modulator is limited by
the photon lifetime in the device. On the other hand, low Q device have high link
power penalty, larger optical bandwidth (still significantly lower than MZI mod-
ulators) and lower FOM as compared to the high Q devices, but can be operated
at high speeds. Therefore, MRR modulator has to compromise between low link
power penalty and modulation speed. To illustrate this clearly, we summarize the
key performance of MZI and MRR modulators in Table [I.3] Electro-absorption
modulators (EAMs) exploiting the Franz-Keldysh effect (FKE) or quantum con-
fined stark effect (QCSE) have been identified as possible candidates to bridge this
gap between MZI and MRR modulator and to enable broad optical bandwidth and
low power consumption in a single device. Due to the presence of a direct band
gap at photon energies of 0.8 eV for undoped and unstrained Ge, it is an attractive
material to realize EAMs. Such devices were alreade demonstrated in [[74], but
have significant room for improvement to enable 400 Gb/s Ethernet optical links.
This will be elaborately motivated in Chapter 2|

1.3 Thesis motivation

In this thesis, we will address the following questions in an effort to realize ad-
vanced active-photonic devices based on Ge that can complement the existing Ge-
photodetectors:

e Can Ge based devices such as Ge electro-absorption modulators and Ge
laser diodes on Si get close enough to the performance of III-V based devices
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to become a viable replacement for the latter?

e Can the Ge platform be a technologically profitable platform for enabling
future optical interconnect applications?
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Figure 2.1: Schematic representation of the band structure of undoped Ge

Germanium is an attractive material for the electronics industry due to its low
electron transverse effective mass and hole effective mass, making it an attrac-
tive alternative for future high performance nanoscale Metal-Oxide Semiconductor



2-2 PRIOR ART IN GERMANIUM PHOTONICS

Field-Effect Transistors (MOSFETs) [1]]. Inspite of the lattice mismatch between
Ge and Si, significant progress has been made to grow Ge on Si with low thread-
ing dislocation densities 2} 3|]. Fig. shows the band structure of undoped and
unstrained Ge where the direct band gap is located at 0.8 eV. This allows the ma-
terial to interact with light around 1550 nm, which is compatible with the C- band
of fiber optic communication wavelength, to realize devices such as light sources
and electro-absorption modulators for the transmitter module and photodetectors
for the receiver module in an optical communication link. In this chapter, we will
review the current state of the art with respect to Ge based light sources and electro
absorption modulators and present an outline for this thesis.

2.1 Germanium on Silicon light emitter

2.1.1 Requirements for efficient light emission from Ge

Even though Ge has a direct band gap at 0.8 eV, it is intrinsically an indirect band
gap material due to the presence of a L conduction band valley located ~0.14 eV
below the I' conduction band valley. This energy difference of 0.14 eV makes it an
inefficient light emitter as a majority of externally injected electrons will occupy
the lower energy L conduction valley. Electrons located at the L conduction valley
can recombine only with a hole with the assistance of a phonon, where the recom-
bination rate to emit a photon is very low. On the other hand, electrons located at
the I' conduction valley can recombine at higher recombination rate with a hole.
Therefore, by making Ge a direct or pseudo direct band gap material, we increase
the carrier recombination rate from the I" conduction valley and make an energy
efficient light emitter.

Converting from a fundamentally indirect band gap material to a direct band
gap material is possible by introducing tensile strain (uniaxial strain along the
[100] crystal orientation or biaxial tensile strain in the (001) plane) or alloying Ge
with Sn [4] |5]. Both approaches reduce the band gap in Ge, whereby the band gap
at the direct I" valley reduces at a higher rate than at the indirect L valley. Beyond a
certain critical point, where the I" valley surpasses the indirect band to become the
lowest conduction band energy in highly strained Ge or GeSn. This phenomena
is schematically shown in Fig. [2.2] The impact of strain and Sn concentration
on the band structure are typically modelled using model-solid theory where the
deformation potentials, Vergard’s law and bowing parameters used are validated
with experimental results [6-9]. For example, Ge;_,Sn, with a hydro-static strain
of €;4, €4y and €, will have an energy shift of:

AEci = Ol¢j (€wm + Eyy + 6zz) (21)
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0.2 % biaxially strained Ge Highly strained Ge or GeSn
E E

a a2

Figure 2.2: Schematic representation of the band structure of strained Ge and GeSn.
Introducing tensile strain in Ge or alloying it with Sn modifies the band structure such that
the band gap associated with the I" conduction valley reduces at a faster rate compared to
the indirect L conduction valley, as schematically shown here when compared to undoped

and unstrained Ge in Fig. EI

AFE, = a, (em +eyy + ezz) 2.2)

In the above 2 equations, «.; and «,, represent the hydro-static deformation poten-
tial and the subscript i denotes either the conduction band I" or L valley. When the
strain is applied along the [100] or [111] directions, then the valence band ends up
splitting as represented in Eq. 2.2]

AEyn = N 1\/A§ + A0E + g(fSE)2 (2.3)
' 6 4 2 4
AE,un = SA, — LoE (2.4)
v,hh — 3 o 9 .
AEy 0 = —%Ao - iéE + ;\/Ag +AOE + %(6E)2 (2.5)

where A, denotes spin-orbit splitting and §E is 2bs (e — ¢) for strain along
the directions [001], with b, denoting the shear deformation potential. These
coefficients used in Eq. [2.Ito Eq. [2.5] depend on the amount of Sn present in
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the alloy and are typically obtained by linear interpolation as in [6]]. Using this
method, ~4.5% of uniaxial tensile strain along the [100] crystal orientation, ~1.6-
2% biaxial tensile strain (001) or a Sn concentration of ~9% in an unstrained
layer will result in a direct band gap material, as obtained using multi-band k.p
theory [6, |10, [11]. These critical points were experimentally validated in [12]
and [13]] with the help of temperature dependent photoluminescence (PL) spec-
troscopy, where at low temperatures, the majority of photo-excited carriers occupy
the low lying I' conduction valley of direct band gap Ge/GeSn, resulting in higher
PL intensity due to Fermi-Dirac statistics. Using this approach, several research
groups around the world have demonstrated an optically pumped GeSn laser at
wavelengths > 2 pm [[13H16].

0.2 % biaxially strained and 0.2 % biaxially strained and
undoped Ge n-type doped Ge
E ® Dopants E
2 ® Injected electrons 2

O Injected holes

r L r \/\\“

L
> k > k
<111> <111>

Figure 2.3: Schematic representation of the carrier statistics in undoped and n-type doped
Ge.

Direct band gap Ge or GeSn have peak PL emission at wavelengths > 2 sm and
are therefore not compatible with conventional fiber optic communication wave-
lengths. An alternatively way is to make Ge a pseudo direct band gap material
by doping it with n-type dopants. The majority of dopant associated electrons
will occupy the indirect L conduction valley shifting the Fermi level closer to the
conduction band. As a result, the I' conduction valley will have a higher concen-
tration of excess injected electrons, schematically shown in Fig. [2.3] In order to
illustrate this more accurately, the carrier statistics are modelled using Eq. [2.6]and
Eq. [2.7) which estimates the location of the Fermi level as a function of the carrier
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Figure 2.4: Calculations of the Fermi level as a function of doping level in 0.2 % biaxial
tensile strained Ge. With a doping level of 7.5x10'° cm™3, the Fermi level crosses the T
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Figure 2.5: Fraction of electrons occupying in the I' conduction valley as a function of
n-type doping concentration in Ge. In this simulation, we inject excess carriers with a
concentration of 5x10'® cm™3.

concentration for degenerate semiconductors [[17].

Epp — Eo ~ kT [ln(;\l[) +o°3 (]7\‘7 )] (2.6)
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Eyj— Epy ~ kBT[ln(X[J]) +2—%(%)} 2.7)
In the above equation, i and j represent the conduction (¢= I' or L) and valence
bands (j=lh or hh) respectively. N.; and N, ; are the effective density of states in
the conduction and valence bands and are related to the density of state effective
masses (Mqos,e and Mg, for electrons and holes respectively) as shown in Eq.
[2.8 and Eq. 2.9] In Eq. [2.8] M., represents the number of equivalent minima in
the conduction band and is equal to 4 for L valley and 1 for I" valley.

2 o0s,ekBT 3
N, = 2(7deh+3) M. 2.8)
2 os. kBT 3
N, = 2(%) 2 2.9)

For a fixed electron (or hole) concentration, we can have just one quasi Fermi en-
ergy level for each carrier. Therefore, the electron concentration in the I' or L
valleys and the hole concentration in the lh or hh valleys must be self-consistently
solved such that the Ey,, and Ey, satisfies Eq. @] and Eq. for all the val-
leys. Fig. and Fig. shows the fraction of 5x10*® cm™3 injected elec-
trons that occupy the I" conduction valley. In this simulation, Ge is 0.2% biaxi-
ally tensile strained, as is typical in Ge-on-Si layers due to mismatch in thermal
expansion coefficient between Ge and Si [[18]. The figure shows that with an in-
crease in the doping concentration, a substantial fraction of the injected electrons
occupies the I' valley. This approach makes the material a pseudo direct band
gap material and can be experimentally verified with PL spectroscopy where the
PL signal from the direct valley increases with an increase in the n-type doping
level [[19-22]. This has propelled research efforts towards the demonstration of
an optically pumped and electrically pumped laser using high Phosphorus (P) or
Antimony (Sb) doped Ge on Si [23125]]. Even though these devices had a doping
level of up to 4x 10 cm~3, they operated at very high threshold current densities
(J4n) of 280-500 kA/cm?, 3 orders of magnitude higher than typical III-V lasers.
Table [2.T] summarizes all Ge based lasers demonstrated over the past decade.

2.1.2 Gain calculations for n-type doped Ge

In this section, we will lay down the requirements to achieve a sub 10 kA/cm? laser
using highly doped Ge as the active medium. A laser consists of 3 key elements:
an active medium to amplify light through stimulated emission, an optical cavity
to provide feedback and an electrical or optical pumping scheme to inject carri-
ers into the active medium to reach transparency and further population inversion
conditions. Therefore, to have a Ge laser operating at Ji;, <10 kA/cm?, we will
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Figure 2.6: Absorption coefficient spectra calculated for Ge doped with n-type dopants
with a concentration of 4x10'® cm™3 and injected with a carrier concentration of
3.82% 10" cm™3. The net optical gain is estimated by subtracting free carrier absorption

induced by dopants and injected carriers from the intrinsic material gain. This simulation

was performed to match a target material gain of 200 cm™".

need to identify the key requirements to obtain net gain in the active medium that
can overcome all optical losses in the cavity by assuming 100% carrier injection
efficiency.

The interband absorption coefficient of a semiconductor for a transition from
the valence to the conduction band is given by Fermi’s golden rule [29]:

a(w) = ao(w) | fulko) = folko)] (2.10)

1 1
feke) = Tmm—mr o) = TommmE e @1

~ 12mrz 1
o () = Cofepen 20, (), prlh) = o (552) (o = E))F - @212)
21,2 21,2
Buk) = By + 5 By () = 8 (2.13)

2m} 2mj
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Figure 2.7: Estimated peak optical gain for Ge as function of injected carrier
concentration, for varying doping levels. Due to the dependence of the pseudo direct band
gap on the doping level, optical transparency and population inversion can be achieved for

lower injection levels when Ge is highly doped.

1 11
=——+ (2.14)

* * *
m, mg my,

where the Fermi-Dirac distribution for the electron and holes depends on the quasi-
Fermi levels obtained using Eq. @and Eq. In these equations m;: represents
the reduced effective mass and |€.p.,| is the momentum matrix element or the
transition probability between the conduction and valence band. As the absorp-
tion coefficient depends on the momentum matrix element and the joint density of
states (JDOS), the modelling framework is called the JDOS model. By fitting the
absorption spectrum of Eq. 2:10]with the experimentally derived values, we obtain
Co|e.pes|? = 2x10* eV/2/cm [30].

Reaching optical gain requires o(hw) <0, which leads, with Eq. to the
condition of transparency where f, (ko) — fo(ko) < Oor Ef,, — E¢, > Eg4 1. For
the device to reach lasing, the gain in the active medium must overcome all cavity
losses in the device = I'G = cqvity. Where, a material gain (Gyp,) of 200 cm™!
from the active region is targetted for. We assume the mirror losses and scattering
losses in the cavity to be the main contributors to a cavity loss of 150 cm™! and
modal confinement factor of I' = 0.75. Fig. [2.6] shows the absorption spectrum
for Ge with a doping level of 4x10'® cm~2 and an injected carrier concentration
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Figure 2.8: Threshold current density estimated for a target modal gain of 200 cm™" using

Eq.[Z-T3|and Fig. 7]

of 3.82x10' cm~3. The net optical gain from the material overcomes the free
carrier absorption due to dopants and injected excess carriers to match the targeted
material gain. The free carrier absorption coefficient was taken from [30]. On
comparing the peak net optical gain across a wide range of doping levels and in-
jected carrier densities in Fig. it is evident that a target material gain of 200
cm ™! can be achieved easily for highly doped Ge material systems, at least in this
ideal JDOS model. This is because the pseudo direct band gap behavior of Ge is
dependent on the doping level as established in Fig. 2.3] Assuming a typical Ge
layer thickness (D) of 0.4 ym embedded in a typical double heterostructure laser,
the threshold current density to reach population inversion can be calculated using

Eq. 2.15]and Eq.

Ninj X D X e

Jen = (2.15)
Teff
1 1 )
= + Bntotal + Cnntotal + Cpntotal X Ning (216)
Teff Tdefect
Niotal = Ming + Ndoping (2.17)

where n;,,; is the required injected carrier concentration to reach population inver-
sion, e is the charge of an electron, 7y.fec: is the carrier lifetime associated with
Shockley-Rheed-Hall recombination, and B and C (C,, and C),) are the radiative
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and Auger recombination rate coefficients taken from [30]]. Using the Eq. [2.15]and
Eq. we plot Jy, as a function of carrier lifetime for different doping levels in
Fig. From this result, the requirements to achieve an n-type doped Ge laser
with Ji, < 10 kA/cm? can be identified as follows:

e The Shockley Read Hall recombination process mediated carrier lifetime
should exceed 10 ns.

e A doping level of 1x10%° cm~3 is required.

2.1.3 Thesis overview: Ge laser on Si

In Chapter 3, we first study the carrier lifetimes in undoped Ge waveguides with
dimensions similar to the targeted DH laser design, integrated in imec’s 200mm
silicon photonics platform. Carrier lifetimes <1.3 ns, an order of magnitude lower
than the initially design goals, are extracted with the help of fiber based pump-
probe spectroscopy. Poor Ge/SiO2 and Ge/Si interfaces in these integrated devices
are identified to be the root cause for such low carrier lifetimes. In order to im-
prove the lifetimes, we present a comprehensive passivation study with simplified
blanket undoped Ge films of thickness 0.6 pm grown on Si, based on time resolved
photoluminescence (TRPL) spectroscopy. A maximum carrier lifetime of 4.3 ns in
undoped Ge layers is extracted with the best passivation layer. However, dopants
will introduce point defects and shorten the carrier lifetime with 4.3 ns being the
longest achievable lifetime for Ge-on-Si material systems for a Ge thickness of 0.6
pm.

In Chapter 4, an overview of the epitaxial growth process used to obtain highly
n-type doped Ge (Phosphorus dopants are used for this study) is presented. The
epitaxy process uses GeoHg and PH3 precursors that allow for a low temperature
growth and high incorporation of P dopants in Ge. Rapid thermal annealing is
performed on these layers to improve the crystallinity and the results are promis-
ing. However, with these annealed doped Ge layers, a maximum doping level of
5.35x10* c¢cm?® could be achieved with a carrier lifetime of <0.4 ns measured
using TRPL.

In Chapter 5, we try to understand the impact of many-body effects in any
doped Ge material systems by performing photoluminescence spectroscopy and
transient absorption spectroscopy. Due to the presence of a high concentration of
active phosphorus dopants, carrier scattering induced linewidth broadening affects
the recombination and absorption physics in Ge by broadening the correspond-
ing spectrum. To understand these effects better, we modified the standard JDOS
model presented in Eq. 2.12]to include many-body effects such as dopant induced
band-gap narrowing and dopant dependent linewidth broadening effects. As a re-
sult of this, the efficiency with which we can reach transparency and population
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inversion is dramatically reduced by a factor >4. In addition, carrier lifetimes of
<0.3 ns are observed in doped Ge as compared to <3 ns in undoped and unpas-
sivated Ge. Based on the results in this chapter, we will argue that obtaining an
energy efficient double heterostructure laser using doped Ge is extremely difficult
and at this point cannot be considered as an alternative to existing III-V based laser
devices for optical interconnect applications.

2.2 Germanium based electro absorption modulators

Si based modulators use electro-optical phenomena by exploiting the free car-
rier dispersion effect to modify the effective refractive of light in Si WGs. This
phenomena is implemented in the form Mach Zhender interferometer (MZI) and
ring resonator configurations to realize electro-optic modulators [31} [32f]. MZI
modulators typically exhibit large optical bandwidth, but they suffer from a large
footprint and high power consumption at high speed. Ring resonator modulators,
on the other hand, have small footprint and low power consumption, but suffer
from small optical bandwidth and are sensitive to process and thermal variations.
Electro absorption modulators (EAM) exploiting the Franz-Keldysh effect or the
quantum confined stark effect (QCSE) on the other hand, operate by tuning the
absorption coefficient of the material within a specific spectral regime under the
influence of an applied electric field [29]]. The change in absorption coefficient
from ON to OFF state ranges from 100-5000 cm ™1, resulting in devices that are
significantly shorter than typical MZI modulators and have a power consumption
comparable to that of ring modulators. The intrinsic switching time response of
the EA-effect is sub-picosecond. Therefore, these modulators are usually limited
by the RC time constant of the device [33]]. Their optical bandwidth lies in be-
tween that of ring resonator based modulators and MZI based modulators. More-
over, EAMs are promising devices that operate at the trade off between speed and
power consumption [34].

