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SOMMARIO

Questa tesi riassume il lavoro svolto relativo alkratterizzazione statica,
dinamica, affidabilistica, ai modi di guasto e aglifetti parassiti legati al
funzionamento di transistor ad alta mobilita etetica (High Electron Mobility
Transistor - HEMT) basati su eterostruttura AlGa&iNG

La prima parte della tesi, in particolare, sintadifattivita di caratterizzazione
elettrica e l'analisi affidabilistica effettuate slispositivi cresciuti su substrati
innovativi, come SopSiC e SiCopSiC, sviluppatiiatérno del progetto europeo
HYPHEN. Questi substrati sono realizzati tramitgakferimento, su un wafer di
carburo di silicio policristallino, di un sottiletrato monocristallino di silicio
(SopSiC) o carburo di silicio (SiCopSiC). | substraridi sono stati studiati allo
scopo di trovare un’alternativa funzionale e menostasa rispetto al
convenzionale SiC monocristallino, attualmente iz#dto come substrato
preferenziale per la crescita di dispositivi suund di gallio. Un’analisi delle
caratteristiche statiche, impulsate e RF é statettefta su tutti i campioni
ricevuti, oltre ad alcuni test per valutare le nmasstensioni sostenibili dalle
strutture (breakdown). Si é valutato dunque comestijudispositivi innovativi
presentino performance (in termini di corrente dtusazione, massima trans
conduttanza, correnti di perdita, tensione di sggh costante miglioramento, che
stanno quindi raggiungendo quelle dei transistes@uti da piu di 10 anni su SiC.
Alcuni HEMT misurati mostrano caratteristiche ingiree dinamico molto
promettenti, con ottime prestazioni RF, mentrei atmo purtroppo affetti da
fenomeni di dispersione in frequenza. Da un’attamalisi si &€ perd dimostrata la
non diretta correlazione tra la presenza delle ptbgp responsabili di questi
fenomeni dispersivi e l'utilizzo dei substrati itiri facendone invece ricadere la

causa nei difetti superficiali. Questo risultaton®lto importante, in quanto
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esclude uno degli aspetti piu critici previsti @lizio del progetto: la formazione

di trappole di tipo “bulk-related”. L’affidabilitadei dispositivi cresciuti su

substrato ibrido € stata valutata mediante una sBriest di ageing. Un’analisi

preliminare €& stata condotta tramite una serierelili'step-stress”, con tensioni
massime drain-source di 30 V, evidenziando un bzmmportamento per quasi
tutti i wafer misurati. Per i dispositivi piu promenti il test e stato prolungato
fino ai 50 V, e sorprendentemente le principaliat@ristiche elettriche sono
rimaste pressoché invariate. E stato infine efféttwn test di vita accelerata su
un wafer cresciuto su SopSiC, sia a canale apbd@aaanale chiuso. Dopo 1000
ore di stress in condizione di canale aperto iagfvi non hanno mostrato alcuna
variazione nelle caratteristiche elettriche, meatta fine del test a canale chiuso
si e notato un aumento della corrente di leakage.

La seconda parte della tesi analizza in dettagfenomeni parassiti legati al
funzionamento degli HEMT su nitruro di gallio. Qtestudio é stato effettuato
all'interno del progetto europeo KorriGakK ey ORganisation forResearch on
Integrated circuit inGaN technology) su dispositivi cresciuti su SiC, inagto
tecnologia piu matura. | risultati sono ad ogni mosstendibili ai dispositivi
cresciuti su substrati ibridi. L’eventuale presemwtzdarappole superficiali e stata
contrastata da tecniche di passivazione ottimaimettendo funzionamenti in
regime dinamico buoni, con cali di corrente in negiimpulsivo rispetto alla
condizione statica (current slump) mediamente @b.2Una parte del lavoro e
stata dedicata a valutare la dipendenza del collasscorrente dal tipo di
materiale, dall’utilizzo o meno del field-plate allé geometrie, dimostrando
come il field-plate abbia un impatto migliorativole quando la concentrazione di
trappole superficiali & sufficientemente alta. Ipego del KINK e stato poi
studiato in modo approfondito, tramite analisi gpehdenza dalla geometria del
dispositivo, misure in funzione della temperaturasure di foto-corrente, Deep
Level Transient Spectroscopy (DLTS) e catodolungeaga (CL). Queste misure
hanno evidenziato come il KINK sia molto probabittteecorrelato alla presenza
di livelli profondi nello strato di GaN, e corretatnoltre alla presenza di banda

gialla nello spettro di catodoluminescenza.



ABSTRACT

In this work the electrical characterization of AKYGaN High Electron
Mobility Transistors (HEMTSs) grown epitaxially ommposite SiCopSiC, SopSiC
and silicon substrate processed in the frame oftil®pean HYPHEN project
have been reported. A full set of electrical chemazation, DC, Pulsed and RF
has been carried out. Some preliminary breakdowasorements have been also
carried out. By comparing to the state of the astice developed since more than
10 years GaN on SiC to those of HYPHEN projects GaNybrid substrate, the
electrical performance observed are good wellne.liThe main DC parameters
(Maximum drain current, maximum transconductancate gleakage current,
threshold voltage) are approaching values obtainatevices processed in more
conventional substrates. Current collapse freesistors with promising RF
performances have been obtained. Some other depresent current collapse,
however the data analysis indicate that the mesharesponsible for the collapse
seems not to be related to the bulk material, barento the surface. This is a very
important result because, if confirmed, it willeubut the most critical aspect that
was forecast at the beginning of the project: belkted trap phenomena. The
reliability aspects of hybrid substrates devicesehbeen then investigated. A
“short-term” step-stress plan with a maximum drairsource voltage of 30 V on
several wafers has been carried out. No degradhaasrbeen observed in almost
all tested devices but some devices exhibit renmdekdegradation at relatively
low Vps voltages. On selected wafers, the step-streshidssbeen also extended
up to Wbs = 50 V and, surprisingly, devices exhibited verycdient reliability
performances, showing no degradation.

A deep investigation of traps responsible of GaNVHE parasitic effects has

been reported in the second part of this work. Bhisly has been performed on
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AlGaN/GaN devices grown on conventional SiC sulbstia the frame of the
European project KorriGaNKey ORganisation forResearch onlntegrated
circuit in GaN technology), since the fabrication technology isrenmature. By
the way, the same considerations could be extendedomposite substrate
devices as well. In general, effective passivat@nsurface traps has been
achieved, and good results have been achieved by@adN wafers, with reduced
decrease of the drain current during pulsed omarafiverage current slump level
is ~80% (ideal value is 100%). The dependence etthrent collapse effects on
material, field-plate and device geometry has balso studied, demonstrating
that field plate has a strong effect on collapdg aren a high density of surface
traps is present. The study of the dependence d@NKKeffect" on device
geometry, together with measurements as a funcfie@mperature, photocurrent
spectroscopy, Deep Level Transient Spectroscopy T&L and
cathodoluminescence (CL) spectroscopy within a SiognElectron Microscope
(SEM) have shown that the kink effect is due toghesence of deep levels within
the undoped GaN layer, possibly related with theseolation of yellow
luminescence in the CL spectra.



INTRODUCTION

1.1 NITRIDE BASED DEVICES

In recent years, with the expansions of wirelessiroanication market the
research units’ activity has put a lot of effort microwave transistors
development, with ever-increasing performances ireqient. Wider bandwidth
and improved efficiency are required for future g@ion portable phones, while
satellite communication systems and TV broadcastiagd amplifiers working at
higher frequencies (up to 30 — 40 GHz) and higlmvey, in order to reduce the
size of the terminal user antenna. Semiconductaces based on silicon (Si) are
already pushed closed to their limit, working wéthpoor efficiency and requiring
very large cooling systems. Under these circumstsna lot of activity has been
invested in the development of compound semicomdudtansistors and
amplifiers. The main physical properties of the tramopted material are listed in
Table 1.1. The Johnson’s figure of merit (JM), oddted to compare the power-
frequency limits of different materials [1] is alsgported. This parameter permit
to select which is the material preferable in teahkarge breakdown voltage
and high electron mobilitysg), required for high power and high frequency
operations. Therefore, wide bandgap materials igher JM, like SiC and GaN,
are the best candidates for the above-mentionedicappns. These two
semiconductors present almost similar breakdowldsiand saturation electron
velocities, but the ability of gallium nitride tcordm heterostructures make it
superior compared to silicon carbide. In fact, Gald be widely adopted for the
fabrication ofHigh Electron Mobility Transistos (HEMTs) whereas SiC can
only be used to fabricatdMEtal Semiconductor FieldEffect Transistos

(MESFETS). High carrier concentratiomd) and high electron mobility can be
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achieved adopting a HEMT structure, due to reduceized impurity scattering.
By combining highns and high s, it is possible to realize devices with high
current densities and low channel resistances, hwhie key points for high

frequency operation and power switching application

Table 1.1: material properties for various compos@chiconductors materials.

Si GaAs 4H-SiC | GaN Diamond
E, (eV) 1.1 1.42 3.26 3.39 5.45
n; (cm’®) 1.5x16°|1.5x16 | 8.2x 10| 1.9 x 16° 1.6 x 16/
& 11.8 13.1 10 9 5.5
th (cn?/V's) | 1350 8500 700 1200(bulk) | 1900

2000(2DEG)

Vsat (10" cm/s) | 1.0 1.0 2.0 2.5 2.7
Epr (MV/cm) | 0.3 0.4 3.0 3.3 5.6
©(W/icmK) |15 0.43 3.3-45] 1.3 20
IM =Ep, Vsaf277| 1 2.7 20 27.5 50

Epitaxial growth of GaN HEMT devices usually takgdace on three types of
substrate: sapphire, silicon, and silicon carbi®&C). The latter one is the
preferred substrate due to its high thermal condtycbut, on the other hand, it is
also the most expensive. In this thesis, innovatplations based on two types of
“composite substrates” obtained from variants & Smart Cut™ technology
developed by SOITEC [2] are presented. These solsitome from the European
HYPHEN project (Hybrid Substrates for Competitiveighi Frequency
Electronics), which has the aim develop and evaluate a new type of composite
substrate based on Silicon and Silicon Carbide nelte able to provide a cost
efficient solution that will leverage the use ofvadced high power devices in
wireless communication systeff#. This project develop and characterize the
complete technology chain, from substrate manufaxguto device processing,
relying on a European consortium composed of acadestitutes (University of
Padova DEI - Italy, Research Institute for TechhRiaysics and Material Science
MFA - Hungary, Institute of Electron Technology IET Poland, and Centre
National de la Recherche Scientifigue IEMN - Frgnaad industrial partners
(Norstel - Sweden, Picogiga International - Franddnited Monolithic

Semiconductor UMS — Germany and Alcatel Thale¥Ilab - France).