2.2.1 Gebased FKE EAM vs QCSE EAM

The Franz-Keldysh effect refers to a change in the absorption of a bulk semicon-
ductor when applying an electrical field. The applied field results in tilting of the
energy band profile as illustrated in Fig 2.9][29]]. The band tilting allows for the
electron wavefunction from the conduction band and the hole wavefunction from
the valence band to penetrate in to the band gap. This introduces an absorption tail
for photon energies hv < E,, which can be modulated by the electric field.

The presence of a direct band gap at photon energies of 0.8 eV for undoped
and unstrained Ge allows for modulation of light at wavelengths >1550 nm. Due
to the presence of 0.2% biaxial tensile in Ge-on-Si material systems, this direct
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Figure 2.9: Franz Keldysh effect: tilting of the bands in bulk semiconductors under an
applied field allows for penetration of the wavefunctions in the band gap. This results in
absorption of light with photon energy below the band gap [29)].

F=0 F>0

J!— oam —

Figure 2.10: Quantum Confined Stark Effect: Quantum well wavefunctions and energy
subbands in the absence and presence of an electric field. With an applied electric field,
the transition wavelength between the subbands redshifts allowing for absorption of light
at photon energies below the band gap [29)].

band gap shifts to ~0.78 eV resulting in modulation at wavelengths > 1600nm.
The operating wavelength can be shifted back to 1550 nm with the addition of
Si (<1%) to form Ge;_,Si,. However, in these Ge based FKE devices, the
modulation contrast or the figure of merit (FOM) determined by the equation
Aaja = (a(Eon) — a(Eosy))/a(Eosy)) is relatively low due to the presence
of the indirect band gap absorption. This requests for high E,,-E,s contrasting
resulting in high operating voltages for a desired FOM.

On the other hand, the quantum confined stark effect (QCSE) that occurs in



PRIOR ART IN GERMANIUM PHOTONICS

2-14

FKE EAM

7 QCSE EAM

Processing complexity

Easy due to bulk semiconductor

Difficult due to strain balance constraint in
type-I MQW stack

Modal confinement High Low
Ab . Insertion Loss Moderate indirect absorption Moderate indirect absorption
sorption - —
Aa/a Moderate High due to excitonic resonances
Operating V swing High Low
Operating Wavelength | 1520-1630 nm Depending on Si 1270-1570 nm Depending on stack
Wavelength content in Geq_,Si,
Optical Bandwidth ~ 35nm: 1dB transmitter penalty <20nm, but can cover ~100nm if bias
voltage is tuned
Speed RC limited RC limited
Static Moderate due to photocurrent Moderate due to photocurrent
Power Consumption Dynamic Low due to small footprint Low due to small footprint

Table 2.2: Ge based FKE EAM vs QCSE EAM.
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Type-I quantum wells allows for a high FOM at low operating voltages. This is
related to the presence of a strong exciton absorption peak. The exciton binding en-
ergy is typically large in quantum well systems as compared to bulk materials due
to quantum confinement. The exciton absorption peaks along with the discrete sub-
band absorption spectrum from the quantum wells redshift with increasing reverse
bias as illustrated in Fig. [2.10l However, the absorption coefficient also decreases
with increase in electric field, due to the reduction in overlap integral between the
electron and hole wavefunction. Inspite of this, GeSi based QCSE EAMs have
been demonstrated to have a higher FOM than GeSi based FKE EAMs [35]. The
only drawback of QCSE EAM based devices is their increased processing com-
plexity as compared to FKE EAM. Maintaining Type-I band alignment and the
appropriate strain balance in the quantum well stack is a challenging task that re-
quires a complex epitaxy process. Table [2.2] compares the performance of FKE-
and QCSE-based EAMs [35]).

The performance of FKE based Ge EAMs reported over the last decade is
summarized in Table 2.3] The first waveguide integrated Ge based FKE EAM
demonstrated on Si was presented in [36] with a vertical p-i-n diode. This device
operated at 1550nm with an extinction ratio (ER) of 8 dB for a 3 V swing from
-4V to -7 V. Due to the compact design of the device, the capacitance was as low
as 11 fF, resulting in 50 fJ/bit energy consumption at a data-rate of 1Gb/s. This
promising result stimulated a series of other demonstration, as can be seen in Table
with the most recent GeSi (0.7 %) FKE EAM operating at a speed of 40 Gb/s.
The FOM of all these devices is low, due to wide WG dimensions resulting in low
E-field contrast between the ON and OFF state. This offers room for improvement
of the static performance of such a device. Our target at the start of this work was
to improve the static performance of Ge FKE EAMs and in particular their FOM,
while enabling a small signal bandwidth of >50 GHz. To make this possible, the
following subobjectives are set forward for the GeSi FKE EAM to be developed:

e Use a butt coupling scheme to reduce insertion loss.

e Focus on compact waveguide dimensions that will enable high ER/IL per-
formance.

e Optimize the doping profile and doping levels to reduce the RC time con-
stant of the diode.

2.2.2 Thesis overview: Ge based electro absorption modulator

With the target design goals defined in the previos section, in Chapter 6, we will
present Ge based and GeSi based FKE EAM devices integrated in imec’s 200mm
Silicon photonics platform exhibiting a FOM=1.33 for a 3 V swing and a 1 dB
small-signal bandwidth of >50 GHz. We will then conclude the chapter with the
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[36] (37] (38] | (39]
Material GeSi Ge Ge GeSi
Design (pin diode) Vertical Lateral Lateral Lateral
Operating wavelength (nm) | 1539 to 1553 | 1580 to 1610 | 1610to 1640 | 1545 to 1581
Coupling Scheme Butt Evanescent Butt Butt
Thickness 400 nm 400 nm 600 nm 550 nm
Dimensions Width 600 nm 600 nm 1 um 1 ym
Length 50 ym 40 pm 45 pm 55 pym
Static V swing -4to -7 0to-3 0to -3 0to-3
Performance | FOM=ER/IL 2 0.6 1.2 1.2
Bandwidth (f345) 1.2 1.25 28.2 40.7
Power Static - - - 6.7 mW
Consumption Dynamic 49.5 f]/bit <100 fJ/bit 100 £J/bit 60 fJ/bit

Table 2.3: Review of Ge based FKE EAM reported over the past decade.
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preliminary demonstration of a Ge based quantum confined stark effect electro
absorption modulator with a FOM=1.75 for a 1 V swing.
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Carrier lifetimes 1in Ge-on-S1 material
systems

In this chapter, we will investigate the quality of nominally undoped Ge films by
estimating the carrier lifetime in these films. As we explained in previous chap-
ters, obtaining a sufficiently long carrier lifetime is essential for energy efficient
operation of a laser. We first investigate Ge-on-Si WGs with dimensions compara-
ble to our target laser device via fiber based pump probe spectroscopy. Thereafter,
we explore various passivation schemes aimed to increase the lifetime in Ge-on-Si
films.

3.1 Pump-probe spectroscopy of Ge-on-Si WGs

3.1.1 Sample description and experimental framework

A set of Ge-on-Si WGs with different width (0.4 pm to 1.0 ym) and thickness
(0.2 pm and 0.375 pm) are investigated in this section. These WGs are of lengths
8 pum, 17.6 pm and 40 pm, but lifetime analysis was performed predominantly
on the 8 um long WGs. The varying cross-sectional dimensions of the WGs will
allow us to investigate how the measured carrier lifetimes depend on the surfaces.
The WGs were fabricated using imec’s 200 mm Si photonics platform on a SOI
wafer with a 220 nm top Si layer and 2 pum burried oxide. Ge was grown on top
of the Si layer with a 30 nm and 110 nm recess etch to target a final thickness
of 0.2 um and 0.375 pum respectively as can be seen in Fig. [1]. Ge was
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Figure 3.1: a) Cross-sectional scanning electron micrograph of a 0.375 um thick Ge WG.
Ge was epitaxially grown on 110 nm deep recessed Si. b) Top microscope image of
Ge-on-Si WGs with poly-Si tapers and grating couplers in the final device under test
(DUT).
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Figure 3.2: Absorption coefficient of Ge-on-Si WG measured using transmission
measurement, at different input laser powers (as measured before the input grating
coupler).

grown with a selective process using reduced pressure chemical vapour deposition
(RPCVD). It was performed in a single step without any intermediate buffer layer,
followed by an annealing step to suppress the threading dislocation density and
finally chemical mechanical polished (CMP) in order to planarize the WGs to their
target thicknesses [|1]]. The top surface of the Ge was then passivated with PECVD
Si0s to give a Ge-on-Si WG with cross-section as shown in the scanning electron
microscope image in Fig. [3.1] These WGs were butt coupled to an adiabatic tapert
using Poly-Si tapers. The SOI WG was terminated with TE polarized grating
couplers for coupling light to and from the chip as can be seen in Fig. [3.1]

The carrier lifetimes in the Ge layer of the WGs were measured using fiber
based pump-probe spectroscopy [2]]. The setup uses a mode locked femtosecond
fiber laser (from Calmer laser) as the pump and a CW tunable laser source as the
probe. The pump laser has a center wavelength of 1548.57 nm and a pulse width of
<1 ps. Since the probe signal should ideally be chosen at a wavelength below the
band gap of Ge so that excited carriers are dominantly pump induced, it is essential
to know the band structure of Ge in the WG. For this, we extracted the absorption
coefficient by performing a transmission measurement using a tunable CW laser
source and fit it with the standard Density of States model (JDOS) described by
Eq. 2.10[to Eq. 2.14]. In this measurement, the insertion loss introduced by the
poly-Si tapers was removed using the cut-back method. The loss from the grating
couplers was removed by measuring a stand-alone reference SOI WG connected
to identical grating couplers. Fig. shows the extracted absorption spectrum
and fit to the JDOS model. The laser input power has a significant impact on the
measurement due to the presence of probe induced excited carriers that causes free-
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Figure 3.3: a) Schematic of the fiber based pump-probe spectroscopy setup used to
estimate the carrier lifetimes in Ge-on-Si WGs. b) The spectrum containing the pump
signal centered at 1600 nm and pump signal centered at 1548.67 nm along with the
transmission spectra of the grating couplers.

carrier absorption (FCA) and optical bleaching effect (OBE). These effects were
earlier observed and reported in [3|]. Moreover, given the thick buried oxide layer
below the waveguides, thermal effects induced by the CW pump at high optical
power modify the shape of the spectrum. As a result, the measured absorption
coefficient increases with increase in probe power, contrary to those reported in [3].
Therefore, in order to extract the band gap, we used the spectrum measured at low
input power levels. The fitting process also considers absorption from the indirect
conduction valley using Macfarlane equations [4]. A biaxial tensile strain of 0.2%
resulting in By r_jp= 0.762 eV (1627 nm) and E,r_;,=0.778 eV (1592 nm)
was estimated in Ge. As the absorption is dominated by the I' — hh recombination
process, the probe wavelength can be set to any wavelength > 1592 nm. Therefore,
a probe wavelength of 1600 nm was chosen since the transmission spectra of the
grating coupler also peaked close to 1600 nm.
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Figure 3.4: Time resolved transmission data of the probe signal through a 1 pm wide,
0.375 pm thick Ge-on-Si WG. AP(t) is the excess loss the probe signal experiences due to
pump induced photo-excited carriers.

The schematic of the setup used is shown in Fig. [3.3] The pump signal operates
at a repetition rate of 20 MHz with an average output power of 7.9 mW, which
translates to 400 pJ per pulse. The optical power of the probe signal was set to <
0 dBm (before the grating coupler) at 1600 nm in order to avoid heating effects
under CW operation as seen in Fig. [3.2] For maximum coupling with the SOl WG
through the grating couplers, the pump and probe polarization were independently
controlled before being combined using a 90%:10% coupler leading to 0.5 dB
attenuation of the probe signal and 10 dB attenuation of the pump signal. The high
attenuation of the pump signal reduces any self-phase modulation along the optical
fiber and also reduces interference from photo-excited carriers generated due to
two-photon absorption in the SOI WG. The pump pulses are absorbed in the Ge-
on-Si WG, generating a high density of photo-excited electrons hole pairs. Any
residual pump signal transmitted through the WG and the output grating coupler
will be filtered out by the band-pass filters (BPF) centered at the probe wavelength
(> 50 nm away from the pump signal wavelength). The probe signal that captures
the dynamics of the photo-excited carriers in the WG is detected using an ultrafast
photodiode (UPD-15-IR2-FC) from ALPHALAS and Tektronix CSA8000 Signal
Analyzer triggered by the pump laser (Oscilloscope). Since the bandwidth of the
photodiode and the oscilloscope are > 25 GHz, the resolution of the experiment is
better than 15 ps.
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3.1.2 Results and discussion

Pump induced photo-excited carriers, that decay in time due to recombination,
temporally modify the transmission of the probe signal at 1600 nm, due to FCA
and OBE. Therefore, the temporal behaviour of the probe signal, monitored using
the ultrafast photodiode and the oscilloscope, carries the signature of the carrier
dynamics in Ge WGs. Fig. shows the typical result extracted from a 1 um
wide and 0.375 pm thick Ge-on-Si WG with 8 pum, 17.6 pm and 40 pm lengths,
where AP(t) is defined in Eq.

AP(t)|as = (arcalto) + age(to) — arca(t) — age(t))

(3.1)
XLWG X 10l09106

Here, AP(t)|ap = 10l0g10(Pout(t)/Pout(to)) with Py (to) and Py (t) being
the output power level of the probe signal at the time instant £ = 0 ns and ¢ > O ns,
respectively. The time dependent free carrier absorption (avpc 4) at the 1600 nm
probe wavelength and the intrinsic material absorption (ag.) are expressed in Eq.

B-2]and Eq. 3.3][3].

arca(t) =3.1x 107¥N(t) + 3.8 x 10717 P(¢) (3.2)

age(t) = o x (fu(N () = f(N (1))

(3.3)

— a0 x (1-OBE(N()))
with the optical bleaching effect defined as OBE = 1 — ( fo(N(t) = fo(N (t)))
such that at ¢t = 0 ns, when we have minimal or no pump induced photo-excited
carriers, OBE = 0 with f. = 0 and f, = 1 [6]. As a result, Eq. [3.1] translates to
Eq. 3.4 where we use tepcarr = @pca — o X OBE.

AF)(t)|oiB = (aexcarr (N(t)) — Qegcarr (N(to))) X LWG X 10109108 (34)

The results obtained from the JDOS model described by Eq. [2.10]to Eq. [2.14]and
Eq. B.2to Eq. [3.3] are shown in Fig. 3.5 We can see that cczcqrr has a linear
dependence on the carrier concentration. As a result, AP(t)|qp o< AN (t) and the
time constant of the decay in Fig. [3.4]is the lifetime of the excess carrier in the WG.
It is important to note that in all of the above calculations, we assume a uniform
carrier concentration distribution across the length of the WG. This assumption is
valid for at least the 8 um long Ge-on-Si WG as AP(t)|qp for the 17.6 um long
WG is approximately 2.25 times larger than the 8 ym long WG. Instead of the
standard exponential decay, the pump signal undergoes OBE and FCA due to its
high pulse energy and the location of the pump wavelength close to the I' — hh
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Figure 3.5: Impact of photo-excited carriers on free carrier absorption and optical
bleaching effect for a probe signal at 1600 nm, calculated using a standard JDOS model.
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Figure 3.6: Normalized AP (t)|ap as a function of time for Ge-on-Si WGs with a width of
0.4 pm and 1.0 pm and Ge thickness of 0.2 pm and 0.375 pum.
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Figure 3.7: Dependence of carrier lifetime on width of the WG. Recombination model
using Eq. @and Eq. @were used to estimate a surface recombination velocity of
0.975x10* cm/s and 1.45x 10" cm/s for the Ge/Si and Ge/SiOs interfaces respectively.

WG width | Measured Lifetime (ns) | Simulated Lifetime (ns)
(pm) 0.2 pm 0.375 pm 0.2 pm 0.375 pm

0.4 0.42 0.78 0.45 0.78
0.6 0.5 0.87 0.52 0.94
0.8 0.56 1.05 0.55 1.05
1.0 0.64 1.14 0.58 1.14

Table 3.1: Measured and simulated carrier lifetime for Ge-on-Si WGs with Ge thickness of
0.2 um and 0.375 pm integrated in imec’s 200 mm silicon photonics platform.
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band gap. Therefore, the experimental analysis is performed on the 8 pm long Ge
WGs.

Fig. shows the extracted AP(t)|4p data after normalization to estimate
the time constant of the exponential decay. The results are summarized in Ta-
ble The longest measured lifetime in these WGs was 1.14 ns with lifetimes
showing a strong dependence on the width of the WG and the Ge thickness. For a
AP(t)maz =1 dB in a 8 um long Ge WG, we estimate the pump-induced carrier
concentration to be 2x10'° cm—2 using Fig. Assuming a radiative recombi-
nation coefficient B = 1x 10710 cm3s~! and an Auger recombination coefficient
C =1x1073! cm%s~!, the calculated radiative and Auger recombination limited
lifetimes in the material are > 10 ns [5} |7]. This suggests that the measured life-
times of < 1.2 ns are defect mediated, with surface recombination effects being
dominant due to the high surface area/volume ratio. They are related using the Eq.
[3.5]and Eq. [3.6|with 7;, and 7, representing bulk and surface lifetimes respectively.

1 1 1
L (3.5)
T Tb Ts

i o Vs,Ge/Top8102 AGe/Top8102

Ts Volwa
Vs e/SideSi A e/SideSi
12 x ,Ge/SideSiO2 1 Ge/SideSiOx (3.6)
VOIWG
+Vs7Ge/SiAGe/Si
VOIWG

In the above equations, the surface recombination velocity of the Ge interfaces is
represented by V. The area of the interface and the volume of the WG are denoted
as A and Volyy ¢ respectively. Since the Ge was selectively grown on Si in an ox-
ide window opening, the interface with the SiOs at the side of the waveguide must
be different to that with the top SiO5. The latter was deposited using a PEALD
process. However, for simplicity, we will assume that the 2 interfaces have the
same surface recombination velocity and fit the measured lifetime with Eq. [3.6]
The results of the fitting is shown in Fig. where a SRV of 0.975x10* cm/s and
1.45x10% cm/s is used for the Ge/Si and Ge/SiO, interfaces respectively. These
high recombination velocities are due to the lattice mismatch between Ge and Si
resulting in a defective Ge/Si interface. However, the Ge/SiO, interface also has
a very high recombination velocity. In principle the latter can be reduced with a
proper passivation layer like GeOy [[8]]. This would strongly impact the overall
carrier lifetime. For example, if the WG was passivated with GeO,, whose recom-
bination velocity is ~1x 102 cm/s, then the carrier lifetime would increase from
1.14 ns to 3.75 ns. This motivated us to explore improved passivation schemes, as
will be discussed in the following section.
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3.2 Germanium passivation study using time-resolved
photoluminescence spectroscopy

In this section, we will investigate blanket (unpatterned) Ge films grown on Si.
This reduces the processing complexity and enables a quick study. However, in
blanket Ge films, the contribution of the bulk lifetime to the net carrier lifetimes
cannot be neglected due to the lower surface/volume ratio compared to the WGs
investigated in the previous section. Therefore, to decouple the impact of thread-
ing dislocation density (TDD) dependent bulk carrier lifetime from the measured
carrier lifetime and to be able to estimate the net surface recombination velocity,
first unpassivated blanket Ge films with varying thicknesses are studied. In a sec-
ond step, the top Ge surface is passivated using 5 different approaches: deposition
of Si0s, 2 types of Si cap and 2 types of GeOy layers.

3.2.1 Unpassivated blanket Ge films on Si

The Ge films investigated in this section were grown on 300 mm Si (001) substrates
using an ASM Epsilon™ 3200 epitaxial reactor [9]. A standard wet clean and in-
situ high temperature bake in H, at 1050°C were performed to remove any native
oxide on the Si substrate. Ge with ~1 pm thickness was grown at 450°C and atmo-
spheric pressure using GeH, as the precursor and H, as the carrier gas. In order to
reduce the TDD arising due to misfits at the Ge/Si interface, the wafers underwent
a post-epi anneal in No at 850°C for 3 minutes. The annealing was needed to drop
the TDD from about 10'® cm~2 for as grown layers to (4-5)x 107 cm~2 [10}|11].
The ~1pm thick Ge layer was thinned down to different thicknesses with the re-
moval of 0.4 ym or 0.8 pm of Ge via chemical mechanical polishing (CMP). As a
result, we get a set of 3 samples - Sample A, Sample B and Sample C with a Ge
thickness of 0.18 pm, 0.53 pym and 0.96 pm respectively.

The quality of the above Ge layers was determined by performing time re-
solved photoluminescence (TRPL) spectroscopy using a C12132 compact NIR
photoluminescence spectrometer from Hamamatsu. The setup uses a Class 3B -
YAG laser with a pump intensity of 127 W/cm?, a wavelength of 532 nm and a
repetition rate of 15 kHz. Fig. [3.8and Fig. [3.9] show the PL and TRPL response
of Sample A, Sample B and Sample C. The PL decay curve was measured using a
time -correlated single photon counting method at the peak emission wavelength
(around 1600 nm). However, this PL decay contains also the response of the in-
cident pump signal. To extract carrier lifetimes from this decay, the instrument
response function is deconvoluted and then the PL lifetime (7py) is extracted by
fitting an exponential decay. The results are summarized in Table

APy (t) = ANey(t) oc et/ 70 (3.7)
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Figure 3.8: PL spectra of all unpassivated Ge samples.
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Figure 3.9: Results from time resolved photoluminescence spectroscopy of Ge films of
different thickness. The photoluminescence decay was measured at the peak PL emission
wavelength determined from the spectra shown in Fig. [3.8] from which. The instrument
response function (IRF) represents the temporal signature of the laser pump signal and the
response of the experimental setup. The time constant is determined by deconvoluting the
measured PL decay with the IRF signal and fitting it with an exponential function.
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Sample | Ge thickness | Tpr, | TCarr
name (pm) (ns) | (ns)
A 0.18 £ 0.015 | 0.5 1.0
B 0.53+£0.013 | 2.0 4.0
C 0.96 +0.022 | 2.9 5.8

Table 3.2: Summary of carrier lifetimes of unpassivated Ge layers determined using TRPL
spectroscopy .

«—— Unpassivated
surface (S,)

——  Bulk defects
(TBuk)

«—— Defective Ge/Si
interface (S,)

Figure 3.10: Schematic showing defects mediating non-radiative recombination centers in
Ge layers. The white lines in this figure schematically represent the threading dislocations
in the Ge and the dark regions represent the interface/surface recombination centers.

Ipp(D)e /™1 = RrAP (1) (prNex(t)) o e~ 2t/Cans (3.8)
1 1 S1+ S
= NEA LN (3.9)
TCarr TBulk d
1
TBulk — —————— with NT = TDD x ND (310)
ovinNT

The relationship between the PL lifetime (7p1,) and the carrier lifetime (7cayr)
is Tcar = 2 X 7py, as derived in Eq. 3.7 and Eq. 38} where xr represents the
fraction of electrons occupying in the I' valley conduction band [12] and AP,
ANy, Ipy, and Ry are the photo-excited hole density, the photo-excited electron
density, the PL intensity and the radiative recombination rate for the I" valley con-
duction band respectively. The photo-excited electron and hole density are atleast
3 orders of magnitude larger than intrinsic carrier concentration of Ge.

Given the low pump intensity (127 mW/cm?), carrier concentration dependent
radiative and Auger recombination lifetimes can be ignored. The measured 7ca;; 1S
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Figure 3.11: Summary of measured TDD with error bars (originating from the measured
TDD and the Ge buffer thickness estimation) using SECCO etch and ECCI. The measured
TDD shows a dependence on buffer thickness.

dominated by Shockley-Rheed-Hall (SRH) recombination mechanisms with sur-
face and bulk defects the two main sources as illustrated in Fig. and are re-
lated using Eq. [3.9][[12}[13]|. Dangling bonds or border traps at the top surface and
Si-Ge intermixing at the bottom Ge/Si interface contribute to these surface recom-
bination lifetimes and are typically quantified in terms of surface recombination
velocity (S1 + S2) while threading dislocations through the bulk of Ge film impact
the bulk lifetime. As a result, the bulk Ge lifetime can be determined by estimating
the TDD. The latter can be measured using electron channeling contrast imaging
(ECCI) or by defect decoration using an etch treatment (SECCO etch) and then
counting the etched defects with atomic force microscopy [[14}|15]]. The TDD esti-
mation using a SECCO etch probes the top 50 nm of the Ge layers. The measured
TDD is shown in Fig. [3.11] and the results are summarized in Table[3.3] Sample
A has the highest TDD due to thin Ge thickness, whereas Sample B and Sample C
have a similar TDD. The bulk lifetime in these samples is estimated using Eq. [3.10]
where o, vy, N1, TDD and Np are the carrier capture cross-section by threading
dislocation defects in Ge, the thermal velocity of the carriers in Ge, the total defect
density, the threading dislocation density and the number of defects per dislocation
respectively [16]. Since the defect density in Sample A will be present in the first
~0.18 pum of the Sample B and C, we integrate the total number of defects through
the Ge thickness to estimate the bulk lifetimes as reported in Fig Compar-
ing the estimated bulk lifetimes of Fig. with the measured lifetimes of Table
S1 + S5 is responsible for the measured SRH recombination lifetimes of the
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Sample | Measured Estimated Estimated Estimated
name | Tcarr (S) TDD (cm?) TBulk (ns) | (S1 +S2) x10*
SECCO | ECCI (cm/s)
A 1.0 9.4x107 | 1.1x103 32.0 1.6
B 4.0 6.7x107 | 6.4x107 48.0 1.2
C 5.8 5.9x107 | 4.9x107 56.0 1.5
(51 +52) s verage 1.440.2

Table 3.3: Contribution of bulk and surface recombination lifetimes to the measured
carrier lifetime.

Sample D Sample E Sample F
Sicap -1 Sicap- Il

2nm_HfO, 2nm HfO,
Sio, Sio,
Si Si

PECVD SiO,

10nm SiO,

Ge Ge
A A
Sample G Sample H
Thin GeO, Thick GeO,
Thin GeO, Thick GeO,

N/ N/

Figure 3.12: Cross-sectional schematic view of the different passivation layers used on our
Ge films. Sample E and Sample F have the Si capping layer grown at different
temperature. In Sample G and Sample H, GeOx have different thickness with more details

listed in Table

films. An average surface recombination velocity of (1.4 + 0.2) x 10% cm/s was
extracted. In the following section we will study the impact of passivation on the
carrier lifetime in these Ge layers.

3.2.2 Carrier lifetime of passivated Ge films

As discussed in the previous section, time resolved photoluminescence measure-
ment and TDD analysis of unpassivated Ge shows that the carrier lifetimes are lim-
ited by defects at the unpassivated top surface and at the bottom Ge/Si interface.
Here, we investigate the influence of different top surface passivation schemes on
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Figure 3.13: Results from time resolved photoluminescence spectroscopy of various

passivation schemes.

Sample Comments TCarr | S1+52
name (ns) (cm/s)
B - 40 | 1.4x10*
D 10 nm thick SiO2 deposited at 480°C. 2.5 2.1x10%
E 6-7 monolayer of Si deposited with 3.8 1.3x10%
SigHig at 350°C followed by an ALD
process to deposit 2 nm HfO» [17].
F ~1 nm Si deposited with SiH, at 500°C 4.1 1.2x10%
followed by deposition of 2nm HfO,
using an ALD process [18]].
G O, oxidation for 4 s followed by an ALD 3.0 1.7x10*
process to deposit of 2 nm AlyOg [[19,20].
H O, oxidation for 1 min followed by an ALD | 4.3 1.2x10%
process to deposit of 2 nm AlyOs3 [19;20].

Table 3.4: Details of passivation layers deposited on the top surface of Ge films.
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Figure 3.14: Summary of the extracted carrier lifetimes and estimated surface
recombination velocities for different passivation schemes.

the carrier lifetime. The passivation layers were deposited on a ~0.6 um thick Ge
layer, similar to Sample B of Table and are described in Table Sample
D has 10 nm of SiO, deposited by PECVD, which can be considered similar in
terms of passivation to what was used in the Ge-on-Si WGs. The other passivation
layers (varieties of a Si and GeO,) were adopted from the high-K dielectric gate
stack studies for Ge pMOSFETs, for which obtaining a low D;; (interface state
density) gate oxide is important [17-H20]. Cross-sectional schematic of the passi-
vation stacks are shown in Fig. [3.12] The Al,Oj3 layer in Samples G and H acts as
a diffusion barrier for oxygen to prevent the direct contact of the GeOy layer with
air/water vapor. The PL decay curves are shown in Fig[3.13] To be consistent with
Fig. the measurements were performed at a pump intensity of 127 mW/cm? so
that the extracted lifetimes are Shockley-Rheed-Hall recombination limited with
negligible influence of radiative and Auger recombination phenomena. Since the
underlying Ge layer is nominally undoped, we use the relationship 7carr = 2 X 7p1,
derived from Eq. and Eq. 3.8] The extracted carrier lifetimes and surface re-
combination velocities of these passivated layers are summarized in Table [3.4]and
Fig. [3.14] respectively. The standard PECVD SiO has the most dramatic effect
on the top surface resulting in the lowest carrier lifetime of 2.5 ns and an extracted
S1 + S9=2.1x10* cm/s. Passivation with either a Si cap or a thick GeO, layer
gave the highest carrier lifetimes of up to 4.3 ns. For these layers S; + So as low
as 1.2x10% cm/s was estimated. There is a distinct difference between the thin
and the thick GeOy interfaces (Sample G and H). The sample with the thin GeOy
has a high density of interface trap defects, which gets reduced as we increase the
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layer thickness beyond 2 nm. This is also evident from the carrier lifetime mea-
surement [20]. In summary, the longest carrier lifetime that can be obtained for
this 0.6 pm thick Ge is 4.3 ns, which correspond to 3.3 ns for a 0.4 ym thick and
1 ym wide Ge waveguide.

3.3 Summary

In this chapter, we investigated the carrier lifetimes of undoped Ge integrated in
a waveguide using pump-probe spectroscopy and of blanket Ge films grown on
Si using time-resolved photoluminescence spectroscopy . Ge-on-Si WGs with
cross-sectional dimensions of 0.375x1.0 um? have a lifetime of 1.14 ns. The
Ge/SiOy interface and Gee/Si interface are thereby the 2 limiting recombination
centers with interface recombination velocity of 1.45x10* cm/s and 0.95x10*
cm/s respectively. In an effort to find a passivation layer that could replace the
existing SiOq cladding layer, we found a Si cap or a thick GeO,, to be suitable
candidates that can potentially improve the lifetime in the Ge WGs from 1.14 ns to
3.3 ns with the bottom Ge/Si interface being the limiting factor. These lifetimes are
below the target of 10 ns defined in chapter 2 and we expect them to drop further
with the introduction of dopants due to point defects. This will be investigated in
the following 2 chapters.
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Characterization of P-doped Ge on
1 um Ge buffer

In this chapter, we will present the results of characterization experiments per-
formed on highly n-type doped Ge grown on Si.

4.1 Material characterization of P-doped Ge

As discussed in Chapter [2] high n-type doping using Phosphorus dopants makes
Ge a pseudo direct band gap material and allows for the reduction of the threshold
current density required for lasing operation. As the doping concentration reaches
beyond 1x10' cm™3, the fermi level is pushed into the L conduction valley of Ge
making it degenerate. It reaches the I' conduction valley when the doping level is
as high as 9x 10 cm~2 for unstrained Ge and 7.5x 10 cm~2 for 0.2% biaxial
tensile strained Ge as demonstrated in Section [2.1.2] Phosphorous is therefore the
preferred dopant as it has the highest solubility limit among all the other n-type
dopants. However, the required doping levels still exceed the maximal solubility
limit of Phosphorus in Ge, which is around 7x 10'? cm=2 at 800°C [1]].

A possible way to achieve higher P concentrations is by driving the epitaxy
process out of equilibrium as demonstrated using the delta doping technique where
an active P concentration as high as 2x10%° cm~3 was achieved. These layers
were grown with Py (for molecular beam epitaxy) or PH3 (for chemical vapour
deposition) as the dopant precursors. Delta-doped layers with electrically active P
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concentration of up to 1x 102° cm~3 have been reported in the delta doped regions
of Ge [2}4]]. In order to have uniformly distributed dopants across the entire Ge
region, cyclic annealing was performed where the active phosphorus concentra-
tions dropped to 4x 10 cm~3 [2]. Since this process requires cyclic deposition
of Ge and P atoms at temperatures that are varied from 500°C for Ge deposition
and room temperature for P incporporation, the throughput of the growth process
is dramatically reduced. On the other hand, using conventional in-situ doped Ge
grown using chemical vapour deposition, with GeHy and PH3 as the precursors,
resulted in electrically active P concentration of 2x 10 cm™2 [5}|6]. These lay-
ers were grown at 400°C. On reducing the growth temperature further, the epitaxy
process moves into a non-equilibrium state. This can enable an increase in the
active P concentration. Also the use of GesHg as a higher order Ge precursor
gas [7] can facilitate higher P incorporation. In addition, this in-situ doping allows
for high wafer throughput due to the simultaneous deposition of Ge and P atoms.
Therefore the impact of growth conditions, like partial pressure (pp) ratio of pre-
cursor gases (ppPHj - partial pressure of PH3 and ppGesHg - partial pressure of
GeyHg) and the growth temperature, on the activation of P dopants in Ge, using an
in-situ doping process, will be investigated in the next section.

4.1.1 As grown P-doped Ge layers

The P-doped Ge layers studied in this thesis were grown in an ASM-Intrepid
XP™ epi tool where GeoHg (diluted to 1% in Hy) and PH3 (diluted to 5% in
He) were used as the gas precursors. The P-doped Ge layers were grown on 1
pm thick Ge buffer layers used as virtual substrates [8|]. These buffer layers were
grown on 300 mm Si (001) substrates. The buffer layers exhibit a 0.16% biaxial
tensile strain, as confirmed with the help of X-ray diffraction. The in-situ P-doped
Ge layers were later grown with a fixed GeoHg flow at a reduced pressure of 10
Torr (=1.3 kPa). The doping level was modified by tuning the PH3 gas flow rate.
In addition, the growth temperature was varied from 320°C to 550°C and the sam-
ples were analyzed using secondary ion mass spectroscopy (SIMS) and a micro
hall effect (MHE) measurement to extract the chemical and active P concentra-
tions respectively [9]]. A Hall scattering factor of 1 was assumed. This could result
in an error of maximum 10% in the extracted carrier concentrations [10]. The
crystallinity of the layers was first gauged by examining the microscope images of
the top surface and later with the help of photoluminescence spectroscopy.