These new composite substrates are both made loh sinhgle crystal layer
transferred onto a thick polycrystalline silicorrlmde base. The top single crystal
layer is made of silicon forSopSiC' substrates ilicon on polySiC), and made
of silicon carbide for SiCopSiC’ (SiliconCarbide on polySiC) substrates. By
combining the high quality SiC single crystal tagydr with the high thermal
conductivity of inexpensive polycrystalline SiCgetlise of SiCopSiC composite
substrates is expected to significantly decrease cbst of the GaN HEMT
structures grown on it, while keeping device parfances almost similar to those
obtained using bulk SiC substrates. On the othadhthe adoption of SopSiC
composite substrates could improve the large volamaication of composite
substrates devices, since large seed silicon suibdbr device manufacturing are
available (4 or 6 inches), with the advantagesreffeby the improved thermal
conductivity of the polySiC with respect to bulksn.

The successful experiments on modulation doped A#BaaAs
heterostructures [4], which revealed the formatbra two-dimensional electron
gas (2DEG) with enhanced electron mobility, havensdd the way forward to the
development of the first HEMT structure in 1980 .[5Femiconductor
heterostructures, defined as heterogeneous semictamdstructures built of two
or more different semiconductors, is formed whesemiconductor material is
grown with epitaxial techniques on the top of aeoteemiconductor material.
Earlier HEMTs adopted the AlGaAs/GaAs system, whids the most widely
studied and the best understood hetero-junctioesydn classic semiconductors,
in order to increase the free carrier densitysirequired to highly doping the
structure with consequent impurities incorporatiDmopants create local lattice
distortions, and then the scattering is increasétl wonsequently electron and
hole mobility decreasing. A HEMT device is basedadmetero-junction between a
low Ey channel layer(i.e. GaAs) and a highgbarrier layer (i.e. AlGaAs). The
2DEG conductive channel is formed at the hetererdate, with the possibility of
increasing the conductivity by barrier layer modiola doping, without suffering
the mobility degradation effects due to the impusitattering.
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An example of structure schematic and band diagrairen AlGaAs/GaAs
HEMT are shown in Fig. 1.1. For a n-type dopingha barrier, the region in the
barrier close to the interface will be depleted] #re corresponding electrons will
accumulate in a so calladangular quantum wellin the channel layer close to
the hetero-interface, forming the 2DEG. The mogtantant feature is that these
carriers have higher mobility in comparison to thdk mobility in the active
layer, since they are spatially separated fromitimzed donors in the barrier
layer [4]. Experimentally, the existence of the ZBEan be evaluated by
measuring the temperature dependence of the camility and carrier
concentrations using low temperature Hall measunénfesults obtained by Hall
measurements support the existence of this two riioeal electron gas by
showing the temperature mobility invariability agniperatures below 100K,
which is the characteristic temperature for theicaptphonon scattering to be
pronounced [6].

In a typical HEMT structure, the drain current antrolled by gate modulation
of 2DEG density. When the gate contact is zeroeniathe 2DEG is formed and
the channel is open. The current can be increagegiying a positive voltage to
the gate, which increases the 2DEG density andctiveent density in the
conductive channel. However, when the gate voliageelow the threshold (or
pinch-off) voltage, the channel is depleted, areldhain current approaches zero

regardless of the drain bias. The mechanisms aturcontrol under different

E.
Y N v E
g :/
} ~
w—|
Undoped GaAs \ 2DEG
. —
emi-insulating substrate AEC
(GaAs) -

Fig. 1.1 schematic of an AlGaAs/GaAs HEMT and the corresimg conduction band diagram.

Location of the 2DEG is also shown [7].



gate biases are shown in Fig. 1.2.

|
AlGaAs spacer

Fig. 1.2 conduction band diagrams and 2DEG populatiorenohlGaAs/GaAs HEMT under

different gate biases [7]

1.2 DEVELOPMENT OF GALLIUM NITRIDE HEMTS

As largely reported in literature, nitride semicantbrs like AIN, GaN, InN
and their alloys are very promising materials tlsatk their potential application
in electronic and optoelectronic devices [8]. Galinitride large bandgap, large
field strength, high thermal conductivity and goebkctron mobility make it
suitable for high voltage, high power and high freqcy applications, as
previously shown in Table 1.1. Furthermore, onethe# unique properties of
nitride semiconductors is the presence of stronigrization field within the
crystal, which has heavy impact on electronic prige of GaN-based
heterostructures [9]. This polarization electrieldi is two fold: spontaneous

polarization fieldandstrain-induced piezoelectric field
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When a thin semiconductor layer is epitaxially gnoan the top of another
semiconductor, with different lattice constant® thin layer will growth with the
lattice constant of the layer below. In this case thin epitaxial layer becomes
internal strained to accommodate the lattice cotstanismatch. However, if the
thickness of the thin layer exceeds an upper lithé, mismatch is accommodated
by the formation of defects and dislocations néarinterface rather than by the
strain. A strained layer can exhibit a straineddicetl piezoelectric fieldPy,),
which can be adopted to modify the carrier coneiain near the hetero-junction
layer with no doping. In a gallium nitride HEMT stture, the AlGaN barrier
layer is strained on the top by a Schottky gateahwintact and on the bottom by
the GaN buffer. The result is a polarization fielldich creates, at both interfaces,
a polarization charge densityyf). As we can see in Fig. 1.8}, induces a
compensating charge density at both metal/AlGaNaN&aN interfaces. Notice
that at this point the electron concentration ie thaN layer near the hetero-
interface is significantly increased.

Another phenomenon that increases the carrier obrat®n at the hetero-
interface in the absence of strain is the spontasmeolarization of GaN 5. The
values of spontaneous polarization field in nitsidee quite large, and in the same
order of magnitude as ferromagnetic crystals [ID}. increase the 2DEG
concentration § and B, must be aligned: in this way, the total polariaatis the
sum of the other two. Thesforientation in nitrides depends on crystal poyarit
namely whether the cation sites (gallium) or themarsites (nitrogen) are facing
toward the sample surface [11]. If the crystal acefis a Ga-facesfPpoints away
from the surface to the substrate, see Fig. 1.4hdncase of a N-facegfthe
situation is inverted, see again Fig. 1.4. AimdstMeOCVD grown nitrides are
Ga-face, while MBE are usually N-face. Nevertheldss polarity can be inverted
by depositing a thin AlNucleation layeprior to the growth of GaN.



Charge density

fc)

Energy

Position
W W (b)

Metal Schottky

contact

Undoped GaN

layer

Thin AlGaN

layer

(a)

Fig. 1.3 (a) device structure; (b) energy band diagramcifarge density [12]
The Ry orientation depends on the type of strain: in casgive-strain §2 and
Psp are opposed, in tensile-strain they are align€] [14] . Since AlGaN layer

grown on GaN is always in tensile-strain, the tptahrization is:

P=P,+P,

Due to the presence of this strong polarizatiofd fecross the AlGaN/GaN
hetero-junction, niup to 16° cm? can be achieved, without any doping [15].
There are several possible sources of electronstrilmoting to 2DEG
accumulation: the GaN buffer layer, the AlGaN bardayer, and the AlGaN
surface states. Charges in the GaN buffer layeuldhbe negative so that a
potential well can be formed in the GaN side ad2DEG confined. The transfer
of electrons from the GaN buffer layer to the heteterface leaves behind
positive charges and consequently potential batrss by any means electrons in
the 2DEG cannot come from the GaN buffer layer. imto the case of
AlGaAs/GaAs HEMTs, modulation doping in the AlGaldrber layer positively
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contributes to the formation of 2DEG. In any casih undoped AlGaN a 2DEG

density of 1&? — 10 can be achieved.

[0001]

Substrate Substrate

Fig. 1.4 Ga-face and N-face in wurtzite structure GaN [13]

Ibbetson et alsuggest that the surface states of the AlGaN laggeedonor-like
states, and when the strain-induced polarizatield fis sufficiently high to alter
the band profile and the charge distribution, tlezteons are attracted from the
surface to the AlGaN/GaN hetero-interface formihg 2DEG [16]. A schematic
representation of band profiles is shown in Fi§. If. the AlGaN layer thickness
is below the critical one k), the surface donor states are still full and2B&EG
is not formed, see Fig. 1.5(a). On the other hdride layer thickness reaches and
exceeds theck the donor energy Eis over the Fermi level EEand electrons can
migrate to the empty conduction band levels forntimg electronic gas, see Fig.
1.5(b).

The n dependence in function of AlGaN thickness is pldtin Fig. 1.6: for
little increment of barrier thickness overthe charge density increases fast, then
for greater increments it tends to saturate torestamt value. The diagram is the
result of theoretical calculation (line) and expental data (points) from the
study ofZhang et al[17].

The percentage of aluminium content in the AlGajetacan also affect the

sheet charge density of gallium nitride HEMT. Byrwag the aluminium



Fermi level
R

surface donor

™ Partially filled
surface donors

(@) taican < Icr (D) taican > ter
Fig. 1.5 schematic representation of band profiles witB&N layer thickness below (a) and

above (b) critical thickness [16]

percentage x of the barrier layery@b xN it is possible to obtain energy gaps
from 3.5 eV (like GaN, x = 0) to 6.2 eV (like AIN,= 1). The critical thickness

tcr for an AlGaN/GaN hetero-structure can be obtaiapdlying the following
formula [16]:

(ED - A& )5

qo

tCF&
pz

It is clear how the conduction band discontinuliifc (between GaN and

1.6 .
— Cal.
1.4} L= Exp.
1.2 Al: 27 %
—_—~
9
£
e 1 T=13K
» ¢s =14¢eV
= ik AE JAE_ = 85% ]
) 6 =15x10" efom?
pe+sp
0.6}
4 : : : .
o : 10 20 30 40 50 60

AlGaN thickness (nm)
Fig. 1.6 two-dimensional sheet charge density as a funaifcAlGaN thickness [ronchi9].
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AlGaN) strictly depends on AlGaN bandgap and hemcaluminium percentage.
In addition, increasing the Al mole fraction, thiezpelectric effect increases and
the charge sheet density grows. By the way, it rhasemembered that highest n
can not be reachable simply adopting higher Al eont If the aluminium
percentage exceeds 40% then AlGaN becomes antingulayer. Furthermore,
the Al percentage negatively affects the uppertlohithe AlGaN layer, beyond
which lattice mismatch is accommodated by the foiona of defects and
dislocation at the hetero-interface (above mentipnélhe electron density
induced by piezoelectric effect in AlGaN/GaN hestroctures for different
aluminum content is shown in Fig. 1.7 [18]; chadgasity increases with growth
of Al content and layer thickness. Thicker linenesgents the charge density for a
thickness equals to the upper limit, in this sitwatthe AlGaN layer is fully

strained (without relaxations).