Fig. A1) shows the extracted chemical and active P concentrations for layers
grown at 320°C, 425°C and 550°C. The amount of P incorporated in Ge increases
monotonically with the increase of the ppPH3/ppGesHg ratio with the images of
surface morphology shown in Fig. However, for higher growth temperatures,
it begins to saturate with the maximum achieved at 320°C. For concentrations up
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Figure 4.3: Chemical depth profile for P in uniformly doped Ge layers grown at different
temperatures as measured using secondary ion mass spectroscopy (SIMS).
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ratio at 320° C. The PL spectra were normalized with the responsivity of the detector in the
PL setup and with the peak PL intensity from undoped Ge. The detector has a cutoff at
1620 nm.

t0 6.2x10'? cm ™3, also the active P content increases linearly with the chemical P
content resulting in 100% activation. For higher ppPH3/ppGesHg concentration,
the active dopant concentration began to saturate and ultimately even to decrease.
From Fig. 1] the maximum attainable active P concentrations at 320°C, 425°C
and 550°C were 6.2x 10 cm™3, 3.3x10'° cm™2 and 1.7x10'? cm~3 respec-
tively. The solubility limit of P in Ge is around 1x 10%° cm~3 at 320°C, 1.5x 10?
cm™? at 425°C and 2.8x 10 cm~3 at 550°C. This shows the reduction of the
temperature pushes the growth process away from the equilibrium condition and
increases the maximum attainable active P concentration in Ge beyond the solu-
bility limit. While analyzing the SIMS profile of P atoms in the uniformly doped
Ge layers in Fig. [£.3] a gradual P diffusion towards the virtual substrate can be
observed at higher growth temperatures. The low diffusion coefficient of P in Ge
at lower growth temperature allows for an abrupt dopant profile as observed at
320°C.

With doping levels reaching 6.2x 10'° cm~3, these Ge layers should exhibit a
pseudo direct band gap behavior and become an efficient light emitter. This was
investigated with a photoluminescence (PL) measurement at room temperature,
using a continuous wave laser as the pump at 640 nm with an intensity of 410
mW/cm?. The PL signal is measured using an near infrared spectrometer with a
Hamamatsu R5509-72 NIT photomultiplier tube detector whose cutoff is at 1600-
1620 nm. The measured PL spectrum for the P-doped Ge layers grown at 320°C
is shown in Fig. 4.4] The PL drops dramatically for wavelengths beyond 1620 nm
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Figure 4.5: Peak PL intensity as a function of the active P concentration for P-doped Ge
layers.

due to the detector cut-off. For the undoped samples, the PL intensity shows very
similar responses, independent of the growth temperature. Therefore, the spec-
tra from all doped samples were normalized with respect to the peak intensity of
the undoped samples. It is worth noting that we expect the peak PL position to
shift towards longer wavelengths with the increase in doping level due to dopant
dependent band gap narrowing. This cannot be measured here though due to the
detector cutoff [14-17]. Nevertheless, an increase in peak PL intensity was ob-
served with an increase in active P concentration as long as they are fully activated
as can be seen in Fig. 1.5] This trend is consistent with the PL enhancement shown
in [6}|18-20]]. Since dopant associated electrons occupy the L-conduction valley, a
large fraction of the photo excited electrons will occupy the I'-conduction valley,
as illustrated in Fig. [2.5] resulting in an increased PL. The highest PL intensity,
with 8 x PL enhancement, was measured for the highest doped Ge layer. On the
other hand, the enhancement reduces for partially activated dopants in Ge due to
the increase in point defects. For example, the PL enhancement from the sample
grown with ppPHs/ppGeoHg ratio = 0.01 is 2.5 x higher than that of the sample
with ppPH3/ppGesHg ratio = 0.02 because the former sample is fully activated
and the latter is partially activated. The impact of point defect densities on the PL
enhancement suggests the need for the development of a rapid thermal annealing
strategy that improves the crystallinity of the P-doped layers.
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Figure 4.6: SIMS profile of P atoms in samples grown with ppPHs/ppGe2Hs=0.006 and
rapid thermal annealed in N> at 500°C, 600° C and 700° C for 30 seconds.

4.1.2 Rapid thermal annealing of P-doped Ge layers

In order to reduce the point defect density associated with the P dopants, rapid ther-
mal annealing was performed. For example, samples grown with ppPHs/ppGesHg
=0.006 and 0.02 at 320°C were annealed at different temperatures and time dura-
tion as shown in Table and were analyzed using SIMS, MHE measurements
and PL spectroscopy. The SIMS profile provides the impact of dopant diffusion
due to annealing, whereas PL enhancement reflects the impact of annealing on the
crystallinity. The results for the ppPH3/ppGeaHg = 0.006 sample annealed at tem-
peratures 500°C to 700°C for 30 seconds in Ny are shown in Fig. and Fig.
On comparing the results, it is evident that RTA at 700°C for 30 seconds had
the most impact on both the SIMS profile and the PL enhancement. This anneal
resulted in dopant diffusion of roughly 150 nm into the underlying 1 ;sm Ge buffer,
but also improved the PL enhancement from 8 for the as grown layers to 10x
for the annealed layers. Even though RTA at 500°C and 600°C did not modify
the chemical P profile in the stack, they seem to have suppressed the PL intensity
from the as grown sample. Moreover, even though RTA at 700°C gave the low-
est active P concentration, the fact that the highest PL enhancement was extracted
from this sample shows the importance of annealing and the impact of annealing
temperature on the emission properties of these P-doped Ge layers.

Since dopant diffusion was evident for the samples annealed at 700°C , the
RTA-process at higher temperatures was performed for the layers grown with a
ppPH3/ppGeaHg=0.02 ratio, as the chemical P content in this layer is relatively
high. Also, each time the temperature was increased by 50°C, over the range
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ppPHs3/ppGesHg | RTA Temp | RTA time | Chem P before | Active P before | Chem P after | Active P after
ratio (°C) (s) RTA (cm™3) RTA (cm™?) RTA (cm™3) | RTA (cm™3)
0.006 500 30 7.1x1019 6.3x10™ 7.3x 1019 4.7x1019
0.006 600 30 7.1x10™ 6.3x10™° 6.7%x10™ 5.5%x10™
0.006 700 30 7.1x1019 6.3x10™ 5.2x 1019 4.5%1019
0.02 700 30 1.8x10%0 3.5x10™° 8x 1019 5.1x10™
0.02 750 15 1.8x10%0 3.5x10™ 5.9x 1019 5.9%x1019
0.02 800 15 1.8x10%0 3.5x1019 4.9%10™° 5.5x1019
0.02 800 7 1.8x10%° 3.5x10™ 4.9x1019 4.5%1019
0.02 850 4 1.8x10% 3.5x10™ 5.4x10%9 5.0x1019

Table 4.1: List of conditions used for rapid thermal annealing experiments and extracted active and chemical P concentration.
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Figure 4.11: Normalized PL enhancement of rapid thermal annealed and as grown
samples as function of active P concentration. The results are for samples with RTA at
700°C for 30 seconds in Na. For highly doped samples, RTA improves the PL
enhancement by reducing point defects associated with P dopants.

750°C to 850°C, the duration of the anneal was reduced by a factor 2, to control
the dopant diffusion. The SIMS profile and PL spectrum of the layers annealed at
5 different conditions are shown in Fig. .8 and Fig. [£.9] The extent of dopant
diffusion for samples annealed at 700°C for 30s and annealed at 750°C for 15s
remained the same as the time duration was halved. The P concentration profile of
800°C for 15s results in dramatic over diffusion of dopants into the underlying 1
pm Ge virtual substrate when compared to 800°C for 7 seconds due to the extra
8 seconds. Hence, for every increase in temperature by 50°C, the annealing time
was halved. In spite of this, for temperatures above 750°C, higher dopant diffusion
was observed as the ramp-up and ramp-down time of the annealing furnace also
plays an important role in the dopant diffusion process. As a result, the active P
concentration in all these layers is around 5x10'® cm™3. On comparing the PL
spectra shown in Fig. 9] the enhancement remained unchanged and constant,
within the spectral range that could be measured. This suggests that all these an-
nealed samples had similar crystalline quality. Since the dopant diffusion was the
least for the RTA at 700°C-30s, these conditions were used for annealing the re-
maining set of samples. The normalised peak PL intensity of all these samples is
included in Fig. B.TT} When comparing with as-grown samples, rapid thermal an-
nealing plays a critical role for highly doped layers where the point defect density
is high. In the next section, time resolved photoluminescence spectroscopy and
photoluminescence spectroscopy using an extended-InGaAs detector with respon-
sivity up to 2 um will be performed, to study the influence of doping on the carrier
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Figure 4.12: Contour plot of time resolved photoluminescence response from P-doped Ge
samples as a function of active P concentration in the layer. Only the samples with
activation > 90% were considered. With the increase in active doping, the
photoluminescence response decay drops quickly.

lifetime and spectral width of the PL spectra.

4.2 Optical characterization of P-doped Ge

4.2.1 Time resolved photoluminescence

The strong increase in PL enhancement with rapid thermal annealing for highly
doped Ge layers shows the importance of the point defects. Time resolved pho-
toluminescence (TRPL) spectroscopy (similar to the results presented in Section
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Figure 4.13: Time resolved photoluminescence response of Ge layers taken from Fig.
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Figure 4.14: Time resolved photoluminescence response of 2x 10*° em=2 doped Ge layers
taken from Fig. measured at different pump power levels.
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is additionally performed on all as-grown and rapid thermal annealed sam-
ples shown in Fig. The TRPL response of Ge layers with fully activated
doping levels are plotted in Fig. and Fig. These figures show that the
carrier lifetime in these layers is severely impacted by the increasing dopant con-
centration. The trends for both as grown and rapid thermal annealed samples are
similar. While carefully examining the response of layers with intermediate dop-
ing levels, e.g. for the as grown sample with doping level 2x 10 cm~2 shown in
Fig. [£.13] it can be seen that the decay has 2 time constants. This could suggest
the presence of carrier density dependent recombination mechanism. Typically,
the fast decay component corresponds to Auger recombination and the slower de-
cay component is associated with defects. These 2 decay components have been
observed in [21} 22]]. In that case one would expect that on increasing the pump
intensity, one increases the photo-excited carrier concentration in the Ge layer, re-
sulting in a shorter time constant. But in these samples, the TRPL curves show
an opposite trend where only one time constant in its decay and is observed at the
highest pump intensity. The layers are pumped using a 532 nm laser source with
a penetration depth of 20 nm. However, the high concentration of photo-excited
carrier initially excited in the top of the layer typically diffuse across the entire
stack in 200 ps [21]]. Since the P-doped Ge layer is grown on a 1 um thick Ge
virtual substrate, we believe that the stack can be viewed as being composed of
two light emitting sources: the top doped Ge layer and the underlying Ge virtual
substrate. The concentration of carriers available for diffusion in the underlying
virtual substrate drops with the reduction in pump power. Therefore, the mag-
nitude of the TRPL response originating from the underlying buffer is reduced
resulting in 2 time constants. At high optical pump intensity, the TRPL response
from the virtual substrate dominates the total decay as shown in Fig. giving
us the carrier lifetime at the top P-doped Ge layer. Therefore, we focus on the re-
sults obtained with low optical pump intensity (63 mW/cm?). As the doping level
increases beyond 2 x 109 cm—3, the short time constant begins to dominate the to-
tal TRPL response. This is due to the high non-radiative recombination rate at the
top P-doped Ge layer that reduces the concentration of carriers diffusing to the un-
derlying virtual substrate. It is evident that with increase in carrier concentration,
for both as grown and rapid thermal annealed samples, the carrier lifetime drops
to the sub ns range. To quantify the carrier lifetimes, uniformly doped Ge layers
without any underlying undoped region will be investigated in the next chapter.

4.2.2 Band gap narrowing and spectral broadening

As reported in Section the photoluminescence spectra of the Ge layers were
first measured using a detector whose responsivity drops dramatically beyond 1620
nm. This limits the measurement wavelength range, making it impossible to deter-
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Figure 4.17: Band gap narrowing as function of active P concentration in Ge layers [16]].

mine the peak PL emission wavelength and the dopant induced band gap narrowing
accurately. Along with the carrier lifetime assessment and the PL enhancement
presented earlier in this chapter, information on the full width at half maximum
of the PL spectrum can be used to assess the crystalline quality of the material.
Therefore, the PL. measurement was repeated using a pPL setup, similar to the
one presented in [23]], at room temperature. A frequency doubled Nd: YAG con-
tinuous wave (CW) laser at 2.33 eV (532 nm wavelength) was used as the pump
source. The PL signal was collected through the same objective and detected using
a liquid nitrogen cooled extended InGaAs detector from Hamamatsu (G7754-03)
connected to a monochromator (MS257, Newport). With this detector, the setup
allows to measure the PL response over a wavelength range from 1.3 ym to 2.0
pm (0.62 to 0.95 eV) with a maximum pump intensity of 30 kW/cm?.

The room temperature PL spectra of doped and undoped Ge are shown in Fig.
[4.15]and Fig. These PL spectra are normalized with the detector responsivity
to their peak intensity to compare their shape. Comparing the spectra from doped
and undoped Ge, it is obvious that the PL peak shifts to lower energies with the
increase in doping level. This is a clear indication of the presence of dopant in-
duced bandgap narrowing where the relative change in the band gap is plotted in
Fig. and fitted with a polynomial equation of first order.

Eg(Np) — Eg(Np = 0) = Apan x Np 4.1)

In the above equation, E; is the band gap of Ge, Np is the doping level in Ge
and Apgn is the rate at which the band gap reduces as function of the dopant
level. We found Aggn=7.7x10"° meV cm? is in-line with the results presented
in [[16]. Apart from dopant induced band gap narrowing effects, we also found that
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the PL spectra from the doped layers are significantly broader than the spectrum of
the undoped Ge layer. The broadening effect was observed in both as-grown and
rapid thermal annealed samples whereby the broadening increased with increasing
doping level of the top Ge layer. This broadening can be associated with intraval-
ley and intervalley scattering effects originating from ionized P dopants and can
typically be modelled using many-body-effect physics [[24-26]]. Presence of such
scattering events affects the absorption and gain spectra of the material and can
increase the threshold current density by reducing the efficiency of the laser by
a factor > 4. In the next chapter, the impact of dopants on the carrier lifetime
and linewidth broadening of Ge will be studied in more detail by investigating
uniformly doped Ge layers on Si.

4.3 Summary

In this chapter, we investigated high n-type doped Ge layers that were grown on
a 1 pm thick Ge virtual substrate with GesHg and PH3 as precursors gas for in-
situ doping. An active P concentration up to 6.2x10'® cm™3 with 100% activa-
tion was obtained for layers grown at 320°C, without any annealing step. These
samples emitted >8x higher PL intensity compared to undoped Ge, confirming
the pseudo direct band behaviour associated with the presence of n-type dopants.
These samples were later rapid thermal annealed at different temperatures ranging
from 500°C to 850°C, with the 700°C anneal for 30 seconds being the most effec-
tive in reducing the point defects and showing the most optimal dopant diffusion
for maintaining high active doping levels. An evidence of reduction in point de-
fects due to annealing was observed, with the maximum PL enhancement increas-
ing from 8x for 6.2x10' cm—2 doped unannealed Ge to 12x for 5x10*° cm~—3
doped rapid thermal annealed Ge. However, an in depth study including time-
resolved photoluminescence spectroscopy and photoluminescence spectroscopy
showed that P doping degrades the crystalline quality of the material, resulting
in reduced carrier lifetimes (< 1 ns) and significantly increasing the spectral width
of doped Ge. These effects will be investigated in more detail in the next chapter.
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Carrier scattering in P-doped Ge

In Chapter P-doped Ge with an active phosphorus concentration of up to 6.2 x 1019
cm~? was achieved without any annealing step. We also observed that the energy
of the direct band gap reduced linearly with active P concentration in the Ge layer.
In addition to this, the PL spectra of the doped Ge layers were broadended as com-
pared to those of undoped Ge. The broadening of the PL spectra due to carrier
scattering and band gap narrowing originate from many-body effects associated
with P dopants. The impact of carrier scattering events can be understood through
photoluminescence and absorption spectroscopy. They both provide information
about the carrier recombination and generation mechanisms in doped Ge. Studying
uniformly doped Ge on Si eases the modeling and is more representative for final
device stacks, compared to the non-uniformily doped stacks studied in the previ-
ous chapter. Therefore, in this chapter we study uniformly doped Ge layers grown
on Si. We begin with a study of the epitaxy of these stacks, and then continue
with photoluminescence and time resolved photoluminescence measurements of
these stacks. Thereafter, we develop a joint density of states model that takes into
account carrier scattering induced linewidth broadening effects. Through transient
absorption spectroscopy, we probe the dynamics of photo-excited carriers, both in
spectral and temporal domain, to extract the impact of linewidth broadening on the
absorption and gain spectra of doped Ge.
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Figure 5.1: Secondary ion mass spectroscopy of 3 uniformly doped Ge layers (Sample B,
Sample C and Sample D) grown on Si. The spike in P concentration (top figure) occurs at
the interface of Ge and Si.