2D Electron Density (x10 13cm'z)
5

0.0 0.2 04 0.6 0.8 1.0
Al Mole Fraction

Fig. 1.7 2DEG density induced by piezoelectric effect iIGAN/GaN heterostructures for
different aluminum content and different AlGaN layeickness: 1-30 nm; 2-20 nm; 3-10 nm; 4-5
nm. Thicker line represents the charge densitwafihickness equals to the critical one as a

function of Al content [18].

1.3 THE SUBSTRATE

One of the main issues in the realization of Gabledadevices is the lack of
native GaN substrate. In order to optimize thei€abion processes it is becoming
necessary to produce high thermal conductivity dgattice and thermal matched
substrates. For these reasons, AlGaN/GaN HEMT dswace usually fabricated
from epitaxial stacks on sapphire §8%), silicon carbide (SiC), and silicon (Si).

The main properties of these materials are repant@eble 1.2.
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Sapphire is usually adopted to produce high re#igtiow cost, and large area
substrate. The main disadvantage is the poor tHecoraductivity that makes
HEMT-on-sapphire devices inappropriate for high poapplications, in front of
the self-heating effect. Furthermore, sapphire 15% [19] lattice mismatched
with GaN, but this can be reduced adopting an AllsaN nucleation layer.

With the aim to reduce self-heating issues, th&asil carbide (SIiC) was
introduced in the middle of '90s. SiC has a highermal conductivity in respect
to sapphire, and the lattice mismatch is only 3¥er€ are many forms, namely
polytypes, in which the SiC crystallized (more thswo hundreds). Generally,
polytypes adopted for GaN epitaxial growth are 4id 6H, where H indicates the
hexagonal crystal symmetry and the number indiddéesotal of atomic layers in
an elementary cell. Bulk SiC wafers are producednaywell-established growth
processes:modified Lely methodand High Temperature Chemical Vapor
Deposition technique (HTCVD). The modified Lely method [28] based on
Physical Vapor Transport (PVT); a schematic reprieg®n of the process is
shown in Fig. 1.8(a). In the growth chamber vapimosn the sublimation of
material sources, like SIC powder, condensate oroller seed crystal.
Temperature of sources, temperature gradient aggbpre of the system are the
parameters that control the growth rate. In HTC\ébBpwn on Fig. 1.8(b), the
precursors are liberated in a vertical reactionndbex from the bottom, and
carried to the top through a heating zone by art ges.

Here a seed crystal, kept in continuous rotatingganpis used for the growth
of the bulk crystal substrate. This technique hasesadvantages than modified
Lely method: the continuous supply of source matgrithe relatively low cost of
high purity gases and the control of the C/Si taBioth processes are available for
the growth of monocrystalline and polycrystalline€C Sthe only difference is in
the seed crystal which establishes the kind oftalyse structure of the substrate;
also poly-SiC not needs high control in fabricatmocess and slow growth rate,
thanks to its polycristalline nature. Mono-SiC wafare available with maximum

diameter of 3 inches, meaning a less throughpdeuices per wafer, while poly-
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SiC wafers reach 8 inches. Unfortunately, mono-Sifstrate is still very

expensive, with low resistivity controllability ardgh dislocation density.

\

Source SIC Temperature
powder

(a) M-Lely Method (PVT)

N>
- Seed

SinycIusters
® ® @

Pttt

o © O
S?dr}pletf

SiHg+CoHy+H, Temperature

v

(b) HTCVD

Fig. 1.8 growth processes for bulk single crystal SiC:rt@dified Lely method and (b) HTCVD
[20].

Another candidate as GaN substrate is the silithat has larger lattice
mismatch with GaN in respect to silicon carbide aaghphire, but it presents
some interestingly characteristics. First, it isyveheap and growth processes are
well known; second, it is available in high qualiynd large diameter wafers.
Finally, Si-based and GaN-based devices can beedabn the same wafer.

Table 1.2: properties of different conventional studites [19].

Property Unit Al ;03 6H-SIC Si
Symmetry - hexagonalhexagonal cubic
Lattice constant a A 4.765 3.08 5.431
Lattice constant ¢ A 12.982 15.117 -
Thermal conductivity W/cm K 0.25 3.8 1.56

Lattice mismatch with GaN % 15 3.1 17
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1.4 COMPOSITE SUBSTRATES: HYPHEN PROJECT

The recent progress on substrate engineering lasdpd new technological
approaches for GaN HEMT substrate realization. Tweel “hybrid substrates”
have been developed in the frame of HYPHEN pro@uatained from variants of
the SOITEC SmartCut™ technology [2] [21]. Theser/Bubstrates consist in a
thin layer of single crystal material supportedabthick layer of insulator or poly-
crystal material.

The SiCopSiC structure, for example, is formed bythn film of
monocrystalline SiC bonded onto an oxidized polgtalfine SiC wafer. Thanks
to the multiple usages of high quality single caysbiC used as seed layer,
SiCopSiC allows to obtain high quality surfaces wherowing GaN with
contained lattice mismatch. Moreover, thanks toHigé thermal conductivity of
the inexpensive polycrystalline SiC, close to thia of mono-SiC (poly-SiC: 3.0
W/cm K, mono-SiC: 3.8 W/cm K), the global mategalst would be significantly
improved. Furthermore, the performances of GaNbadevices grown on
SiCopSiC will be almost similar to the ones growm laulk SiC substrate, in
similar channel temperature conditions.

The SopSiC substrate is monocrystalline silicon deah onto oxidized
polycrystalline SiC. In this case, adopting Si asdslayer allows larger diameter
substrates (4 or 6 inches) and in addition thenthéconductivity is significantly
improved in respect to bulk silicon, thanks to plodycrystalline SiC substrate.

Thermal behaviors of a composite substrate have besulated in order to
investigate the effect of various parameters sctha thickness of the insulating
intermediate layer, its nature, the thickness eftthnsferred silicon layer, and the
power dissipated by the devices. A significant ioy@ment in junction
temperature increase (with the case at room teryeja is observed for
SiCopSiC and SopSiC substrates compared to butksisubstrates. This is even
more visible when the power level of the devicenishe high range, see Fig. 1.9.
This confirms that for nitride based devices thgetatransfer-based composite
substrates are very promising for high-performantmy-cost RF power

applications.



14 1. Introduction

Relative comparison of junction temperature
versus susbtrate material (reference bulk SiC
substrates)

% evolution of junction temperature

Fig. 1.9 maximal computed junction temperature as a fonodf the substrate nature. The

comparison is drawn for a range of power densityaalissipated from 5 to 15 W/mm.

The fabrication technique adopted to produce coitgesbstrates, sketched in
Fig. 1.10, starts from two wafers that must be coedb in a single wafer: the
carrier and the seed. The first, called B on tlagydim, in our case is a poly-SiC
wafer that represent the base of the final compawistrate. The second, called
A, can be single-crystal Si (for SopSiC) or singtgstal SiC (for SiCopSiC). The

process consists in four fundamental steps:

1. The seed wafer is covered by thermal oxidation hentcal deposition
with a SiQ thin layer, and then exposed to a hydrogen iorfantption at
room temperature. The implanted dose is approxigate
3.5x10°%1.0x10" cmi®. lons form a thin layer with high density insideet
wafer. The deep of this layer is defined by impddionh energy (~8
nm/keV). In addition, the surface of wafer B is emd by oxide.

2. Wafer A is pressed against wafer B to obtain a dguilic bonding at
room temperature.

3. This step is divided in two annealing phases: its¢ &t T~500 °C and the
second at T~1100 °C. During the first annealing,ithplanted ions create

a thin layer of defects and micro cavities, whiphitdhe bonded wafer in



15

two parts. The second high temperature annealiagopted to strengthen

the bond between carrier and seed wafers.

4. In the final step, the top of the wafer (Si or Si€polished by a chemical-

mechanical method in order to remove the surfacghmoess caused by

splitting: a high-quality surface is important ftire following epitaxial

growth. Furthermore, residual of A wafer can beduse another process

cycle.

Step 1

A B
+ Oxidation Oxidation
A
l H* implantation
YVVYVVYY
Hydrogen >
A B
Room temperature
bonding
splitting == >
Polishing $ i
A
B
To next process
Composite substrate

Fig. 1.1Q four steps of SmartCut™ adopted process.

A section of this thesis is dedicated to the woekfgrmed in the frame of the

European HYPHEN project. This project is dividedfive workpackages (WP)

[3]:
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« WP1 (Starting Materials) aims at providing, characterizing and
improving the material quality of the starting nréts, then to reduce the
material cost by increasing growth rate and diamiten 2” to 4”, and
finally to improve the growth yield.

*  WP2 (Composite Structure)has four objectives:

1. simulation about thermo-mechanical behavior related the
compound devices and starting materials;

2. development of 4” silicon mature substrates and lowst
perspectives;

3. maintain the epitaxial layers quality resultingrfr@a better lattice
matching with the GaN family materials;

4. development of an interactive characterization twlify the
various stages realized in the experiments.

« WP3 (Epitaxy) is the next decisive step in the validation of cosie
substrates. Three objectives have been identified:

1. validate the epitaxy of IlI-N compounds on the casipe
substrates SopSiC and SiCopSiC,;

2. evaluate the crystal quality of the compound sualbesr;

3. evaluate the composite substrates quality at tlee’susevel, by
providing GaAIN/GaN HEMT complete hetero-structuries be
processed into test devices, which can be diremtiyppared to

devices on bulk single crystal substrates.

» WP4 (Device Processing)is necessary to get information on the

composite substrate quality as seen from the dewaeufacturer’s point
of view. It is the next stage after the materiabrelcterization work
performed in WP2 and WP3. One main goal of thiskwyiarckage has been

set up the basis of a fabrication process adaptetheé exploratory
substrates.

*  WP5 (Assessmenthas the main goal to provide feedback informatamn

the previous work packages: composite substrateéctdlon in WP2,

epitaxy in WP3, and wafer processing in WP4, ineortb allow the
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optimization of the fabrication process at eaclele¥he focus has been
put on the comparison between the characterizagsnlts obtained on
reference wafers on silicon and SiC bulk substraiexessed in the frame
of other programs outside this projeeind composite substrates processed
in WP4. As much as possible, we have tried to petnd validate methods
for correlating the device electrical charactecstiwith the substrate

material properties.