5.1 Characterization of uniformly doped Ge on Si

The investigated set of samples consists of undoped and doped Ge films epitax-
ially grown on Si using reduced pressure chemical vapour deposition [1]]. Un-
doped Ge films were grown up to a thickness of 1 gm on a 300 mm Si (001) sub-
strate and thinned down to 0.6 um using chemical mechanical polishing (CMP).
As discussed in previous chapters, this Ge buffer layer is typically biaxially ten-
sile strained by 0.16 % due to the difference in the thermal expansion coefficients
between the epitaxial layer and the Si substrate. This was confirmed by X-ray
diffraction. In order to obtain a uniformly doped Ge, the 0.6 um undoped Ge
buffer was further thinned down to 0.2 um before growing any P-doped Ge layer.
Similar to the approach presented in the previous chapter, the doping level in the
Ge layer was controlled by modifying the partial pressure ratio of PHs and GeoHg.
The layers were grown at 320°C or 425°C and were later rapid thermal annealed
at 700°C for 30s. The annealing step not only activated the dopants, but also
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Figure 5.2: Measured Ge thickness for the Ge-layer, as grown (top), with 1 x CMP-step
(middle) and with 2x CMP-step (bottom).

diffused them into the underlying 0.2 pum of undoped Ge, ultimately resulting in a
uniformly doped Ge layer. Using this strategy, 3 samples (Sample B, Sample C and
Sample D) with high concentration of P atoms were prepared. They were grown
with partial pressure ratio of 0.006 and 0.02, since the studies in Chapter {] showed
that these partial pressures and annealing conditions gave the highest active Phos-
phorus concentrations and highest PL enhancement. To reach a higher P content
in the last sample, a 0.4 pm thick P-doped Ge was grown on the 0.2 ym buffer so
that we have a higher reservoir of P dopants atoms before annealing. Out-gassing
of dopants during the annealing step in Sample D was suppressed by capping it
with SiN, which was etched away after annealing. Using this approach we ob-
tained active doping levels of 2.65x10' cm™3, 4.5x10' cm™2 and 5.35x10"?
cm~3 in samples B, C and D respectively. This was verified using secondary ion
mass spectroscopy (SIMS) and micro hall effect (MHE) measurements. A 0.6 ym
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thick undoped Ge layer (Sample A) is used as the reference sample. The SIMS
profile of the doped layers is shown in Fig. and confirms the uniform distribu-
tion of P atoms across the layer. Table and Table summarize these results.
The thickness measured through SIMS and shown in Table is different from
the targeted thickness. This is related to process variability in the CMP process
used to generate 0.2 ym Ge buffer on Si. This thickness variation can be seen in
Fig. [5.2] This figures shows the thickness measured for the 1 um Ge buffer, and
the same layer after the first and second CMP step, with each CMP step aimed to
remove 0.4 pm of Ge.

Sample | Growth | ppPH3/ppGezHg Targeted Anneal with
Name Temp ratio Ge Stack SiN cap
A N/A N/A 0.6 pm Buffer No
B 320°C 0.006 0.2 um Ge:P on No
0.2 pm Buffer
C 320°C 0.02 0.2 pm Ge:P on No
0.2 pm Buffer
D 425°C 0.02 0.4 ym Ge:P on Yes
0.2 pm Buffer

Table 5.1: Overview of samples studied in this work.

Sample | Chemical P Conc. | Active P Conc. | Measured Ge
Name (cm™3) (cm™3) thickness (zum)
A N/A N/A 0.6
B 3.0x10% 2.65x10% 0.32
C 5.6x10™ 4.5x101 0.4
D 7.2x1019 5.35x10% 0.6

Table 5.2: Extracted carrier concentration and thickness of the samples studied in this
chapter:

Once the samples were grown, photoluminescence measurements were car-
ried out using the uPL setup with the extended InGaAs detector. As discussed in
Chapter [ this setup allows to measure PL signal over the wavelength range of
1.3-2.0 pm (0.62-0.95 eV). The measurements are performed with a pump inten-
sity of 30 kW/cm? using a CW laser source at 532 nm wavelength (2.33 eV). Since
the samples in Table show a uniform doping profile, we can assume that the
photo excited carriers will also be distributed uniformly across the entire Ge thick-
ness. We estimate the photo-excited carrier concentration to be < 1x10'9 cm—3
by solving the steady state equation [2]]. In this equation, the radiative recombina-
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Figure 5.3: Measured photoluminescence spectra for samples listed in Table The
measurement was performed with a pumping intensity of 30 kW/em? using a CW laser with
wavelength of 532 nm (2.33 eV).

tion coefficients (R'<I'») and Auger recombination coefficients (C,, and C,,) were
taken from the latest experimentally derived values [3} /4]. A Shockley Read Hall
recombination associated carrier lifetime of 3 ns and 0.3 ns was used for undoped
and doped Ge respectively. These values are supported by the experimental results
that will be presented later. The room temperature PL spectra of undoped and
doped Ge layers are shown in Fig. whereby the dominant peak corresponds
with the I'.-I",, direct transition between the conduction and valence bands.

When comparing the PL spectra from the 4 samples, there is an evident shift
in the PL peak to lower energies for the doped samples. This is due to the dopant
induced bandgap narrowing effect that was also observed in the previous chapter
[6 [10]. In addition to this, a second emission peak is observed at energy-levels
in the range of 0.6 - 0.7 eV, releated to the L.-I", indirect transition arising due
to ionized impurities in the doped samples [11]. Even aside from this second
peak, the measured spectra for the doped layers, Sample B to D, were significantly
broader than that of the undoped Ge layer, Sample A. This broadening was also
observed in the doped Ge layers grown on 1 pm thick virtual substrates as seen in
Fig. d.15]and Fig. 4.16] We believe that the spectral broadening arises due to the
dopant dependent carrier scattering that broadens the carrier recombination and
carrier generation (absorption of light) spectrum. Fig. [5.4]illustrates this further,
where we summarize the P-concentration dependent FWHM of PL and EL spectra
measured by different groups working in the field. This shows that the effect is
general and not limited to our specific samples.

On a parallel note, time resolved PL (TRPL) was also performed. The PL
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decay from sample B to D shows the exact same response as that of the pump
laser, unlike the decay obtained from sample A, as can be seen in Fig. [5.5] This is
because of the extremely low carrier lifetime in the doped films which makes their
TRPL response follow the shape of the pump laser. Contrary to what was observed
in the previous chapter, a PL decay with two time constants was not observed in the
currently studied doped samples due to the absence of any underlying buffer layer.
These 3 phenomena - dopant induced band gap narrowing, broadening of the PL
spectra associated with the direct bandgap and fast PL. decay were also observed
in P-doped Ge layers grown on 1 um Ge buffers presented in the previous chapter.
This indicates that the measured phenomena are associated with dopants and occur
for all high in-situ doped Ge layers. Therefore, in order to better understand the
impact of these carrier scattering events on the achievable gain, we will investigate
the linewidth broadening effects in Ge by analyzing the PL spectra and transient
absorption spectroscopy in the following section.

5.2 Analysis of carrier scattering

5.2.1 Theoretical and experimental background

The presence of dopants introduces many-body effects in the form of linewidth
broadening or homogeneous broadening and band gap narrowing by modifying
the absorption and photoluminescence spectra 12, |13]]. Typically, a standard Joint
Density of States (JDOS) model based on single particle theory is used to describe

S 120 G;."".é LTS
() D D D ~|
= L B -
N— L '. § .
% 90 .. ® 3%
= Bl R A L. --1°8 MIT
= ok o © HP Y
] i . A  Paris Sud ||
A~ .t T B This work
30 . . . . ———
0 1 2 3 4 5 6

P concentration (x10' cm™)

Figure 5.4: Comparison of full width at half maximum (FWHM) vs. P-dopoing level of
measured PL spectra. The figure compares samples from MIT [5\||6], IHP [7|], Paris
Sud [|8) [9] and those studied in this chapter as listed in Tableand Table



CARRIER SCATTERING IN P-DOPED GE 5-7

- 103: T T T T T T T

< ' IRF ]
S o Sample A| 1
2 % Sample B| |
% 3 Sample C
x & 10°F Sample D| 7
o & E
E5
[l

°

£

[0

101 1
0 5 10 15 20

Time (ns)

Figure 5.5: Results from time resolved photoluminescence measurements.

the absorption («) and photoluminescence spectra r*°" using Eq. [5.1] and Eq.

B2 (14):

a(hw) o< py(hw) [f, — £

5.1
PP (o) o py (o) [E (1 — £,)] oD
with the reduced (or joint) density of states defined as:
2d3k h2k?2
X = | —0E;+ — — —-E 2

In the above equations, the presence of a quadratic band dispersion and a delta
dirac function assumes ideal carrier dynamics in a defect free crystal lattice. Any
deviation from this ideality will result in the occurrence of an Urbach tail and
many-body effects [[15]]. The Urbach tail is an exponential tail added to the quadratic
absorption spectrum for energy levels close to and below the band gap. It is char-
acterised by a decay width E, called the Urbach parameter. On the other hand,
linewidth broadening due to scattering effects broadens the absorption and recom-
bination spectra. This effect is modelled by convoluting the ideal spectrum with
a lineshape function L(hw — E), typically a Lorentzian function. The standard
JDOS model is updated to a modified JDOS model by including the Urbach tail
and linewidth broadening effects where the spectra described by Eq. [5.1] and Eq.
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[3.2] are modified to:
amodiﬁed(hw) X /pr,urbach(hw)(fv - fc)L(hw - E)dE

rfrrl)(?criliﬁed(hw) X /pr,urbach(hw) [fv(l - fc)} L(hw - E)dE (53)

, 1 Copt/2
with L(hw —E) = 7 Ton /27 + (heo —F)?

The FWHM (T',,;) of the lineshape function L(fw — E) is called the broadening
parameter and is the sum of all contributing scattering channels that exist in par-
allel, originating from ionized impurities - (II), neutral impurities due to inactive
P atoms - (NI), acoustical phonons (AP), optical phonons (OP) and other forms of
material defects such as misfit dislocations at the Ge and Si interface or threading
dislocation defects that propagate through the bulk of Ge crystal [[16}|17].

Dope = T4 TN AP L POP TP (5.4)

Each of these scattering channels can be decomposed into intravalley and interval-
ley scattering mechanisms but will not be investigated for this thesis. Therefore,
only the net scattering effect associated with I',,; will be considered. The extent
of linewidth broadening present in doped Ge can be determined by comparing the
measured photoluminescence spectra as seen in Fig. [5.3 with the modified model
of Eq.[5.3] In addition to this, pump probe spectroscopy can be performed to study
the spectral shape of the change in absorption coefficient under optical pumping.
These measurements can be used to validate the conclusions drawn from the pho-
toluminescence spectroscopy.

A schematic of the setup is shown in Fig. [5.6] It comprises of a Mai Tai Ti:S
oscillator and a regenerative amplifier (Spitfire ACE from Spectra Physics), gen-
erating 100 fs pulses at 1 kHz repetition rate with pulse energy of up to 4 mJ per
pulse at 1.46 eV (900 nm wavelength) [13]. The pump signal was operated at
extremely low duty cycle, so that heating effects can be ignored. Five percent of
this beam was sent through a YAG crystal to generate a broadband probe signal
from 0.73 eV to 1.46 eV (850 nm to 1700 nm wavelength), whereas the remaining
95% of the original 800 nm optical beam was coupled into an optical parametric
amplifier (OPA) that converts the incident signal to generate femtosecond pump
pulses at 0.95 eV (1300 nm wavelength). The intensity of this pump pulse can be
varied from 28 mW/cm? to 140 mW/cm? (28 pJ/cm? to 140 pJ/em?). This results
in pump excited carrier concentration of 3.0x 108 to 1.5x 10 cm 3. A temporal
delay between the pump and the probe pulses of up to 6 ns can be realized and a
resolution of 150 fs is reached with the help of a 2 folded delay stage. The sample
is optically excited using a femtosecond pump pulse, which generates a high den-
sity of photo-excited carriers that decay in time due to radiative and non-radiative
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Figure 5.6: Schematic of the transient absorption spectrometer. Femtosecond pump pulses
generate carriers in the Ge sample that modify the transmission spectrum of the sample.
This change in transmission is monitored by a broadband probe as a function of time with
the help of a folded delay stage.

recombination. These photo-excited carriers affect the absorption spectrum of Ge
through free-carrier absorption (FCA) and the optical bleaching effect (OBE) and
hence affect the spectral shape of the transmitted broadband probe. By monitoring
the change in probe power, in the presence and absence of the pump signal, we
can track the change in absorption coefficient to understand the carrier dynamics
as a function of time and photon energy. This allows us to determine the strength
of the linewidth broadening in doped and undoped samples using Eq. [5.3] Since
all the samples have Ge films of thickness less than 1 ym on a 760 um thick Si
substrate, the free spectral range of Fabry Perot oscillations related to reflections
on the front and back surface of the wafer, is < 0.5 nm, which is below the reso-
lution limit of the measurement setup (~1 nm). As a result, we ignore free carrier
induced dispersion effects of the Ge refractive index that can shift the Fabry Perot
oscillation peaks of the transmission spectrum as they will be averaged out in our
measurement.

5.2.2 Results and discussion

The room temperature PL spectra of undoped and doped Ge layers were presented
in Fig. [5.3]in section 5.1} To estimate the strength of the linewidth broadening,
we fitted the measured PL spectra with the standard and modified JDOS model
as shown in Fig. The measured PL spectra do not match the standard JDOS
model, in particular for the doped samples. The modified JDOS model on the other
hand fits the measured data-points well. The optimized values extracted from this
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Figure 5.7: The Standard JDOS and the Modified JDOS model were used to analyze the
PL spectra originating from I'c — I'v recombination. The small PL peak at lower photon
energy (longer wavelength) corresponding to the Lc — Uy indirect radiative
recombination process observed in doped Ge is due to Coulomb scattering with charged
impurities [|l1|]. These carrier scattering events also broaden the PL spectra that is evident
in the P-doped Ge sample. The value of the parameters used in the modified JDOS model
are summarized in Table

fit for the broadening parameter I',,; and the decay width E, of the Urbach tail
in the modified JDOS model are listed in Table @ For undoped Ge, we obtain
Topt =8 £3 meV and E, =7 £ 1.5 meV. Prior experiments for bulk Ge (un-
doped) also resulted in I'y; = 6.4 meV and are consistent with our results [[18].
However, for doped Ge, I',,; increased to 45 meV with the width of the Urbach
tail being unaffected. The increase in the linewidth broadening parameter I,
is believed to be related to the presence of additional carrier scattering channels
originating from the presence of dopant dependent ionized impurity. In addition
to the PL. measurement, the time dependent and wavelength dependent change in

Sample Chemical P Active P Lopt E,

Name | Conc. (cm™2) | Conc. (cm™3) (meV) (meV)
A N/A N/A 8+3 715
B 2.8x10™ 2.65x1019 4754+25 | 6+1.5
C 5.5x10™ 45%x105 50+ 2.5 7+1.5
D 8.3x10™ 5.35x101 45+ 2.5 5+1.5

Table 5.3: Summary of extracted broadening parameter (I'p) and Urbach tail (E. ) using
modified JDOS model.
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Figure 5.8: Time and wavelength resolved change in absorption coefficient of undoped Ge
(Sample A) and doped Ge (Sample B to D) extracted for a pump induced photo-excited
carrier concentration of 1.0x10'° em™2. Note that here the y-axis is — Ao where
—Aa = a(Unumped) — a(Pumped) does not represent gain, it is the change in
absorption coefficient (or optical bleaching effect).
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Figure 5.9: Reduction in absorption coefficient of undoped Ge (Sample A) and doped Ge
(Sample B to D) as function of time, for a pump induced photo-excited carrier
concentration of 1.0x10*° em™2 at different wavelengths. Note that here the y-axis is
—Aa where —Aa = a(Unumped) — a(Pumped) does not represent gain, it is the
change in absorption coefficient (or optical bleaching effect).
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absorption extracted from pump-probe spectroscopy is shown in Fig. Slices
of this figure at different probe wavelengths are shown in Fig. where we
see the change in absorption due to the optical bleaching effect (OBE) [19, 20].
The typical time for a photo excited carrier to scatter from the I' valley to the
L valley is around 230 fs in bulk Ge. During this 230 fs timeframe, an optical
gain of > 1300 cm~! was extracted solely related to the occupancy of the I val-
ley [21} 22]. However, in practical device operation, electrons are redistributed
between the I' and the L valleys. Therefore, in this work, we focus on the data
analysis of the transient absorption spectra taken 1 ps after the incidence of the
pump pulse. When comparing the temporal response for doped and undoped Ge
films, the carrier lifetime dropped from 3 ns in Sample A to < 0.3 ns for all the
doped Ge films. This drop was observed across a wide range of pump intensi-
ties. As discussed in Chapter 3] the carrier lifetime in undoped Ge are primarily
limited by the defective Ge/Si interface that has a high interface recombination
velocity of 1.0x10* cm/s [23]. However, the drop in carrier lifetime from un-
doped Ge to doped Ge is solely related to dopant induced Coulomb scattering or
dopant induced point defects [4} [IT}, [24]. Fig. [5.10] shows the pump power de-
pendent transient absorption spectra. In this figure, all OBE spectra for the doped
samples are shifted towards low photon energy (longer wavelength) due to dopant
dependent band gap narrowing. In addition, the spectra for doped Ge (Sample B
to D) are suppressed and broadened when compared with undoped Ge (Sample
A) for the same pump level. The pump intensity in this measurement was varied
from 28-140 mW/cm?, which generates a photo-excited carrier concentration of
3.0x10'8-1.5x10' cm~3. Since the majority of the dopant associated electrons
occupy the low L. valley, any excess electrons injected should have higher proba-
bility to occupy the I'. valley and are expected to be more efficient in bleaching the
absorption coefficient. When modeled using the standard JDOS model, the bleach-
ing effect is indeed higher for doped Ge, as shown in the 2" column of Fig.
However, these curves do not represent the measured trends where the change in
absorption coefficient was suppressed in doped Ge. The modified JDOS model
on the other hand, as shown in the 3"¢ column of Fig. matches well with
the experimentally obtained trends. To simulate these curves we used the broad-
ening parameter (I',,;) and the width (E,) of the Urbach tail extracted from the
PL study summarized in Table [5.3] The good match confirms that the parameters
describing the many-body-effects in these doped Ge layers are consistent across
the pump-probe based absorption and PL. measurements. This suggests that it is
essential to include these effects in the models to accurately describe the measured
spectra. This analysis was performed across the entire range of investigated pho-
toexcited carrier concentration (3.0x 10'8-1.5x10'® cm—2), across a wide spectral
region of 0.74-0.83 eV (1500-1650 nm wavelength). Since the measurement was
performed across a wide range of pump intensities, we believe that the photoex-
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Figure 5.10: Summary of pump-probe spectroscopy for all samples presented in Table
Note that here the y-axis is —Aa where —Aa = a(Unpumped) — ao(Pumped) does not
represent gain, it is the change in absorption coefficient (or optical bleaching effect). The
peak — A« is extracted from Fig. @acmss a wide range of pump induced photo-excited
carrier concentrations. The standard JDOS model and modified JDOS model were used to
model the impact of these photo-excited carriers on the change in absorption coefficient of
Ge. A good agreement across all carrier concentrations and photon energies validates the
modified JDOS model and supports the presence of carrier scattering events in P-doped
Ge, while the standard JDOS model failed to reproduce the experiments. The parameters
used for the modified JDOS model are those used for fitting the PL spectra in Fig. mand
are summarized in Table[5.3)]
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Figure 5.11: Peak optical gain estimated from Ge with varying doping level and injected
carrier concentrations. The solid lines represent the results from the standard JDOS model
using Eq. @ whereas the dashed lines represent results simulated with the modified
JDOS model, taking into account a linewidth broadening parameter I,y = 45 meV, in Eq.

B3

cited carrier concentration does not have a dramatic influence on the broadening
of recombination/gain spectra and we therefore attribute the broadening effect to
dopant dependent carrier scattering events that results in a broadening parameter
Topt > 45 meV.

5.3 Impact of carrier scattering on target laser per-
formance

In the previous section, we showed that a broadening parameter of I',,; > 45 meV,
originating from carrier scattering events, significantly suppresses and broadens
the absorption and photoluminescence spectra. Clearly, the linewidth broadening
phenomena cannot be ignored for modeling the gain and threshold as was earlier
presented in section 2.1.2] By replacing Eq. [2.10] with Eq. [5.3] we can take
into account the many-body effects. This results in a modification of the gain
curves of Fig. [2.7)and threshold current density curves of Fig. 2.§]to those shown
in Fig. [5.I1] and Fig. [5.12] respectively. The results were restricted to doping
levels of < 6x10'? cm™3 as a maximum doping level of 5.35x10'? cm™3 was
achieved in our work, see Table [5.2] The simulation results from the standard
JDOS model underestimate the threshold current density by a factor > 4 due to
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Figure 5.12: Threshold current density estimated for a target modal gain of 200 cm™*

using Eq. P13 and Fig. 11| The solid lines represent the standard JDOS model whereas
the dashed line represents results simulated with the modified JDOS model with a
linewidth broadening parameter of I o = 45 meV. Carrier scattering associated linewidth
broadening effects clearly increases the threshold current density of the target laser by a
factor > 4.
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the absence of carrier-scattering. In addition to this, we observed that the carrier
lifetime dropped to < 0.3 ns in all doped Ge layers from 3 ns in undoped Ge. As
a result, if we assume a double heterojunction laser diode using uniformly doped
Ge layers with an active doping level of 6x 1019 cm™3 and a carrier lifetime of 0.3
ns as the active medium, then we expect the device to lase at a threshold current
density of 3x10% kA/cm? for a target cavity loss of 150 cm~!. The estimated
threshold current density is higher by a factor > 40 as compared to the originally
targeted laser diode with a carrier lifetime of 3 ns (similar to that of an undoped Ge)
and no linewidth broadening effects. As a result of these many-body effects, we
now believe achieving an energy-efficient laser using P-doped Ge on Si is beyond
reach. In addition, it must be noter that the demonstrated Ge laser using n-type
dopants have a threshold current density of 280-500 kA/cm? have doping levels up
to 4x 10 ecm~3 [25H27]. Without considering any linewidth broadening events,
based on Fig. [5.12] the expected lifetime in the doped Ge layer is in the range of
4-10 ns. These lifetimes are an order of magnitude higher than those measured in
this work and presented in the literature [4}|13}[24]. With the inclusion of linewidth
broadening effects, the reported threshold current densities do not agree with the
work presented in this thesis.

5.4 Summary

In this chapter, we studied the carrier scattering induced linewidth broadening ef-
fects in Ge due to P dopants. Results from PL spectroscopy and femtosecond pump
probe spectroscopy were analyzed using a modified joint density of states model
to identify the presence of linewidth broadening. A significant increase in the full
width at half maximum of the PL spectra and suppressed and broadened optical
bleaching spectra for doped Ge as compared to undoped Ge were observed. By fit-
ting a modified JDOS model to the results from PL and pump-probe spectroscopy,
we extract a broadening parameter I',,; > 45 meV for doped Ge and I',,,,; = 8 meV
for undoped Ge. Such a high broadening parameter reduces the pump/injection ef-
ficiency for reaching transparency or gain by a factor > 4. In addition, the carrier
lifetime is lowered by more than an order of magnitude, from 3 ns in undoped Ge
to < 0.3 ns in P-doped Ge due to the dopant impurities. This observation is not
dependent on the pump fluence. Therefore, we believe that even though these P
dopants are necessary to make Ge an efficient light emitter by making it a pseudo
direct band gap material, they introduce detrimental scattering effects that signif-
icantly increase the threshold current density due to reduction in carrier lifetime
by a factor > 10 and reduced efficiency in reaching transparency of gain due to
linewidth broadening by a factor > 4. This results in a net increase in the esti-
mated threshold current density by a factor > 40, strongly reducing the potential
of pseudo-direct P-doped Ge as an optical gain material.
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Ge based electro absorption modulator

Electro absorption modulators exploiting the Franz-Keldysh effect (FKE) or the
quantum confined stark effect (QCSE) in the epitaxially grown GeSi or Ge material
system will be investigated in this chapter. The FKE and QCSE effects are known
to be sub-picosecond phenomena, meaning they can be considered for enabling
low power consumption and high band width Si based modulators. In an attempt to
demonstrate this, Ge based L- band and GeSi based C- band FKE EAMs, followed
by Ge based QCSE EAMs operating in the S- band will be studied in this chapter.
The results from this chapter will demonstrate the potential of Ge based modulators
for short reach optical interconnect applications.

6.1 Franz Keldysh effect electro absorption modula-
tor

6.1.1 Device design and fabrication

The Franz Keldysh effect based electro-absorption modulator exploits the modu-
lation of the absorption coefficient in bulk semiconductor at photon energies near
the direct band gap [1]. An electric field is applied using a p-i-n diode operated in
reverse bias. This electric field modulates the absorption coefficient by changing
the applied bias [2} [3]]. This can be better understood from the Eq. below 140,
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Figure 6.1: Cross-sectional schematic of the Ge EAM device integrated on a 220 nm SOI
platform. The doping profile was obtained by simulating the process flow using Sentaurus
TCAD process simulator.

Abs(ElectricField-V) [V¥em ™ -1]
-0.4

10.0 5217.0 11753.2 21283.7 36236.6 60421.5 100000.0

Figure 6.2: Electric field distribution at 0 V simulated using Sentaurus TCAD device
simulator.
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Abs(ElectricField-V) [V¥em ™ -1]
-0.4

10.0 46.4 215.4 1000.0 4641.6 215443 100000.0

Figure 6.3: Electric field distribution at -2 V simulated using Sentaurus TCAD device
simulator.
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Figure 6.4: Optical mode distribution of the 0.6 pum wide and 0.4 pum thick Ge-on-Si
waveguide obtained using the FEM toolkit of RSOFT.
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which gives the absorption spectrum as function of the applied field:
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where, the electric field is denoted by F with Ai and Ai’ representing the Airy
function and its derivative. A cross-sectional schematic of a 0.6 ym wide and 0.4
pm thick Ge-on-Si waveguide is shown in Fig. [6.1] This WG comprises a lateral
p-i-n diode and is biased through the contacts at the highly doped Si region. The
doping level in the Ge waveguide is in the order of 10'7-10'® cm™2 such that the
EAM has an electric field of 9.8 kV/cm at 0 V and 56 kV/cm at -2V along the
width of the Ge waveguide at half its height as seen in Fig. [6.2and Fig. [6.3] By
performing extensive simulations in the Sentaurus TCAD environment, the doping
profile was optimised to enable a strong optical mode overlap with the electric field
and sufficiently low free-carrier absorption due to dopants. The distribution of the
optical mode at 1550 nm wavelength of the 0.6 pm wide and 0.4 um thick Ge-
on-Si waveguide is shown in Fig. [6.4] By combining the simulated electric field
distribution in the waveguide, the optical mode distribution, the doping profile and
the field dependent Ge absorption through Eq. [6.1] the absorption in the Ge waveg-
uide can be accurately modeled. To demonstrate this, Ge and Geg.g92Sig.gpg Will
be considered as the active medium. The ~0.8% Si pushes the band gap (associ-
ated with the heavy hole valence band) of Ge from 0.785 eV (1580 nm) to 0.808

GeSi FK EAM Ge FK EAM
30 30
— OV — OV
25 v 251 v
— -2V — -2V
20 — -3V 204 — -3V
o @
Z )
w15 w15
w %)
o o
| |
10 10
5 5
0 T T 0 T T
1.52 1.54 1.56 1.58 1.58 1.60 1.62 1.64
Wavelength (um) Wavelength (um)

Figure 6.5: Simulated insertion loss spectrum of a 0.6 pm wide and 40 pim long Ge
waveguide near the band edge at 0V, -1V, -2 V and -3 V, at room temperature.
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Figure 6.6: Estimated extinction ratio spectrum through a 0.6 pm wide and 40 um long Ge
waveguide near the band edge for a voltage swing of 0 Vto -1V (1 Vpp), 0 Vto -2 V(2
Vpp) and 0 V to -3 V (3 Vpp), at room temperature.
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Figure 6.7: Estimated peak extinction ratio from the spectrum shown in Fig. as a
function of Voltage swing for 40 um long Ge WG and width varying from 0.4 pm to 1.0 pum.
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Figure 6.8: Figure of merit (FOM = peak ER/IL) for a 40 pum long Ge WG with a width of
0.4 pum to 1.0 um for voltage swings of 1 Vpp, 2Vpp and 3 Vpp. When comparing WGs
with different widths, 600 um showed slightly higher FOM . This is due to the compromise
between E-field contrast for a fixed voltage swing and the built-in E-field in a given WG
where 0.6 um provides the highest FOM.

eV (1535 nm). As a result of this, Ge will allow modulation of light at wave-
length > 1580 nm (L- band) , whereas, GeSi will modulate light at wavelength >
1550 nm (C- band). This can be seen in Fig. @that shows the simulation result of
light absorbed through a 40 um long Ge or GeSi WG with a p-i-n diode. The simu-
lated result also includes absorption from the indirect band gap using Macfarlane’s
equations [5} [6]. The doping profile and optical mode in the WG is shown in Fig.
[6.1] to Fig. [6.4] The applied reverse bias clearly modulates the insertion loss (IL)
of the WG. From Fig. @, the extinction ratio (ER) in dB at a given voltage (V)
of the modulator can be extracted using the formula: ER(V) = IL(V) — IL(0),
where IL is in dB. The ER for a voltage swing of 0 V to -1 V (1 Vpp), 0 V to -2
V (2 Vpp) and 0 V to -3 V (3 Vpp) are plotted in Fig. [6.6] Due to the presence
of the band gap at 0.785 eV and 0.808 eV in Ge and GeSi, maximum modulation
can be achieved at 1615 nm (L- band) and 1550 nm (C- band) respectively where
we can expect an ER of 4 dB for 2 Vpp voltage swing in a 40 um long waveguide.
As the applied electric field (or reverse bias voltage) increases, the peak ER also
increases as seen in Fig. [6.7] The simulation was performed on a wide range of Ge
WG widths and a clear dependence of the peak ER is visible. This can be related
to the presence of a high electric field difference for narrow Ge WGs with narrow
intrinsic region widths. A useful figure of merit (FOM) for such a modulator is
the ratio ER/IL, where for large FOMs, the modulator must introduce high loss
for the OFF state and low loss for the ON state. On comparing the FOMs from
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the simulation in Fig. the voltage swing from 0 to -3 V (3 Vpp) provides the
highest FOM due to the high ER introduced at high E-fields. In addition, 600 ym
showed slightly higher FOM when compared to all widths. This is because for a
0.4 pm wide WG, even though the E-field contrast is high as can be seen with the
ER, the built-in E-field is also high, due to the thinner depletion region, resulting in
high insertion loss and hence low FOM. On the other hand, a 1.0 m wide WG has
the least E-field difference among all WG widths considered but will also have the
lowest built-in E-field and hence lowest insertion loss and comparable FOM. As a
result of this compromise between E-field difference for a fixed voltage swing and
the built-in E-field, 0.6 pm wide WG provides the optimum and highest FOM. A
FOM of ~1 and ~1.3 is estimated for voltage swings of 2 Vpp and 3 Vpp. These
values are comparable or slightly improved compared to those discussed in Table

To experimentally demonstrate this, a set of modulators with Ge length varying
in the range of 10-80 pum and width varying in the range of 0.4-1.0 yum were
fabricated using imec’s iSiPP25G Si photonics platform, which is running on a
130 nm CMOS toolset [7]]. The process flow to fabricate these devices is the same
as that presented in Section [3.1] with the addition of a dopant implant for the Ge
WG. A lateral p-i-n diode with moderate doping concentrations (~5x 107 cm™—3)
was implemented in the Ge WG with both the anode and cathode contacted from
the highly doped Si layers (>1x10'° cm~3), avoiding the need for metal contacts
directly on Ge that would introduce excessive IL. These WGs are coupled to a
Si WG using low-loss tapers implemented in the poly-Si layer of the iSiPP25G
technology. Grating couplers for transverse electric (TE) polarization with peak-
coupling wavelength of 1610 nm were used for fiber coupling to and from the
chip.

6.1.2 Modulator performance: Static characteristics

Fig. shows the I-V characteristics of fabricated 0.6x40 um? Ge and GeSi
EAM. The low dark current measured for the Ge (or GeSi) on Si diodes (~10
nA at -1V for a 40 pm long device) proves the high epitaxy quality of Ge and
controlled electrostatics. The low dark current ensures very low static energy con-
sumption in the modulator during IDLE mode. The optical loss or insertion loss
introduced by the Ge WG at different reverse bias was measured using transmis-
sion measurements and normalizing it with the transmission spectrum of neigh-
bouring reference Si WGs. Fig. [6.10] shows the measured IL spectrum at room
temperature. The extracted IL also includes the coupling loss from the poly-Si
taper between the Si WG and Ge WG. These measured absorption spectra are sim-
ilar to theoretical predictions from FKE theory and the simulations shown in Fig.
@ From the measured IL spectrum, an ER of 4.3 dB at 1615 nm for the Ge FKE



6-8 GE BASED EAM

10° T T T

Ge EAM ]
10 - GeSi EAM 1

10-8 \

Current (A)

1012 1 1
-3 -2 -1 0 1

Voltage (V)

Figure 6.9: Measured I-V characteristics of the fabricated 0.6 x40 um?* Ge and GeSi EAM.
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Figure 6.10: Measured Insertion Loss (IL) spectra for a 0.6 um wide and 40 pm long Ge
and GeSi EAM at 0V, -1V, -2V and -3V at room temperature.
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Figure 6.11: Measured extinction ratio (ER) spectra assuming 1 Vpp, 2 Vpp and 3 Vpp for
a 0.6 um wide and 40 um long Ge and GeSi EAM at room temperature.
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Figure 6.12: Measured peak ER and figure of merit (FOM=ER/IL) from the spectra shown
in Fig. [6-I1|measured through a set of Ge WGs with width ranging from 0.4 pm to 1.0 pum.
The result is similar to the simulated model in Fig. @and Fig. @
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Figure 6.13: IL spectrum at 0 'V and extracted ER for 2 Vpp measured at 25°C and 40° C.
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Figure 6.14: IL and ER at 1550 nm for the GeSi EAM and at 1615 nm for the Ge EAM
extracted across 20 dies on a 200 mm SOI wafer. The box edge represents the standard
deviation of the measured data.
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EAM and 4.65 dB at 1550 nm for the GeSi FKE EAM was extracted as can be
seen in Fig. The dependence of ER with the voltage swing is shown in Fig.
These ER and IL spectra are sensitive to the measured temperature as they
shift to longer wavelength with the increase in temperature due to band gap nar-
rowing effects. The rate at which the spectra shift is 0.78 nm/°C and is consistent
with the Varshni relation for Ge based material systems [8]]. The average IL and
ER extracted from 20 dies in a 200 mm wafer is shown in Fig. [6.14] An average
IL of 5.8£0.9 dB and 4.4+0.6 dB and an average ER of 4.940.5 dB and 4.2+0.3
dB were measured for the Ge and GeSi devices respectively. The low standard
deviation in the measured ER illustrates the wafer-scale manufacturability of the
device.