1.5 DESCRIPTION OF WORK

This work is divided in two macro section. In thest, the activity performed
in the frame of HYPHEN project, related to the Asseent workpackage (WP5),
has been described. The electrical characterizatidBaN HEMT processed on
composite SiCopSiC and SopSiC, by means of a &tllos DC, pulsed, and RF
measurement and a preliminary breakdown charaatenmezhas been carried out.
Furthermore, the reliability aspect has been ingatdd by means of step-stress
experiments. Finally, on devices that have showgligiele degradation a 1000
hours long term stress has been performed, reguttinery promising reliability
performances.

A deep investigation of traps responsible of GaNVHE parasitic effects has
been reported in the second part of this work. Bhisly has been performed on
AlGaN/GaN devices grown on conventional SiC sulbstia the frame of the
European project KorriGaNKey ORganisation forResearch onlntegrated
circuit in GaN technology), since the fabrication technology isrenmature. By
the way, the same considerations could be extendedomposite substrate
devices as well. The KorriGaN project has beendhad in 2005 with the aim to
accelerate the development of independent GaN HEMmdries in Europe. The
project addresses several key research areas suamaterials, processing,
reliability, thermal management and advanced padokgagolutions. The benefits
of GaN technology have be evaluated at system leidl the fabrication of
circuit, MMIC and module demonstrators. The projést supported by the

ministry of defense (MOD) of seven nations andrimprily dedicated to defence
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applications. The KorriGaN consortium consists ofjon European system
houses and research laboratories, under the leathales Airborne Systems,
providing all the necessary competence for thebéskament of the future GaN

HEMT supply chain.



ELECTRICAL CHARACTERIZATION OF
HYBRID SUBSTRATE DEVICES

In this chapter, data concerning the detailed etadtcharacterisation of
HYPHEN devices is reported. These characterisagsults of devices fabricated
on the composite substrates will be compared withs¢ obtained on similar
devices fabricated on reference epitaxial waferdwlk single crystal Silicon or
SiC substrates, processed in a similar way witrsdme mask set.

DC, Pulsed and RF characterisation has been caraedn the available test
structures (mainly transistors) on material origimg from workpackage 4 of the
project. This data has enabled the mapping of nedegtrical characteristics for
comparison with available material characterisbaginating from other work-
packages. Salient characteristics of the elememtéeyowave device such as the
drain current, gate leakage, transconductancegmuigollapse as well as RF
power and current gains have been analysed.

2.1 DEVICE DESCRIPTION

As already mentioned in the Introduction chapteybrid substrate wafers
studied in this work came from the European HYPHRMNject. Two sets of
devices, coming out from two production batchesyehbdeen received from
partners United Monolithic SemiconductoUMS, Institut d'Electronique de
Microélectonique et de NanotechnolodiEeMN, and 3-5 Lab): a first batch $1
batch) and a second batcH%Batch). Second batch wafers were realized after
first batch realization and testing; hence an impnoent of electrical

characteristics is expected.
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The tested wafers list, within information aboutl@ger and substrate supplier
is reported in Table 2.1. Some devices processeudaders grown on SiC are here
adopted as REFERENCE (first 2 rows in Table 2.1)e Tothers have been
processed on composite SiCopSiC, SopSiC and sifiabaetrate developed within
the HYPHEN Project.

Table 2.1 list of tested wafers (both BATCH 1 and BATCH @vites)

epilayer
foundry | wafer |[batch substrate
reactor| supplier
3-5 Labs | AEC1142] REF TRT SiC
AEC1147| REF TRT SiC
AEC1333] 1 MOCVD| TRT SiCopSiC
AEC1337] 1 MOCVD| TRT SiCopSiC
UMS L879 2 MBE | Picogigd SopSiC
L1053 2 MBE | Picogigg Si
L909 2 MBE | Picogiga Si
L1338 2 MBE | Picogigg Si
AEC1345[ 1 MOCVD| TIGER | SiCopSiC
L895 1 MBE | Picogigg SiCopSiC
AEC1341f 1 MOCVD| TRT SiCopSiC
IEMN LO-792 1 MBE | Picogiggd SopSiC
LO-896 1 MBE | Picogigg SiCopSiC
LO-1055 2 MBE | Picogigal SiCopSiC
AEC1470[ 2 MOCVD| TRT SiCopSiC
3-5Lab [AEC1313] 2 [MOcvD| TRT | SiCopSiC

In Fig. 2.1 the main transistor peripheries arensth Gate width (W), gate
length (Ls), gate-to-drain spacing €b), and drain-to-source spacingpg). are
defined. Since the gamma-shaped gate technologybbas adopted for the
processing of some devices, the gate drain overlengih (Lsy) of al-gate is
also defined in Fig. 2.1(b). Unfortunately, not gdometrical data are available
from wafer suppliers, and then some wafers not havemplete peripheries
description. The available information about peeipés and layer structures are
listed in Table 2.2 and Table 2.3.
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Fig. 2.1 transistor peripheries definition.

\ 4 Cap layer

GaN Buffer

Table 2.2:layer structures of tested devices (some infoionas missing).

foundry | wafer GaN| AlGaN Cap passivation maskset
(um) | (nm)| (%Al) | (nm) (nm)

3.5 Labs AEC1142 1 25 27 no (SIgSIN) Sangha
AEC1147 1 25 29 no Sangha
AEC1333 Pytheas
AEC1337 Pytheas

UMS L879 15| 23 31 2 100+300 (SIN | Pizarro
L1053 | 15| 22 20 2 Pizarro
L909 Pizarro
L1338 Tasman
AEC1345 Flash
L895 Flash
AEC1341 Flash
IEMN | LO-792 Flash
LO-896 100/50 (SiO2/SiN)) Flash
LO-1055| 1.5 | 22 25 1 240 (8Ny4) Koumal
AEC1470 1.8 | 24 20 no 240 () Koumal
3-5 Lab|AEC1313/ 1.15| 25 | 24.3 Lynx
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2. Electrical characterization of hybrid substratevices

Table 2.3:maskset geometries (of measured devices).

We Le Lep Les
maskset (um) (um) | (um) | (um)
Sangha 200 0.2% 3 1

25 | 1.25
Pytheas 80 0.5 3.5 1
1.75 1
0.3
Pizarro 100 -320-480 | 0.5
0.7
1
Flash | 100 — 200 - 300 - 400 2
3
Tasman 100 - 480 0.5
Koumal | 100 — 150 — 200 - 2800.25 2 1
Lynx 150 0.25 2 1
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2.2 DC CHARACTERIZATION

A DC characterization has been performed on aleived wafers, as a
preliminary test, to check if transistors work @mtty. Despite HEMT devices are
designed to operate in power microwave circuitsg tDC electrical
characterization is the starting point to evalutite electrical parameters and
performances of such devices. Measurements have daded out under dark-
light conditions using an Agilent E5263A parameteralyzer, connected to a
computer via GP-IB cable. Airtual instrument(VI) created with LabVIEW
permits instrument control and data acquisition.

In order to compare static performances of testdcds, a set of parameters
has been extracted from the static characterizatiorong other thing saturation
drain current dss, leakage currentgliea transconductancengeax and threshold
voltage Vty. A definition of how these parameters have beetraeted is

presented in Fig. 2.2 and Fig. 2.3:

0.35
0.30 +
025+
€
£020 T
Lo15+
£
©0.10 +
0.05 +

0.00

0 5 10 15 20 -5 -4 -3 -2 -1 0
Vos (V) Vos (V)

Fig. 2.2 Ipssand k_eax definition Fig. 2.3 gn-peak@nd Vi definition

gm-peak

A general comparison of these main DC parameteraated from analyzed

devices is reported on Fig. 2.4, Fig. 2.5, Fig, ar@l Fig. 2.7. In particular:

Fig. 2.4  reports the saturated drain current dgnkjts (A/mm), measured
atVes=0V.
Fig. 2.5 reports the transconductance peakse (S/mm) measured at a

drain to source voltage (¥) of 10 V.
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Fig. 2.6  reports the gate leakage curregifsak (A/mm) measured at 34 =
20 Vand \s=0 V.

Fig. 2.7  reports the threshold voltaggVimeasured atpys =10 V.

It must be clarify that each bar present in thégerés represents the average
value of at least five measured devices. Each mahlre is also accompanied by
the relatively error bar, which shows variabilitytbe measurements carried out
in the set of similar devices. Analyzing these D€asurements, we can observe
that:

1) The saturated drain current density of the comeposiibstrate devices
developed in the®-batch (see Fig. 2.4) have reached a value of ah80t-
0.85 A/mm (3-5 Lab AEC1313, UMS L879). Thissé value is approaching
the value obtained by the reference SIC devicesufat 1.1 A/mm). It is
worth noticing thatdss for silicon substrate devices is limited to abOut —
0.5 A/mm;

2) Very good levels of transconductance have beenheehwith 2%batch
devices. At \bs = 10 V, @, of 3-5 Lab AEC1313 devices is approximately
0.3 S/mm, that is well in line with the 0.26 — 02/Mmm of reference devices
(see Fig. 2.5);

3) Concerning the gate leakage current, the deviaasepsed by IEMN shows
very low values (in general less than 100mm measured at 35 = -20 V)
while the devices developed by UMS show a largee deakage current
(about 1 mA/mm). Devices processed by UMS stilfesufrom a relatively
high gate leakage current (see Fig. 2.6);

4) The threshold voltage of the devices developed iwithYPHEN is very
uniform in the -3+ -4 Volts. The reference devices show in generabgae
negative \fy (-5 + -6 Volts). It must be taken into account that refice
wafers are characterized by a thicker AlGaN layerespect to HYPHEN
devices (25 nm instead of 22 nm), that can exglanhigher |\Wy| values
(see Fig. 2.7).

In Appendix I, a selected set of DC measurementsieca out on some
representative devices is reported as a reference.
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In order to correctly analyze data reported in [ew figures, it must be
carefully taken into account all the geometricaheision and layer structures of
the investigated devices. Here an example of heselparameters can affects the
devices performances is reported: the gate lenfthh® device is strongly
affecting the maximum current density as well asttansconductance peak. Fig.
2.8 is clearly showing this aspect, and the scabdintpe saturated drain current is
present both in the reference devices as well abdndevices processed in the
substrates developed within HYPHEN. This resultggsgs that the current level
obtained in the devices processed on SiCopSiC ratibss well in line with the
current level obtained in devices processed onerbées substrates.