The impact of having the device in an optical link is quantified through the
optical link power penalty (LPP) that the modulator introduces in order to maintain
a constant average optical power at the output of the device as compared to the
input of the device. This is typically evaluated using Eq. [6.2] [1]].

Pout(l) - Pout(o))
2 X Pin

LPP(dB) = —1010g10( 6.2)

In this equation, Py, (1) and Py, (0) are the high and low level of output optical
power from the modulator and Py, is the input optical power The LPP of a mod-
ulator is also used to quantify the operational optical bandwidth of the modulator.
A minimum LPP of 8.5 dB at around 1565-1570 nm for the GeSi EAM and 9.1
dB at around 1615-1620 nm for the Ge EAM were extracted for 2 Vpp with a 1dB
optical bandwidth of up to 35 nm as can be seen in Fig. [6.15] The LPP reduces
with the increase in voltage swing due to the higher ER, however the complexity to
design electronic circuits capable of delivering large voltage swing increases and
therefore restricts the typical voltage swings up to 2 Vpp. Nevertheless, 30 nm
large operational optical bandwidth shows the advantage Ge based EAMs have as
compared to silicon ring modulators.

Since the physical mechanism behind the modulation is based on the electro
absorption effect, the operation of the device results in the generation of electrons
and holes that are extracted from the intrinsic region in the form of photocurrent
due to the built-in E-field or applied bias. Fig. [6.16shows the I-V characteristics
of the device with and without illumination. At -1 V and -2 V, the Ge EAM has
a dark current of 12.5 nA and 47 nA respectively. Once the laser at 1615 nm was
switched on, the light current measured was ~0.5 mA with a responsivity of ~1
A/W. The responsivity was extracted by sweeping the input optical power in the
waveguide and monitoring the photocurrent. A similar response was measured for
the GeSi EAM where a responsivity of ~0.9 A/W was extracted at 1560 nm. This
high responsivity adds to the static power consumption of the modulator and will
be considered in Section [6.1.4]
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Figure 6.17: S21 measurements of Ge EAM with a bandwidth >50 GHz at -1V, -2 V and -3
V and input power power of 5 dBm.

6.1.3 Modulator performance: High speed characteristics

The high speed performance of the Ge based FKE EAM was characterized by
performing small signal S-parameter analysis and large signal modulation to ob-
tain the eye diagram of modulated light transmitted through the waveguide. The
measurements were restricted to a 0.6 ym wide and 40 ym long Ge EAM. The
bandwidth of the modulator was measured using a 50 GHz lightwave component
analyzer where the system was calibrated to normalize the measurement with the
response of the probe, cables, bias-tree and the photodetector present in the equip-
ment. Fig. shows the typical So; parameter at operating bias of -1 V, -2 V
and -3 V measured on a 0.6x40 ym? long Ge EAM. A Keithley source was used
to provide the bias voltage. The 3 dB bandwidth of the modulator is > 50 GHz for
operating biases of -1 V to -3 V where the speed of the modulator is typically lim-
ited by the RC delay of the device since the FK effect is a phenomenon occurring
on a sub picosecond time scale [9]]. The same behaviour was observed for both the
Ge and GeSi EAM as the RF response is limited by the diode characteristics and
not by the material properties. By numerically fitting the experimentally obtained
reflectance coefficient of small-signal S-parameter (S1;) with an equivalent circuit
model, the RC response of the diode can be determined. Fig. [6.18|and Fig. [6.19]
shows the measured response and the equivalent circuit model used to fit it. In the
equivalent circuit model, Rg and C; represent the p-i-n diode associated series re-
sistance and junction capacitance. Rg; and C,y represent the current path through
the bulk Si substrate and the buried oxide respectively. The capacitance due to the
metal contact pads is also considered by introducing C,, in parallel to the diode.
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Figure 6.18: S11 measurements of Ge EAM at -1V and at -2 V. Symbols represent the
measurement data and solid lines represent the fitting using an equivalent circuit model.
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The impedance of the device (Zganm) is included in the equivalent circuit model
that is used to fit S1; using Eq. [6.3|below:

 Zpam — 509

G = =AM TR
B 7 A + 509

(6.3)
In the above equation, 50 €2 is the characteristics impedance of the RF probe. The
junction capacitance of the modulator is estimated to have a wafer mean of 12.8 fF
and 7.2 fF along with a series resistance of 138 €2 and 280 (2 at operating bias of -1
V and -2 V respectively. At higher reverse bias, the width of the depletion region
in the p-i-n diode should increase resulting in a decrease in junction capacitance
and increase in speed. The reduction in junction capacitance with increase in re-
verse bias is consistent with the extracted values shown in Fig. thus adding
confidence to the fitting. Using the above estimated R and C values, the RC lim-
ited bandwidth of the device is estimated to be beyond 80 GHz. This explains the
measured 1 dB bandwidth of ~50 GHz from the EAM as can be seen in Fig.
Moreover, the fF-range capacitance will result in ultra low power consumption.
This makes these modulators promising candidates for optical interconnect appli-
cations when compared to MZI based Si modulators. This will be studied further
in Sec

Large signal modulation of the modulator is shown in Fig. [6.20] and Fig. [6.21]
for the Ge and GeSi FKE EAM respectively. A pseudorandom binary sequence
(PRBS) signal with a pattern length of 23'-1 and data rates of 28, 40, 50 and
56 Gb/s were generated using four 14 Gb/s MU181020B Anritsu pulse pattern
generators, a MP1821A 50G/56 Gb/s MUX and were delivered to the device using
a GS RF probe from Cascade Microtech. The modulated light from the device was
amplified using a C- and L- band EDFA and filtered using an optical tunable filter
with wavelength tunability of 1530-1610 nm, before reaching the oscilloscope.
The measurements were performed with a nominal peak-to-peak voltage swing
of 1.5, 2.0 and 2.5 Vpp to modulate light at 1560nm and 1610nm for GeSi and
Ge FKE EAM respectively. For the Ge EAM, the EDFA and the tunable filter
limit the operating wavelength to 1610 nm, which is 5-10 nm below the optimum
wavelength with the lowest LPP. Clear and open eye diagrams with dynamic ER
of 3.29 dB and 3.02 dB for 2 Vpp swing were obtained at 56 Gb/s and 50 Gb/s
the for Ge and GeSi FKE EAM respectively. The signal to noise ratio of the eyes
were greater than 5. The demonstration of non-return to zero on-off keying (NRZ-
OOK) modulation at 50-56 Gb/s data-rates by Ge based EAM makes this device
one of the fastest modulators monolithically integrated on Si.

6.1.4 Modulator performance: Power consumption

The power consumption in a modulator has two main contributions: dynamic
power consumption and static power consumption [[10]. The dynamic power con-
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Figure 6.20: Measured eye diagrams from Ge EAM, at room temperature, at 1610 nm with
1.5 Vpp, 2.0 Vpp and 2.5 Vpp voltage swing and with data rates of 28 Gb/s, 40 Gb/s and
56 Gb/s with input power of 0 dBm before the modulator in the device.
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Figure 6.21: Measured eye diagrams from GeSi EAM, at room temperature, at 1560 nm
with 1.5 Vpp and 2.0 Vpp voltage swing and with data rates of 50 Gb/s with input optical
power of 3 dBm before the modulator in the device.
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sumption is defined as the power consumed to switch the modulator between the
ON and OFF states. The junction capacitance extracted from the S1; parameter of
the modulator can be used to estimate the average dynamic energy consumption
per bit using the formula: 1/4(CjV12,p). With C; = 12.8 {F at a bias voltage of -1V,
the dynamic energy consumption per bit is 12.8 fJ/bit for Vpp=2. This translates
to a dynamic power consumption of 0.64 mW for 56 Gb/s of transmission rate.
On the other hand, the static power consumption in the EAM originates mostly
from the light current and can be estimated as 1/2(P;,RonVon + PinRosrVorp).
With a responsivity of 0.9 A/W at -2V and input optical power of 0 dBm (1mW) in
the Si WG before the EAM, the static power consumption is 0.9 mW. As a result,
the total power consumption (dynamic and static contributions) is 1.64 mW for 2
Vpp voltage swing. At 56 Gb/s, it translates to 29 fJ/bit. The performance of this
modulator is compared to other Si, hybrid Si and Ge(Si) based modulators in Table
6.1]
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Modulator ref. Footprint Wavelength | Voltage | Optical | ER IL Static Dynamic | 3dB | Max. Bit
Type Swing | Range Power Power 3dB Rate
[m?] [nm] [V] [nm] [dB] | [dB] [mW] [f1/bit] [GHz] [Gb/s]
Si MZI [11] ~2000x500 1300 2.5 >80 34 7.1 63.9 750 22 56
Si Ring - Low Q [11] ~10x10 1550 1.5 <0.3 6.1 | ~8.4 | 63.3 (with) 12.8 47 56
heaters)

II-V on Si [12] >100x350 1300 22 >30 >10 | 4.8 6.2 484 74 50
GeSi FK EAM -1 (1] 10x55 1550 3 ~30 6 5 6.7 60 40.7 28
GeSi FK EAM -1I | [2/[3}/11] 10x40 1560 2 ~30 4.6 4.9 1.2 12.8 >50 56

This work and 1615
Ge QCSE EAM [13] 3x90 1445 5 ~20 11 7.5 - 16 23 -

Table 6.1: Benchmarking table comparing the presented Ge modulator with other types of state-of-art Si, I1I-V and Ge based optical modulators.
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Figure 6.22: layout schematic of 16-channel SDM transceiver with 16-channel GeSi FKE
EAM and PD array and 1-to 16 optical power splitter. The whole devuce has a footprint of
2.1 mm* [14].

6.1.5 Demonstrators using Ge based FKE EAM

The presented GeSi FKE EAM has a compact footprint, superior electrostatics
with low power consumption and high speed making it an attractive device for
various demonstrators. The compact footprint of each EAM enable to realize
space division multiplexing (SDM) that increases the bandwidth of optical links.
SDM using 4 parallel single-mode fibers (PSM-4) has been commonly used for
short reach optical links as the cost of fiber is not dominant. On the other hand,
wavelength-division multiplexing is intended to reduce fiber cost for medium to
long range optical links, but suffers from low link power efficiency if thermal tun-
ing of each individual channel is required to keep all channels aligned to the grid.
Therefore, for realizing a SDM transceiver, 61 channel multi-core fiber (MCF)
with GeSi FKE EAM were used to demonstrate a 16-channel SDM bidirectional
optical transceiver. This transceiver was operating at 896 Gb/s with a overall foot-
print of 2.1 mm? as reported in [14]. Fig. shows the layout of the 16-channel
SDM transceiver with a 16 GeSi EAM array and an additional 16 GeSi EAM array
used as a photodiode. The PDs were 60 pm long and operated at -2 V whereas the
EAMs were 40 pym long. Out of the 61 channel 125 ym diameter flexible mul-
ticore fiber, 37 channels were used for the 16-channel SDM transceiver demon-
strator with the measured eye diagrams at the transmit and receive side as shown
in Fig. and Fig. This demonstration shows the feasibility of realiz-
ing aggressive silicon-based SDM transceivers for very short-reach interconnects
(~1m).

Alternatively, 4 lanes of 100 Gb/s non-return-to-zero (NRZ) channels can be
used to achieve 400 GbE transceivers. This addresses the needs of data center
optical links that result in the evolution of 100 Gb/s Ethernet (100 GbE) to 400
Gb/s Ethernet (400 GbE). GeSi FKE EAM was used in combination with a six-
tap analog feedforward equalizer (FFE) on the transmitter IC (TX IC) designed
in SiGe BiCMOS technology and reported in [15} [16]. The TX IC generates a
pre-emphasized electrical signal to compensate the frequency roll-off and non-
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Figure 6.23: 56 Gb/s PRBS eyes diagrams at 1565 nm for 16 channel GeSi EAM, each 40
um long, and driven with 2.5 Vpp voltage swing [/14]].
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Figure 6.24: 56 Gb/s PRBS eyes diagrams at 1565 nm for 16 channel GeSi PD, each 60
um long, and operated at -2V [|14]].
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Figure 6.25: Eye diagram for 100 Gb/s NRZ-OOK transmission through GeSi FK EAM to
GeSi FK EAM used as a photodetector @]

idealities of all the components in the optical link in order to generate a pre-
emphasized electrical signal. This signal is amplified using an RF amplifier to
generate 2 Vpp voltage swings for the optical modulator. An 80 um long GeSi FK
EAM was used as the modulator and a second device was used as the photode-
tector in an optical link with back-to-back configuration. The eye diagram with
100 Gb/s non-return-to-zero on-off keying modulation is shown in Fig. [6.25] With
a received optical power of 8 dBm at the photodetector, the bit error rates of the
transmitted data in B2B configuration, as well of 500m of standard single mode
fiber and 2 km of dispersion shifted fiber were all below the HD-FEC threshold.

These examples, SDM and 100 Gb/s NRZ-OOK modulation, showcase the ca-
pabilities of the Ge based FK EAM as a disruptive device that can be used for
realizing compact and low-power optical transceivers for short-reach optical inter-
connects applications.

6.2 Electro absorption modulator using quantum con-
fined stark effect

One of the drawbacks of the Ge FKE EAM is that the device suffers from high link
power penalty (~9 dB for 2 Vpp swing) due to the low ER/IL ratio. This directly
increases the power consumption of the link as it requires the laser to emit higher
optical power. Therefore, it is essential to reduce the link power penalty of the
modulator without compromising the low power consumption and the footprint
of the individual device. This is feasible using a quantum confined stark effect
electro-absorption modulator (QCSE EAM) due to the presence of sharp exciton
resonances in the absorption spectrum of a multi-quantum well stack. These sharp
absorption features allow for an ER/IL ratio as high as 3 for 1 Vpp and thus have
the potential to reduce the link power penalty [17]]. Ge/SiGe based multi-quantum
systems exploiting the quantum confined stark effect have been extensively ex-
plored in the Group-IV photonics research community [17H20]. In addition
to having high FOM, these devices can also operate at 1.3 um wavelength with
an appropriate stack design [20]. This operation wavelength is of great inter-
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Figure 6.26: Target multi-quantum well stack for operating wavelength of 1425-1475 nm
at room temperature [17].

est for the optical interconnect community as the fiber dispersion is zero at this
wavelength, allowing the transmission of information at high data-rates without
any loss in signal integrity. Therefore, Ge based QCSE EAM has the potential to
substantially outperform the static performance of Ge based FKE EAM. With a
long term goal of integrating QCSE EAMs in imec’s Si photonics platform, in this
thesis, we will explore the material and device development of first multi-quantum
well based QCSE stacks, similar to the 1425 nm stack presented in . This
exercise will demonstrate the potential of such a device and will pave the way for
future developments.

6.2.1 Material characterization of Ge based multi-quantum wells

For the initial development of the Ge based QCSE EAM, a target stack as shown
in Fig. [6.26 with operating wavelength of 1425-1475 nm was similar to the stacks
presented in [[17]]. This structure is based on an epitaxy strategy that results in a
minimum strain build-up through the entire stack and uses thin buffer layers. In the
stack, Sig.120Ge g is used as the buffer layer. Throughout the entire stack, the in-
plane lattice constant must be constant so that no defects can be generated. There-
fore, in order to maintain the strain balance in the multi-quantum well system, 14
nm thick Ge quantum wells were sandwiched between 18 nm of Sig 19Geq g1 bar-
rier layers. The underlying buffer layer and the top layer of the stack, used as the
contact, must be of the same material composition and doped so that an electric
field can be applied between these layers across the multi-quantum well region.
The buffer layer was grown at 500°C using GeH, and dichlorosilane as the pre-
cursors in a reduced pressure chemical vapour deposition (ASM-Intrepid XPTM)



GE BASED EAM 6-23

Expected position
for r-Ge

~700nm SiGeggq VS ‘ g
/? Ge/SiGe - Ge/SiGe
SiGe, - 4 >
& Expected
(004) position for r-Ge (113)

280
.95 0955 0.960 0,965 0970 0975 01980 0.985 0990 0995 1000

Si(001)

Figure 6.28: Cross-sectional TEM image and RSM image of the multi-quantum well stack
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Figure 6.29: Distribution of strain in the multi-quantum well region evaluated using a
nano-beam diffraction technique.
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epi tool. The buffer layer had a thickness of 1 ym and was grown on a Si sub-
strate. The growth was followed by a post-epi anneal in N5 at 850°C for 3 minutes
in order to reduce the threading dislocation density arising from the misfits at the
Si/SiGe interface. The buffer layers were then thinned down to a target thickness of
0.6 pm and 0.2 pm with the removal of 0.4 ;/m and 0.8 ym of SiGe using chem-
ical mechanical polishing respectively. Characterization using X-ray Diffraction
(XRD), reciprocal space mapping (RSM) and Rutherfold Back Scattering (RBS)
confirmed that the buffer layers with target thickness of 0.2 um, 0.6 um and 1.0
um were fully relaxed and had 11% of Si content in these layers. TEM analysis
also revealed that the majority of the defects were confined in the bottom 150 nm
of the buffer layer as seen in Fig. Obtaining such fully relaxed high quality
buffer layers was possible due to the high temperature growth at 500°C. The multi-
quantum well section of the stack was then grown on the 0.2 ym or 0.6 pum thick
buffer layer at 350°C using GeoHg and SioHg as precursors. These layers were
fully strained as seen from the RSM and were also defect free within the measure-
ment window shown in Fig. [6.28] Smooth surfaces with RMS roughness of <1
nm were measured using atomic force microscopy. In addition to this, sharp transi-
tions with no or very limited inter diffusion of Si content between the quantum and
barrier layers were obtained, as verified by EDS mapping across the stack. This
was possible due to the use of high order precursors and a low growth temperature
(350°C) for the multi-quantum well region. The latter results in minimal atomic
diffusion between the quantum well and barrier region. To confirm the presence
of quantization in the quantum well, absorption measurements were measured on
these thin films using a free space spectrophotometer and is shown in Fig.
At wavelength around 1425 nm, there is a sharp transition in the absorption that
corresponds to the exciton resonance associated absorption feature in these stacks.
The presence of this exciton resonance also confirms strong quantum confinement
in the Ge QWs due to high content of Si in the barriers that prevents the coupling
of a QW wavefunction with an adjacent QW. Moreover, the profile of absorption
spectrum for wavelengths below 1410-1420 nm is visibly flat and constant con-
firming the box like behaviour of the density of states above the band gap of the
quantum well region, contrary to the quadratic behaviour of density of states and
absorption spectrum observed above the band gap of bulk materials.