1.2
‘AEC1147 A ?FE o
B 1S pbatc
10 4 AEC1142 IEMN 1 5d paten
AEC1313 ® 1st batch
—~ o, UMS o 2nd patch
E 08 L879 AEC1333 3-5 Lab O 2 hatch
= ® AEC1337
3 L1055
— 0.6 HAEC1470
) L9090 gAEC1341
? ©L1053 LO896
0 1
0.4 olL1338
mL895
0.2 " AEC1345
0.0 | | | | |
0 250 500 750 1000 1250 1500
Ls (nm)

Fig. 2.8 maximum saturated drain current, measuredygtY0V and \ts=0V plotted as a
function of the device gate length both for REFERENdevices and for HYPHEN devices.
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2.2.1 Effect of different gate-drain head overhang

The impact of different gate-drain head overhanB{&h.) on DC performances
has been also analyzed. The comparison of ghesIVps curves extracted on
SiCopSiC (UMS AEC1333) devices, with GD-0.h. fro@01nm to 1000 nm, is
presented in Fig. 2.9a. Transconductance measuteindmear region (with Ws
from 100 mV to 1 V) of the same devices are repbnteFig. 2.9b. It is clear that
different GD-O.h. lengths have almost no impact the HEMT electrical
parameters measured in DC regime. In chapter 2t3Mll be showed how, on
the contrary, different GD-O.h. lengths can modiifg electrical parameters under

high electric field (with high Ys values).

1 ——GD-O.h. =100nm 03 ——GD-0.h. =100nm
I GD - O.h. =500nm —— GD- 0.h. =500nm
L ----GD-Oh. =750nm - = +GD-Oh. = 750nm
08 e GD - O.h. = 1000nm — -GD-0.h. =1000nm
Vd e

1o (AY mm)

06 |
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Vos (V)

0.2

On (S mm)

01

Vos (V)
Fig. 2.1Q g,, measurements atp¥ from 100

Fig. 2.9 Ip vs Vps output characteristics atg¥
from -6 V to O V (step 1 V) of SiCopSiC (UMS mV to 1 V (step 300 mV) of SiCopSiC (UMS
AEC1333) HEMTs with different gate-drain ~ AEC1333) HEMTs with different gate-drain
overhang lengths (100 nm, 500 nm, 750 nm, overhang lengths (100 nm, 500 nm, 750 nm,
and 1000 nm). and 1000 nm).
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2.3 DYNAMIC CHARACTERIZATION

The not yet established technological process codile GaN HEMTs prone
to be affected by several factors that can impath ihe performances and the
reliability of such devices. For such reasons, Bgime measurements are often
insufficient to characterize altogether device @erfances, whereas pulsed

regime characterizations can offer more interestasgilts.

2.3.1 Trapping effects: current collapse

The current collapseis a large reduction of the device current, whaclses
when a large voltage RF signal is applied to the.dgéathis reduction is observed
when the device is pulsed from pinch-off conditian open-channel, then the
device is likely experiencing trapping / de-tragpioshenomena that are limiting
its performance. This effect is detrimental for tRE power performances of
HEMTs: the maximum available power results less ttiat expected from the
DC characteristics. Various mechanisms and thedrée® been investigated in
order to explain this effect, but surface trapsgeeerally indicated as the origin
of current collapse [22].

For better understanding how trapping and de-trappf surface states works,
a schematic representation of the phenomenon wexhi Fig. 2.19. In the on-
state (Fig. 2.19a) the donor-like surface statespasitively charged to balance
the 2DEG formation; when the device is biased festate electrons from the gate
are captured by empty surface states causing @akeriof sheet charge density
and an extension of the depletion region undergtte (Fig. 2.19b). At the next
turn-on (Fig. 2.19c) the drain current grows sloveiynce 2DEG is not completely
formed yet and the region between gate and souesepts a high resistance (this
effect is also calletivirtual gate” in literature). In RF regime the current collapse
is more evident: surface trapped electrons canadiberated since the long time
constant involved in the de-trapping process [B38]order to reduce the current
collapse a passivation layer deposited on the ciréan be applied with good

results; also adopting field plate (FP) we can muprthe RF current response.
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The passivation layer, generally formed by silicatnide (SgN4), works like a
shield that prevents electrons from occupying th&fase states; also silicon
absorbed during deposition in the AlGaN barrier kgdike substitute of surface
donors [24].

The field plate is a more complex configuration tbé gate electrode: it
consists in an extension of the gate over the gaiieee and gate-drain regions (T-
gate), or only over the gate-drain regidngate). The aim of field plate is to
redistribute the electric field between gate andirdr this electric field is
responsible of the current collapse since it pols-electrons from the gate,
charges that are captured by the surface traps.tdaditional structure, the peak
of the electric field is located at the edge of gla¢e, causing an high migration of
electrons; with the FP the peak is split into twssl intense peaks (one at the edge
of the gate and one at the edge of FP) and th&rieléeld results enough weak to

not extract electrons from the gate [25].

Surface state T dch
A rapped charge
H+++++ +++ ++ +++++ ’ ‘+ +

AlGaN AlGaN
++++++++++++++ +++++++++++++ +
GaNb:lf_fe_r______________V_\_ GaNb:Jf_fe_r____ T
2DEG Depletion regionﬁ
(a) (b)
Trapped charge
H... B .H
AGaN T
++++++++++++++
GaNbuffer — T

Residual depletion region

(c)
Fig. 2.11 schematic representation of current collapseOfa}tate: surface donors are positively

charged. (b) Off-state: surface donors are eladlyiceutral because they have captured electrons.
(c) On-state: the captured electrons are still icgus persistence of the depletion region.

2.3.2 DIVA-like measurements

Trapping effects and current collapse phenomena baen characterized on

HYPHEN devices. Generally, the current collapsaadonger a big problem, in
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the devices growth on SiC or A, if an appropriate passivation layer is
deposited on top of the device surface. However,etmployment of composite
substrates could induce large trap concentratidhardifferent layers, leading to a
worsening of the transient response of devicesrefbee, trapping phenomena
could still be an issue. The aim of this sectiontdsinvestigate the trapping
phenomena in devices processed on SiCopSiC andGoepSers and, possibly,
identify if the adoption of these composite sulissaan be responsible of current

collapse phenomena formation.

2.3.2.1 Measurements setup

Pulsed p-Vp and b-Vg characteristics have been measured by means of a
home-made version of the commercial DIVA system],[26 which we refer as
DIVA-like system. This double pulser measuremenindbe comprised an
HP8110A pulser, an HP8114A pulser, and a Tektrdi»54C DSO (500 MHz
bandwidth, four channels). A LabVIEW interface heeen developed to control
all the instrumentations and to acquire the dataasdrement setup is shown in
Fig. 2.12. The transistor is connected in classAfpldier configuration with a
50 Q resistance load (Bap). The gate signal (3) is supplied by HP8110A, also
this signal is used as trigger input for HP8114 fomdhe oscilloscope allowing a
perfect synchronization among instruments. The gulidrain voltage (M) is
supplied by the HP8114A pulser. The oscilloscopasuees ¥s, Vpp and \bs,
from this last measure we obtain the the drainezur(b) with the following
equations:

Voo ~Vos

RLOAD

Pulse width and pulse period were set tpsland 10Qus, respectively, while
three quiescent bias pointsd¥p Vp by were adopted: (0 V, 0 V), ¢/0 V), and
(Vp, 20 V) (Vr represents a gate voltage lower than pinch-offagd, i.e. ¥ =

I

Viu — 1 V). As largely reported in literature, compari pulsed 3-Vp
measurements obtained with a quiescent bias poafit 8 (\s pp Vo by = (0 V,

0 V) with those obtained by using bias points wtteeedevice is held in pinch-off
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HP8114A

TD654C

HP8110A oRAN
° VGS %A{ e o o o
J —

R T~ SOURCE| \Y trigger

Fig. 2.12 double-pulse measurement home-made sefyis R resistance of 30 used for
matching the HP8110A pulser output.

condition, large gate-drain voltages can be useatder to evaluate the presence

of trapping phenomena.

2.3.2.2 Results

An intensive dynamic characterization on all reedivwafers, with a
conspicuous number of tested devices, has beearped in order to correlate
results with device fabrication steps (i.e. sultefrapitaxy, and process).

Pulsed § vs Vps measurement for UMS AEC1333(batch) and UMS L879
(2"%batch) devices are presented as representativelesin Fig. 2.13 and Fig.
2.14, respectively. A very small current collaps@resent in UMS devices. These
results are a good representation of the genealtgin for the devices processed
at UMS, which in general are current collapse free.

Devices processed in thé&-batch at IEMN had presented very poor dynamic
characteristics resulting in very large currentlajude. On the other hand, the
situation is getting better considering devicestha 2%batch, which present a
rather good improved of the dynamic characteristidhis is clearly a
consequence of process optimization and confirmsttie composite substrate is

not the main responsible of the observed curreltamse. In order to clarify this
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aspect, dynamicpl vs Vps of representative Stbatch (L895) and "-batch
(AEC1470) samples are presented in Fig. 2.15 agd2FL6, respectively.

A wafer-by-wafer comparison of dynamig Vs Vps is summarized in Fig.
2.17. For each wafer, a set of 5-10 devices wasde8lue bars represent the
reference current for each devices since the addmseline (¥ pp Vb bp = (0
V, 0 V) does not induce any charge trapping, hethese curves are current-
collapse free; the green bars represent the cellapserved with the a Gate-Lag

condition (Mz_bp Vb bp) = (-Ve, 0 V); while the red bars represent the more sever

st nd
UMS 1”-batch UMS 2™-batch
UMS AEC1333 AW47 M23A(Lc=0.5um,W=80um,Lep=2.5um,Les=1.2um) UMS L879 V31G ( W¢=100um, L=0.3um, Leygp=2.3um)
1.0 Vgs from OV to -6V (step -1V) — (Ve onVo_p)=(0V,0V) 1.2 Vot OV 10 -5V (step -1V Ve Ve )=(0V.0V
0.9 p,,/Period=1us/100us — (Vo.uVo m)=(-4V,0V) 1.1 4 VesfromOVito -5V (step-1V) - _ (Vo Vo n)=(0V.0V)
- Py/Period=1us/100us — (Vo_oi,Vo_b)=(-6V,0V)
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Fig. 2.13 Ip vs Vps output curves measured in Fig. 2.14 Ip vs Vps output curves measured in
pulsed condition fodMS AEC1333AW47 pulsed condition foJMS L879 V31G
M23A device. Three different baseline are  device. Three different baseline are adopted:
adopted: blue curve: ¢/u, Vb n) = (0 V, 0V);  blue curve: (\ p, Vo b) = (0 V, 0 V); green
green curve: (¥ p, Vp p) = (-4 V, 0 V); red curve: (Ve o, Vo o) = (-6 V, 0 V); red curve:

curve: (Vo_p, Vo_p) = (-4 V, 20 V). (Ve_ow Vo_p) = (-6 V, 20 V).
st nd
IEMN 1°-batch IEMN 2™-batch
IEMN L895 B1 ( Wg= 300um, L= 3um, Lep= 2um, Lgs= 1.5um) IEMN AEC1470 06_14_A 0.25x100 (Wo=100um, Le=0.25um, Lgp=2um, Lss=1um)
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Fig. 2.15 Ip vs Vps output curves measured in Fig. 2.18 Ip vs Vps output curves measured in
pulsed condition fofEMN L895 B1 device. pulsed condition fofEMN AEC1470
Three different baseline are adopted: blue curvé6_14 A device. Three different baseline are
(Ve_bw Vo o) = (0 V, 0 V); green curve: (Y p, adopted: blue curve: /p, Vo p) =(0V, 0
Vp o) =(-4V,0V); red curve: (¥ p, Vo) = V); green curve: (¥ p, Vp ) = (-10 V, 0 V);
(-4 V,15V). red curve: (\ b, Vo o) = (10 V, 20 V).
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condition of Drain-Lag condition (Y bpp Vb _bp) = (Ve, 20 V).

In Fig. 2.17 some reference SiC-based devices dpedl within other
European projects where GaN-devices are being ojesel(KorriGaN) have been
also reported. Obviously, the ideal situation wolkdthe case in which the bars
are all at the same levels of the blue one (0 V).0n order to better appreciate
the amount of current collapse the index of SlumatidR (S.R.) has been

calculated in tested wafers. S.R. is defined vhthfollowing formula:

|
SR =->>022 s =15 at Vg =OV,V, =10V

I bs 0(0,0)

The calculated S.R. are reported in Fig. 2.18: dléar that UMS wafers are
current collapse free. The improving on IEMN dynaroharacteristics from®1

to 2"“batch is also clear. Considering all these dataent collapse should not

be an issue in the devices adopting the SiCopSi€ SopSiC composite

substrates
Finally, the different drain current collapse bebey on HYPHEN devices
could be correlated with the gate leakage curfeénnhay happen that the same

cause, which is responsible for the high gate Ilgalairrent on the UMS wafers,

1 SiC B (Ve b Vo_m)=(0V, 0V)

.(VGJJI: VDibI)z(Vpinch—offr ov)

B (Voo Vo_o)=(Vpinch-ofs Vosat) SopSiC
Sicopsic N

SopSiC{

SiCopSiC\

' “ P e—

REF IEMN 3-5Lab UMS
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© o
()] oo

o
N
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o
N
|

o
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I

batch 1

Fig. 2.17 pulsed characterizations for three different base. Blue bars represent the current
levels without collapse (thanks to the approprimseline used).
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is also responsible for the low drain lag effecttbe same wafers. Gate leakage
may help to discharge interface traps at (or ctoy¢he semiconductor / insulator

interface [27].

o o . SOpSIC SopsSiC
sic  sicopsic P> sicopsic si >P
N --{-, ----------------- =T
08 B =[]
:—E .
<06 - ]
@
n
0.4 41|
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0.2 41 |= 318 egydddglede
o it s
0.0 LS 419 2l l< < |23 3|3
: REF | batch 1 | batch?2 [batch| batch 2

I[EMN 3-5Lab UMS

Fig. 2.18 Slump Ratio (S.R.) for measured devices.

UMS devices, that present very good dynamic charitics, are unfortunately
affected by a quite high gate leakage current, @ depicted in Fig. 2.19. Only
the L1338 (silicon substrate) is characterizedrietetl leakage. On the contrary,
IEMN 1°-batch devices present very low leakage currentwvith very poor
dynamic performances.

The most promising result is represented by baBhLab AEC1313 and UMS
L1338 wafers, that reached a pretty good dynami@awer accompanied with a
very low leakage current level (see Fig. 2.19)paémticular, AEC1313 show the
better trade off between the Slump Ratio (that86and andieaxk current (in the
order of 4 x 18 A/mm), and at the same time shows drain currehtesavery
similar to reference devices.

In Appendix Il, a selected set of the dynamic meaments carried out on

some representative devices are reported as ameter
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12 AEC1333  AEC1337
(SiCopSiC)  (SiCopSiC)
L AEC1313 | '—8790l'/L1053
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1133, L 4 * LO-792
0.8 + (Si) AEC1470 L1909  (sgpsic)
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Fig. 2.19 correlation between the gate leakage currenkésjand the current collapse (SR, Y-

axes) in the HYPHEN devices. UMS devices present loav current collapse (SR 1) but have,

in except of L1338, a quite high gate leakage curgel mA/mm). IEMN flbatch devices have
the opposite situation.

2.3.3 RF power measurements

As we have seen in the Introduction chapter, théAEwith its high current
density and operation frequency, is an ideal catdidor microwave power
amplifiers. Large-signal Figures Of Merit (FOMs)che very useful for making
preliminary judgments concerning active capabgitiEOMs of particular interest,
such as R and PAE, are needed to evaluate microwave powdorpence of

the device.

2.3.3.1 Output Power and Power Added Efficiency

For class A operation (see Fig. 2.20), which is mhh@st important class at
microwave frequencies, the theoretical maximum wiutpower RBuimax Of a
HEMT is given by:

S0

In

out-max — o
8 Vmax _Vk

where |jax represent the maximum drain currenjn!is the minimum drain
current due to gate-drain and/or source-drain lgakd\bs is the off-state

breakdown voltage, andMs the knee voltage. This simple approximation is
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graphically presented in Fig. 2.20 in which the HEM assumed to operate along

its ideal load line, with an adequate large-sigyaah.

V() = V. sinwt
n Knee voltage I(t) = T-sinwt

Fig. 2.2Q schematic representation of a HEMT operatindassA.

In addition to the Ry, the Power Added Efficiency (PAE) is also an intpot
parameter, which is related to the device powen &gaia class A power amplifier

as follows:

Thus in the lower frequency limit, in which 1/Gapapaches 0, the PAE

approaches 1/2 under class A operation.

2.3.3.2 Measurements

The very promising results obtained from pulsed-atterization on ¥-batch
devices were confirmed also by RF power measurenegoerformed into
laboratories of thé&Jniversita di Modena e Reggio Emilivhere a Load-pull on
wafer system is available. These measurementsbeare carried out at 2GHz by
means of a Load-Pull System based on an Agilent IEé&tor Network Analyzer
and a PAF Dragon Load-Pull System. Bias conditiwaee set to ¥s =20 V and
Ibs = 10% bss Devices belonging to UMS L879 (SopSiC substrgte)ded a
continuous-wave power density of about 4 W/mm withak power added

efficiency (PAE) of 54.8%, as shown in Fig. 2.2Ibs@rved performances are
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quite remarkable, demonstrating the excellent powarabilities of composite
substrate devices.

Devices belonging to UMS L1053 (silicon substray@lded a continuous-
wave power density of about 3 W/mm with peak poadated efficiency (PAE) of
56.8%, as shown in Fig. 2.22.
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Fig. 2.22 RF power measurement at 2 GHz on @ ¥\820um UMS L879 (SopSiC substrate)
device. A maximum saturated output power of 4 W/emd a peak PAE of 54.8% were obtained.
Bias conditions: ¥s= 20V, bs=10% bss
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Fig. 2.22 RF power measurement at 2 GHz on @¥\820um UMS L1053 (silicon substrate)
device. A maximum saturated output power of 3 W/emd a peak PAE of 56.8% were obtained.
Bias conditions: ¥s= 20V, bs=10% bss

Some devices that have shown very poor dynamicvi@ha.e. IEMN L895
(1°“batch SiCopSiC substrate) devices, were also meds@bviously, since the
DIVA-like characterization has demonstrated veny klump ratio values, the RF
behavior is poor as well. In fact, these devicesd@d a continuous-wave power
density of about one order of magnitude lower wébpect to previous ones (0.3
W/mm instead of 3-4 W/mm) with very low peak PAEarfly 13.2%, as shown
in Fig. 2.23.
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Fig. 2.23 RF power measurement at 2 GHz on @ \800pum IEMN L895 (SiCopSiC *-batch
substrate) device. A maximum saturated output p@i&r3 W/mm and a peak PAE of 13.2%
were obtained. Bias conditionspy= 15V, bs=10% bss

2.3.4 TLP measurements

As we have seen in chapter 2.2.1, different gatndoverhang lengths have
not influenced the DC performances of SiCopSiC UMSC1333 devices. On the
same devices, a DIVA-like characterization has hgemormed as well. Even in
this case, different GD-O.h. lengths have not mficed the devices behavior in
pulsed regime with ¥s values below 20 V. On the contrary, we have sbah t
gate-drain head overhang length has a strong impadhe device behavior at
higher electric field (with high s values).

We have adopted a 100 ns Transmission Line Puld€&?<TDR) [28] in order
to study the behavior of W= 1 mm devices at high voltage and high current
regimes. TLP technique is adopted as traditiondhotkto evaluate the reliability
of devices under ESD-like events, but it can alsoadopted to characterize
devices under high voltage and/or high currentgail&\n ad hoc developed setup
was employed in order to stabilize the applied gattage during the test,
avoiding strong capacitive coupling between draid gate induced by the fast-
slope pulse.

The b vs s characteristics of a 100 nm long gate—drain oveghaiCopSiC
device (UMS AEC1333) with ¥s up to about 75 V are reported in Fig. 2.24. The
device exhibits some short-channel effect, bu¥,@fnear to the pinch-off voltage
and \pbs higher than 30 V, output curves change their lirsd@pe going to assume

an exponential behavior. We have seen that thiaswbehis strongly gate—drain
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head overhang length dependent. Fig. 2.25, shews Vps curves, measured at
Vgs= -5V, of W = 1 mm devices with GD-O.h. lengths respectivél{@0 nm,
500 nm, and 750 nm.

1 0.10 [

0o b [ -8~ Vg =-5V-0OH=100nnm
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Fig. 2.24 |-V curves in 100 ns-TLP regime of Fig. 2.25 I-V curves in 100 ns-TLP regime

a UMS AEC1333 SiCopSiC HEMT with W= 1 comparison with different GD O.h. lengths (100
mm, gate—drain head overhang length = 100nm, 500 nm, 750 nm). Device width W = 1mm.
nm. Gate bias: 0 ¥Vgs< 65V, step 0.5 V. Vgs=-5V.

In order to better investigate this behavior, ENiss Microscopy
measurements (EMMI) have been performed on sedendates, by means of a

Hamamatsu PHEMOS-200 emission microscope. The emigwnage of a W =

Fig. 2.26 emission image measured in pulsed regime (UMS B33 - SiCopSiC). Bias
conditions: \6s=-3.5V, s = 75V, pulse width = 100 ns, frequency = 10 kblzin long
emission, magnification = 1000x. The inset showetail of the uniform emission between drain
and gate.
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1 mm device at high drain voltage value in pulssgime condition (s=-3.5V,
Vps = 75 V, 100 ns long pulses, frequency = 10 kHmiB long integration) is
showed in Fig. 2.26. Emission analysis has showgo@d current uniformity
along the gate fingers, but at the same time, tsveself to be not sufficient to
explain the change of slope of the -V curves.