6.2.2 Demonstration of quantum confined stark effect

The absorption measurement shown in Fig. [6.30 confirms the presence of the ex-
citon resonance and quantization in the multi-quantum well stack. To demonstrate
the quantum confined stark effect based electro absorption, p-i-n diodes were fab-
ricated with the multi-quantum region in the intrinsic region of the diode such that
a change in applied bias will change the electric field in the intrinsic region and
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Figure 6.30: Absorption spectrum of the stack with target operation wavelength of 1425
nm, shown in Fig. [6.26land Fig.[6.28] The sharp exciton absorption peak at 1425 nm
confirms the presence of quantization in the Ge wells.

hence modulate the absorption coefficient of the quantum wells. The device ge-
ometry used for this demonstration is shown in Fig. [6.31] In this case 200 and 600
nm of Siy.11Geg g9 buffer were grown on ion-implanted Si that forms the p con-
tact of the diode with an active doping level of ~3x10'® cm™3. These layers are
obtained by 1x or 2x 0.4 um CMP of a 1 um thick undoped Sig.11Geg g9 buffer.
After the deposition of the multi-quantum well stacks on these buffer layers, 20
nm of undoped Sig.11Geg.g9 was grown before the n-type doped Sip.11Geg g9 in
order to avoid dopant diffusion into the underlying quantum wells. The top region
was doped in-situ with Arsenic (As), reaching an active doping level of 1x10'?
cm~3,

The QCSE related shift in absorption can be measured by monitoring the
change in photocurrent of the diode as a function of applied bias. To facilitate
this measurement, diodes were fabricated by vertically dry etching circular struc-
tures through the Ge/SiGe MQW stack down to the Si substrate. The devices are
electrically isolated due to the presence of SiO2 around the Ge/SiGe MQW Mesas.
Ti/Pt/Au contacts with a circular opening at the center of the device were then de-
fined by electron beam evaporation and a lift-off process. These devices were
vertically illuminated using a tunable laser and a cleaved fiber. Since the tunable
laser could measure from 1440-1640 nm wavelength, the devices were heated up
to 75°C so that the room temperature exciton resonance at 1425 nm shifts to 1460
nm. The measured photocurrent response for stacks with 200 nm thick undoped
buffer and 600 nm thick undoped buffer is shown in Fig. [6.33and Fig. [6.34] The
photocurrent response was extracted by substrating the dark current from the light
current, even though the dark current was lower by 2 orders of magnitude. At 0
V bias and operating temperature of 75°C, the peak photocurrent for both stacks
was in the range of 1450-1460 nm. At room temperature, the measured spec-
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Figure 6.31: Schematic of the device geometry used for the demonstration of the quantum
confined stark effect using a photocurrent measurement. The multi-quantumwell section of

the stack can be seen in Fig.

Figure 6.32: Microscope image and scanning electron micrograph of a fabricated device.
The quantum well layers can be seen in the SEM image along with the 200 nm thick buffer
layer; the oxide for electrical isolation and the metal contact layers.
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Figure 6.33: Measured photocurrent from vertically illuminated multi-quantum well stack
with device schematic shown in Fig. Quantum wells were grown on 200 nm thick
buffer layer. These measurements were performed at 75°C.
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Figure 6.34: Measured photocurrent from vertically illuminated multi-quantum well stack
with device schematic shown in Fig. Quantum wells were grown on 600 nm thick
buffer layer. These measurements were performed at 75°C.
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trum blue-shifts by ~38 nm and matches the absorption spectrum shown in Fig.
When the reverse DC bias was increased in the diode, the electric field in
the MQW region also increased resulting in a red shift of the absorption spectrum.
Moreover, the exciton absorption peak intensity drops with increase in applied bias
due to the decrease in overlap of the electron and hole wave functions as can be
seen in Fig. [2.10] For a fixed voltage swing, say from 0-1 V or 1 Vpp, the E-field
difference for the MQW stack with 200 nm and 600 nm of undoped buffer was
estimated to be 21.4 kV/cm and 11.5 kV/cm. Therefore, the voltage swing applied
over the diode does not efficiently translate to high electric fields. If these stacks
were grown on doped buffers, then 1 Vpp would result in 42.4 kV/cm electric
field. When Ge based FKE EAM is operated with 2 Vpp swing, the electric field
difference obtained from a 0.6 pm wide WG was ~46 kV/cm. This is comparable
to 4 Vpp and 2 Vpp swing applied to the QCSE stacks with 600 nm and 200 nm
of undoped buffer respectively. Therefore, 1 Vpp for the 200 nm buffer MQW
stack corresponds to 1 Vpp in the Ge based FKE EAM and 1 Vpp for the 600
nm buffer MQW stack corresponds to 0.5 Vpp in the Ge based FKE EAM. The
figure of merit (FOM=Aa/a) for 1 Vpp was extracted from these photocurrent
responses for both the 200 nm and 600 nm undoped buffer stack as shown in Fig.
[6.35] and Fig. [6.36] Due to the presence of sharp exciton resonances, a FOM of
up to 1.75 was observed in the 200 nm undoped buffer stacks which is >2x better
than observed for the Ge based FKE EAM with 1 Vpp. If these MQW stacks had
a doped buffer, then we could extrapolate that the FOM for 1 Vpp in these doped
buffer stacks would be ~4 x improved as compared to the Ge based FKE EAM.
Such an improved static performance of these QCSE stacks can significantly re-
duce the link power penalty of the modulator and also reduce the operating voltage
swing to 1 Volt, compatible with CMOS drivers. In addition, these devices can be
adapted to operate within the O-band around 1310 nm with appropriate tuning of
the stack. This shows that they could replace the Ge based FKE EAM in future
optical links [[19, 20].

6.2.3 Future work

In the previous section, we saw that Ge based quantum confined stark effect EAMs
can reduce the link power penalty compared to Ge based FKE EAM. However,
the conclusions were based on the demonstration of a simple stack operating at
1460-1520 nm at 75°C (1425-1485 nm at room temperature) with room for further
development as listed below:

e Repeat photocurrent measurement with doped buffers - to increase the elec-
tric field for a given applied voltage.

o Integrate the device into imec’s Si photonics platform and evaluate the FOM
with Si WG integrated absorption measurements.
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Figure 6.35: Figure of merit (FOM=Ao/a) extracted from Fig. The diodes were
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e Optimize doping levels for >50 GHz operation.

6.3 Summary

In this chapter, we presented Ge based Franz-Keldysh effect electro absorption
modulators operating at 1615 nm or at 1560 nm, depending on the active medium
in the modulator. For 2 Vpp (from 0 to -2V), an extinction ratio of 4.6 dB and an
insertion loss of 4.9 dB were measured. These devices have a compact footprint,
low power consumption and can be operated at data-rates of >50 Gbps. This en-
abled the demonstration of a space division multiplexed transceiver at a data rate
of 896 Gb/s through 16 physical channels. On the other hand, a single channel
optical link transmitting at data rates of 100 Gb/s from Ge based FKE EAM to
Ge based FKE EAM operated as a photodiode was also shown. However, this is
possible only if the tranmitted electric signal is pre-emphazied in order to com-
pensate for frequency roll-off and non-idealities in the optical link. It is important
to note that these FKE EAMs suffer from a high link power penalty (9 dB for 2
Vpp swing), which reduces the link efficiency. However, the multi-quantum well
based quantum confined stark effect that exploits the exciton resonance associated
absorption peaks can improve the figure of merit (FOM) of the EAM by a factor
>4 x with respect to the FKE EAM. In addition to this, the operating wavelength
of the device can be tuned to the O-band. Initial demonstrations in this thesis of a
Ge based MQW QCSE EAM are promising and pave the way towards replacing
the FKE EAM.
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Conclusion

Optical interconnects realized on silicon photonics platforms have been identified
as a suitable candidate to replace the electrical counterpart and tackle the band-
width versus power consumption bottleneck in short reach interconnect applica-
tions such as intra data center communication. Within such an optical transceiver,
various components such multiplexers/demultiplexers, filters, grating couplers and
electro optic modulators have been realized using Si as the main active material.
However, I1I-V semiconductors have been the conventional choice of material for
electro absorption modulators and laser sources due to the direct band gap be-
haviour of these materials. Their integration into existing Si photonics platform
have a few challenges such as processing complexity, processing cost, lack of
scalability and/or difficulty in coupling light between the III-V device and the SOI
wafer. Ge on the other hand has been considered as an alternative solution to III-
V materials, therefore, in this thesis we validated the performance of Ge based
devices such as laser sources and electro absorption modulators for future optical
interconnects.

7.1 Ge laser on Si

Germanium is intrinsically an indirect bandgap material. Nevertheless, it can be-
come an efficient light source when is converted to a pseudo direct band gap or
direct band gap material via 1) the introduction of uniaxial/biaxial tensile strain,
2) doping with n-type dopants and/or 3) alloying with Sn. For optical interconnect
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applications and compatibility with commercially available standard single mode
fibers, a highly n-type doped Ge based approach was identified as the most appro-
priate route to fabricate an electrically pumped laser emitting at wavelength <1700
nm and an initial threshold current density of 10 kA/cm?. These specifications
are a 30-fold improvement from previously demonstrated electrically pumped Ge
laser, but is higher than state of the art III-V laser. Such a Ge laser can be feasible
if the active medium is doped with P-atoms up to a doping level of 1x10%° cm~3
and has a Shockley Read Hall recombination mediated carrier lifetime > 10 ns. In
this thesis, we investigated these requirements by studying the carrier lifetime in
Ge based material systems, understanding the impact of P-atoms on pseudo direct
band gap behaviour of Ge and by performing absorption spectroscopy to quantify
the gain coefficient that can be extracted from P-doped Ge.

Undoped Ge films on Si material systems were first investigated to understand
the carrier lifetime dynamics in Ge. For this purpose, pump-probe spectroscopy on
Ge-on-Si WGs of varying thickness and widths integrated in imec’s Si photonics
platform was performed. These measurements allow to extract carrier lifetime in
these WGs and a dependence on the cross-sectional dimensions of the WG was
observed. For a 1 pm wide x 0.375 pm thick Ge WG, a carrier lifetime of 1.15
ns was extracted. This result is one order of magnitude more than the targeted 10
ns as it was limited by the Ge/Si and Ge/SiO; interface. The very poor Ge/SiO2
interface was improved by exploring various schemes that use Si or GeO. For
a 0.6 pm thick undoped Ge layer on Si, the longest carrier lifetime that could
be extracted was 4.3 ns, where the defects at the Ge/Si interface were dominant.
Therefore, a carrier lifetime of > 10 ns in doped Ge layers is far from reality.

In parallel, material development for highly n-type doped Ge layers were ini-
tiated on 1 pm thick Ge virtual substrates grown on 300 mm Si wafer (001). The
doping mechanism was based on in-situ doping with Phosphorus as the dopant due
to its high solubility limit in Ge. The epitaxy was done using a Chemical Vapour
Deposition reactor with PH3 and GeoHg as the precursor at 320°C. P atoms up to a
concentration of 4x 102° cm—2 were incorporated in Ge, but the surface roughness
increased dramatically when the concentration exceeded 7x 10 cm=3. As a re-
sult, a maximum active P concentration of 6.2x 10'° cm™—2 was observed without
any annealing step. Photoluminescence spectroscopy (PL) measurements showed
that the intensity of light emitted from doped layers was linked to the active P
concentration and degree of activation. As the doping level increased (with full
activation) the PL intensity also increased. However, as the degree of activation
decreased, the PL intensity dropped due to increased point defects. Rapid thermal
annealing helped in reducing the amount of such point defects and thus increase
the PL intensity. However, the highest active doping level that could be measured
was around 5x 101 cm™3.

Once the epitaxy study was thoroughly investigated, P-doped Ge layers with a
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doping level up to 5.35x10' cm~3 were grown on Si. In these layers, P-atoms

were uniformly distributed P-atoms across the entire Ge stack. For all doped Ge
layers, including those grown on 1 pm thick Ge virtual substrates, the full width
at half maximum of the PL spectra were significantly larger than for undoped Ge.
This arises due to carrier scattering induced linewidth broadening effects in Ge due
to ionized P dopants. Such ionized P atoms are responsible for carrier scattering
that broadens the recombination and absorption/gain spectrum of the material. The
presence of these linewidth broadening effects was further verified by performing
transient absorption spectroscopy. Here, the optical bleaching spectra from all
doped layers were broadened and suppressed. The extent of this broadening was
quantified by fitting both the PL spectrum and the optical bleaching effect spectrum
with a modified joint density of states. A broadening parameter I'o,¢ > 45 meV for
doped Ge and I, ¢ = 8 meV for undoped Ge were extracted. Such high broadening
effects exists and reduce the pumping/injection efficiency to reach transparency
and gain by a factor > 4. Additionally, the carrier lifetime dropped from 3 ns in
undoped Ge (also unpassivated) to <0.3 ns in P-doped Ge. Here the lifetime is not
limited by the Ge/Si interface, but by the presence of point defects due to dopants.
All these experiments reveal that even though P dopants are necessary to make
Ge an efficient light source, they introduce detrimental scattering effects that can
significantly increase the threshold current density by a factor >40. Under such
conditions, achieving a laser with sub 10 kA/cm? is practically extremely difficult.
As a result, P-doped Ge cannot be seen as a potential gain material for optical
interconnect applications where power consumption is a stringent criteria.

7.2 Ge based electro absorption modulator

The direct band gap of undoped and unstrained Ge is located 0.8 eV which cor-
responds to 1550 nm wavelength. The presence of this band gap makes Ge an
interesting material to realize an electro absorption modulator for optical inter-
connect applications with strict channel scaling requirements due its attractive
properties such as compact footprint and high bandwidth. As a result, Ge-on-Si
or Geg.992Sip.00s-0n-Si material enabled Franz-Keldysh effect electro absorption
modulators operating at 1615 nm and 1560 nm respectively. These modulators are
0.6 pm wide, 0.375 pm thick and 40 pm long with a p-i-n diode designed in lateral
configuration. An extinction ratio of 4.2 dB and 4.9 dB for 2 Vpp swing and an
insertion loss of 4.4 dB and 5.8 dB (with FOM <1 for 2 Vpp swing) were extracted
from GeSi and Ge FKE EAM respectively. This resulted in a link power penalty
of 9 dB. However, due to its compact geometry and optimized doping profile, 1
dB bandwidth of these devices were >50 GHz that enabled NRZ-OOK modula-
tion at 56 Gbps with dynamic power consumption of 12.8 fJ/bit and static power
consumption of 1.2 mW. These performances makes this device one of the fastest
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modulator monolithically integrated on Si.

The 9 dB link power penalty in Ge based FKE EAM is actually 6 dB higher
than that of an ideal modulator. This difference can be reduced by using Ge based
multi-quantum well (MQW) quantum confined stark effect (QCSE) electro absorp-
tion modulator (EAM). Such a modulator exploits the exciton resonance feature in
the absorption spectra and modulates the wavelength location of this resonance
with applied bias using the stark effect. Exploiting such a phenomenon a 1425 nm
MQW stack with FOM = 1.75 for 1 Vpp swing was demonstrated using photocur-
rent based absorption measurements. These initial results are very promising as
the FOM in such a stack is 3x larger than Ge based FKE EAM and has the poten-
tial to drop the link power penalty of the individual device. Moreover, the device
can be made to operate at a wavelength of 1310 nm with appropriate stack tuning
so that it can used for intra data center optical links, where silicon photonics based
optical transceivers have the highest impact. In order to realize such devices, the
following developments must be considered for future work:

e Repeat photocurrent measurement with doped buffers - to increase the elec-
tric field for a given applied voltage.

o Integrate the device into imec’s silicon photonics platform and evaluate the
FOM with Si WG integrated absorption measurements.

e Optimize doping levels for >50 GHz operation.
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