2.4 BREAKDOWN CHARACTERIZATION

The robustness of SiCopSiC and SopSiC devices wtuat pulses applied
between Drain and Source, in floating Gate conuditias been tested by means of
a 100 ns Transmission Line Pulser (TLP-TDR). Agadly measured in our labs
for HEMT devices grown on conventional substrates 2007 [28], and
demonstrated by these devices, the fast rise tintleeoTLP pulse applied to the
Drain pad induces a strong capacitive couplingneoGate contact.

A schematic representation of the parasitic capecibetween gate and drain
(Cep), and between gate and sourcesd)C and the intrinsic gate-to-drain and
Gate-to-Source Schottky diodes of a typical HEMidure is presented in Fig.
2.27. Adopting an extended TLP system, Tazzolil.ef28] have monitored the
gate voltage during the TLP stress applied to theindof a typical HEMT
structure (SIiC substrate), with the gate floatiagd (relatively) high voltage
values at the gate contact have been measuredctindiie to the fast rise time of
the TLP system (below 1 ns), the floating gate easily follow the drain voltage,
reaching high voltage values.

Fig. 2.28 &ows the increase of the floating gate voltage Withincrease of the ¢
applied by the TLP stress. Each point has beemea®d making an average of the end
part of the \(s waveform, like traditional voltage and currentues extraction. As shown
in Fig. 2.28 the behavior of the gate voltage coupling camlibaled in three different
zones (indicated by A, B, and C). In the first zaihe Vs increases practically in a linear
way with the increase of thepYapplied by the TLP system. When thgsVeaches about
1V, the gate-to-source diode turns on (see thertimsFig. 2.28, draining a part of the
current used to charge the capacitor dividgp-Cgs, and then reducing the voltage
reached by the gate. This condition is indicatedhgychange of slope in the zone B of

Fig. 2.28 In the zone (C) another failure occurs. Regiond&h possibly correspond to
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the formation of filaments between the gate andndragions, bringing to an abrupt

increase of the gate voltage at every TLP pulBhis coupling aspect is also

demonstrated by the “floating gate3 Vs Vps curve reported in Fig. 2.29 for a
UMS L879 SopSiC device.
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Fig. 2.27 Schematic representation of the Fig. 2.28 Coupled Gate voltage evolution
capacitive coupling between Drain-Gate-Source as a function of the M applied with the
contacts and the intrinsic Gate-Drain and Gate- TLP system (TLP stress between Drain and

Source Schottky diodes. Source, Gate floating). In the insert, a
typical I-V characteristic of the Gate-Source
diode is reported, exhibiting ar\ voltage
of around 1V. W = 1 mm.

We have made a complete breakdown investigatiatewices realized on both
the substrates. An example of g W80um UMS AEC1333 SiCopSiC HEMT is
reported in Fig. 2.30. The breakdown condition esehreached at around (90 V,
0.1 A). The breakdown condition is always reachéth awn abrupt transition to a
short circuit condition. Failure analysis has besarried out using optical
inspection (see Fig. 2.31) and emission-microscapalysis (see Fig. 2.32),
highlighting a filament formation between drain agdte contacts when the
breakdown condition is reached. The filament foramats typically followed by
the blow up of the zone around the failure. Desthieepresence of the air-bridge,
it is possible to see in Fig. 2.32 the emission gt in correspondence of the
filament. Full optical accessible devices have béssied as well, obtaining
similar results. These results are comparable édE8D robustness exhibited by
those obtained in SiC and Sapphire based deviagsal(evidth/length HEMT
devices processed in the frame of other progrartsdsuthis project). The failure



43

1.8 14 £
1.6 1.2
LA 1}
12 :
£1.0 08 [
S L
30.8 Z 0.6 n
©0.6 } — E
0.4 =04 E
0.2 0.2
0.0 — 0
0 50 100 150 MZOO 250 300 0 20 40 60 80 100
o vds [V]
Fig. 2.29 Ip vs Vps curves in 100 ns TLP Fig. 2.30Q Ip vs Vps curves in 100 ns TLP

regime to evaluate the breakdown points at regime under floating gate condition. W = 80
different Vizs, and floating gate conditionina um, Lg = 0.5um, UMS AEC1333 SiCopSiC
UMS L879 SopSiC device. W= 800um, Lg = HEMT.
0.5um

is reached with the formation of filament betweeaim and gate contacts in all

tested samples, and the physical mechanism isntlyriender investigation.

Fig. 2.31 optical microscope image of the  Fig. 2.32 emission microscope image of the
device of Fig. 2.30 after the breakdown point failed device of Fig. 2.30. Bias conditions:
was reached. The arrow indicates the damagedVgs= -2 V, Vps= 15V, 10 s long emission,
zone induced by the filament formation and the Magnification = 1000x.
successive blow up.
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2. Electrical characterization of hybrid substratevices




RELIABILITY OF HYBRID SUBSTRATE
DEVICES

As previously stated, thanks to the material proger GaN HEMTs can
operate at extremely high drain-source voltagesvé¥er, since GaN HEMTs
already adopt sub-micrometer gate geometries, reetse high electric field
values can be reached in the device active areanwentional planar structures
that do not use field-plate or recessed-gate tdobres. Consequently, charge
carriers can reach very high energies (hot elesjrotriggering degradation
phenomena such as charge trapping, generation fettdeand/or deep-level
generation, and strain relaxation due to the revpiszoelectric effect induced by
high electric fields.

A section of this work has been dedicated to theysof reliability aspects of
hybrid substrates devices. The main objective sssess material quality through
the evaluation of the long-term stability of theeatical and physical
characteristics of GaN HEMT devices fabricated be tomposite epitaxial

substrates, as compared to similar devices madengte crystal substrates.

The two main issues we want to address are thewolt:

. Identify failure modes and mechanisms of GaN HEMIeveloped
within the HYPHEN project and correlate them withe tdifferent
substrates and epitaxy techniques;

. Contribute to the identification of material apdocess optimization

tracks for the improvement of device reliability.

With respect to the state-of-the-art, the mainaaitissues are:
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3. Reliability of hybrid substrate devices

1. Possible problems can be related with hot camiection into semi-
insulating SiC substrates; possible different behag of SopSiC or
SiCopSiC substrates;

2. Impurities present in large quantities in paasson layers or resulting
from processing, such as hydrogen or fluorine cdso ehave

detrimental effects on device stability, thus reiepg ad-hoc testing.

The devices have been submitted to various actetetasts (on wafer and in
package) including thermal storage, ageing underbixS, hot electron testing.
Failed devices will be submitted to failure anatyand results will be compared
with data obtained during the material and devitaracterisation phases.

3.1 STEP-STRESS EXPERIMENTS
3.1.1 Step-stress at s up to 30 V

The setting up of reliability tests on devices the¢ under development is
not an easy task, and often can be a useless Wwiosk.of all the correct biasing
point must be decided in order to obtain the maxmuaf information. Clearly,
setting up either a too low bias point (leadingzéso degradation) or a too high
bias point (leading to sudden catastrophic degiadah all devices) can not
provide valuable information.

With the aim of well identify the biasing point vave first make use of our
heritage obtained in other projects that aim to degelopment of GaN based
devices on SiC substrates (KorriGaN). We have dened devices with similar
geometries to those developed within the HYPHEN&eto(with a gate length
Lec = 0.5 pm) that have been submitted to short teresst(10 hrs) atps =20 V
and at different ¥svalues: \&son= 0 V, Vgsor= -7.5 V and \sssemi-or= -5.5 V.

In order to explain the main difference betweers¢hess bias point, a brief
summary of different effects is reported in thédwing:

a)“ON-state” (Veson= 0 V): high drain current, moderately high electr
fields, high dissipated power and high junction penatures are

simultaneously present;
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b)“OFF-state” (Mssoff = -7.5 V): the drain current and the dissipated
power are close to zero, but the electric fieldweein gate and
drain is maximum;

c) “SEMI-ON-state” (Msssemi-on= -5.5 V): junction temperature is lower
than the ON-state, but the gate to drain electeid fis very high,

thus allowing channel electrons to reach high eeerg

The KorriGaN devices experienced degradation, asvshn Fig. 3.1. Many
other reliability tests carried out within the Ki@aN project evidenced device
degradations when device where biased around Q0/- 3

Having in mind that HYPHEN devices could have bewore prone to
degradation, due to the inherent nature of the cmitg substrates, “short-term”
step-stress test with a maximum drain-to-sourcéagel of 40 V — 50 V has been
carried out on such devices. The results comingfaarh this test has been

adopted for the next “long-term” stress plan.

The step-stress has been organized as follow (ge8.B):
i. Three gate bias have been adopted:
a. Ves=0V (ON-state);
b. Ves= V-1V (OFFstate);
C. Vgs= Vi + 1V (SEMI-ON-state).
ii. For each gate bias, drain bias was stepped freg¥\16 V to \bs
= 30 V, with a \hs step of 2 V and leaving the device biased for
one hour at eachpéstep
iii. The devices (at least three for each bias pointe Haeen fully

characterized at the end of eacks'gtep.

Wafers subjected to step-stress with number oédegevices are shown in Table
3.1. Generally, no degradation has been observedgdihe step stress up ta¥

= 30 V in the three ¥s condition on almost all the tested devices. OnM3J
AEC1333, UMS AEC1337 and IEMN LO792 were affectgdlie stress showing
large degradation. We have also observed that digniaehaviour of devices after

the stress is not modify either in devices showdagradation after the step stress
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as well as in the devices that did not presentatigion of the electrical DC

characteristics.
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Drain current output characteristics before and Drain current transient during a gate-lag
after 10 hours of “ON-state” stress ai# 20 V, experiment (Mp= 10V, Vgsei=- 9 V)

Ves=0V. before and after 10 hours of “ON-state” stress

at VDS: 20 V, VGS: oV
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Drain current output characteristics before and Drain current transient during a gate-lag
after 10 hours of “OFF-state” accelerated test aexperiment (p=10 V, Vasori= - 9 V) before
Vps=20V; Vgs=-7.5V. and after 10 hours of “OFF-state” accelerated

test at \bs=20 V; Vgs=-7.5 V.

Fig. 3.1 degradation observed in a KorriGaN GaN HEMT o8 Substrates submitted to two
different stress test: a) “ON state” (upper figliies“OFF state” (bottom figures)

3 devices for on selected

' each wafer devices

s L “ON”

1 hrs step
BEEE @00 Vos (V)

T R Mo
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Fig. 3.2 schematic of the step-stress definition. All tewices reported in Table Il have been

submitted to the step-stress up to 30 V for thedlyate bias: i) “ON” state:éon= 0 V; ii)
“OFF" state: \seff = Vi - 1 V; i) “SEMI-ON” state: Vissemi-on= Vin + 1 V. Selected
wafers/devices have been submitted to the stegsstieto 50 V.
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Table 3.1 wafer subjected to step-stress experimegt (3 to 30V).

Number of tested devices
Foundry| Wafer Substrate “ON state” “SEMI-ON | “OFF state”
state”
' . 3 3 3
L895 SICopSIiQ Wz=100-300um| We=100-400pum| Ws=100-300 pm
LG=1'3lJ.m ngl-zum LG=1'3lJ.m
_ 3 3 3
IEMN LO792 SopSIC|  Wg=100um W=100um W=100um
Lg=2-3um Lg=2-3um Lg=2-3um
_ . 3 3 3
LO896 | SiCopSid Wg=100um W=100um W=100um
LG=1'3lJ.m LG=1-3um LG=1'2lJ.m
4 3 4
AEC1333| SiCopSiC Wg=80um Ws=80um W=80um
Ls=0.5um Ls=0.5um Lg=0.5um
3 2 2
AEC1337| SiCopSiC Wg=80um Ws=80um W=80um
Ls=0.5um Ls=0.5um Lg=0.5um
UMS _ 3 3 4
L879 SopSIC |  Ws=100pum W=100um W=100um
Lc=0.3-0.5um | Lg=0.3-0.7um | Lg=0.5-0.7um
N 3 3 3
L1053 silicon Wg=100um W=100um Ws=100pm
Ls=0.3um Ls=0.3-0.5um | Lg=0.3-0.7um
. _ 2 2 2
3-5 Lab| AEC1313| SiCopSiC Wg=150um We=150pum We=150pum
LG=025Hm LG=025Hm LG=025um

A detailed description of stress effects wafer-tafev is presented in the

following.

UMS AEC1333 and AEC 1337 (SiCopSiC substrate)fhese devices, submitted
to “ON state” test condition (¥s.on = O V) presents a strong degradation of the
electrical DC characteristics, see Fig. 3.3. Devipeesent degradation since the
first hour of stress at relatively lowp¥ (20 V). The degradation was not due to a
threshold voltage shift. A degradation of aboue&prders of magnitude in the
gate-to-source diode characteristics was also medsirRegarding the “OFF
state” condition, we found thabds present a limited degradation in the knee
region while it remains quite unchanged in the ot¥igs regions, see Fig. 3.4.
Gate leakage currents largely degrade also in @e=“state” stress, see Fig. 3.4,

bottom right. Finally negligible variations in owtpcharacteristics were induced
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also by “SEMI-ON state” step-stress, see Fig. BAdain the gate leakage current

is largely degraded after the stress.

IEMN L895 (SiCopSiC substrate): No DC degradations were found after
stresses up to 30 V for the three gate bias: i) ™&tte: Vs.on= 0 V; ii) “OFF”
state: \s.orr= -5 V; iii) “SEMI-ON” state: Vss.sem-on= -3 V, see Fig. 3.6, Fig.
3.7, and Fig. 3.8. The gate leakage currents remaatically unchanged after
treatments. It should be highlighted that theseicdsv were affected by
remarkable current collapse (before the stressgas in Top-right graphs on Fig.
3.6, Fig. 3.7, and Fig. 3.8. However, it can alsonbticed that no worsening of
the collapse is seen after the stress. We can leammude that the stress did not

affect both the static and dynamic |-V charactersst

Since the devices that we will analyze will presdegradation

characteristics similar to the two just describéul,the following we

will not report the detailed 1-V characterizationefore and after
stress. We will refer to Fig. 3.9 and to Table thiat summarize the
electrical degradation in the tested devices.

UMS L879 (SopSiC substrate) No significant ageing effects were found in
terms of pssand g. We must point out that some devices subjecté@td state”

step-stress failed when reachings\e,0f about 28+30 V. Leakage currents were
(in some cases) 2x — 3x times greater after ssessgeneral a good stability has

been observed.

UMS L1053 (silicon substrate): Very good reliability performances. No

degradations of any parameters were found fgystress voltage up to 30 V.

IEMN LO792 (SopSiC substrate): Remarkable decrease ofsl (-50% at
Vps=5V, Vg= 0 V) after the “ON state” step-stress has beeseed. Thedss

degradation is not due to a threshold voltage shiftl (surprisingly) no
degradation of the Gate Schottky diode characiesibias been observed.
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IEMN LO896 (SiCopSiC substrate) Only the “ON state” step-stress has caused
an anyhow confined worsening in linear and kne@regof output characteristics
(-10% bs at Vps= 5V, Vs =0 V). No DC degradations were found related to
“SEMI-ON state” or “OFF state” stresseg.léakage current remained practically

unchanged during all the treatments.

3-5 Lab AEC1313 (SiCopSiC substrate)No significant ageing effects were
found on devices submitted to “SEMI-ON-state” aiFF-state”, showing a very
good stability in these conditions. After “ON-stattress a ~20%pks reduction

has been found.
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UMS AEC1333 device submitted to 8h “ON state” step-stress at V=0V and Vps from 16V to 30V

UMS AEC1333 AWS57 M23 A (We=80um, L=0.5um, Lgp=2.5um, Lgs=1.25um) UMS AEC1333 AW57_M23B (W=80um, Ls=0.5um, Lgp=2.5um, Lgs=1.25um)
OUT:  Vgs=0V Step Stress time= 1h @ Vgs= 0V Lgp overhang = 500nm 1.0
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Fig. 3.3: Top Left: IpsVvs Vps (at Vgs= 0 V) evolution during the step stre3ap Right: DIVA-
like 1p— Vp characteristics before and after “ON state” stiepss (continuous and dashed lings
correspond to untreated and stressed sample, teghgc Bottom Left: g, vs Vos @ Vps= 20

V andBottom Right: gate-to-source diode evolution during the stegsstr

UMS AEC1333 device submitted to 8h “OFF state” step-stress at V__¢=-5V and Vps from 16V to 30V

UMS AEC1333 AWA47 M23 A (W=80um, Le=0.5um, Lep=2.5um, Les=1.25um) UMS AECLI33 AW47_M23A (We=80um, Lo=0 Sum, Leg=2.5um. Los=1.25um)
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Fig. 3.4 Top Left: Ips Vs Vps (at Ves= 0 V) evolution during the step stre$ep Right: DIVA-

like Ip— Vp characteristics before and after “ON state” stieess (continuous and dashed lines
correspond to untreated and stressed sample, teghgc Bottom Left: g, vS Vs @ Vps= 20V
andBottom Right: gate-to-source diode evolution during the stegsstr
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UMS AEC1333 device submitted to 8h “SEMI-ON state” step-stress at V.
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IEMN L895 subjected to 8h “ON state” step-stress at V=0V and Vps from 16V to 30V

IEMN L895 B1 (W=300um, Lg=3um, Lgp=2um, Lgs=1.5um)

OUT: Vg =0V

Step Stress time= 1h @ Vs=0V

0.30
0.25 +
£020 T
€
<015 T
~ 010t

0.05 1

0.00 t

— Untreated
—16V

18v

20v
—22v
—24v
26V
28V
—30v

Vps Value

10 15 20
Vos (V)

IEMN L895 B1 (W=300um, Lg=3um, Lgp=2um, Lgs=1.5um)

Om:Vps= 20V Step Stress time= 1h @ Vgs= 0V
0.09
0.08 1 Vps Val
bs Value
007 1 — Untreated
= 0.06 T —16v
18V
E 0.05 T 20v
2 —22v
z 0.04 + o
© 0.03 T —26v
—28v
0.02 —30v
0.01
0.00 : : ; ; ;
-6 -5 -4 -3 2 1 0
Ves (V)

II(EJI\/!‘N L895 B1 Lg3_Wg300 (Wg=300um, Lg=3um, Lgp=2um, Lgg=1.5um)
: (Ve b1 Vp_m)=(0V,0V)
(Ve _biVo _b)=(-4V,15V)

Vs=0V
Py/Period=1us/100us

o
w
,

Ips(A/mm)
o
N

0.1 -

=

0.0

-
0 2 4 6 8 10 12 14 16 18 20
Vos(V)

IEMN L895 B1 (Wg=300um, Lg=3um, Lgp=2um, Lgs=1.5um)
GS DIODE:Vgg = 0V Step Stress time= 1h @ Vgs=-5V

1E-3 Untreated

Vps Value __ nueate
18
10E-6 T 20v
—22v
—~ —24v
< —26V
=5 100E-9 ¢ 28v
= —30v

1E-9 T
10E-12 t t T
-6 -4 -2 0 2
Ves (V)
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IEMN L895 subjected to 8h “OFF state” step-stress at V__¢=-5V and Vps from 16V to 30V

IEMN L895 D1 (Ws=100um, Ls=3um, Lgp=2um, Les=1.5um)

IEMN L895 D1 Lg3_Wg100 (Ws=100um, Lg=3um, Lgp=2um, Lgs=1.5um)
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Fig. 3.7 Top Left: Ips Vs Vps (at Vss= 0 V) evolution during the step stre$ep Right: DIVA-

like Ip - Vp characteristics before and after “ON state” steg@ss (continuous and dashed lin
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IDEAL RESULT:100% = NO DEGRADATION
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Fig. 3.9 summary of thegss degradation following the step-stress test upge=/30 V for the
three gate bias: i) “ON” state:d¥on= 0 V; ii) “OFF” state: \&soff = Vin - 1 V; ii) “SEMI-ON”
state: \ssemi-on= Vin+ 1 V.

Table 3.2 gate leakage variation after stress(measured at Vps= 20 V, Vgs= -6 V)

IGIeak-OFF(VDS: 20 V, VGS: -6 V) variation
before/after stresses

Foundry| Wafer Substratsg -
“ON state” SEMI'C,,)N “OFF state”
state
L895 SiCopSiG
IEMN | LO792 SopSiC No Degradation

LO896 SiCopSiQ

AEC1333| SiCopSiC
AEC1337| SiCopSiC
L879 SopSiC Limited Degradation (x2-x3)
L1053 Si No Degradation

Large Degradation
UMS

3.1.2 Step-stress at s up to 50 V

Step-stress experiment wastended up to \bs= 50 V for selected devices, in
order to extract data regarding higher voltage tmns (see Fig. 3.2), and to
definitely define bias conditions for following ‘ihg-term” stress tests. This test
has been carried out on UMS L879 (SopSiC substratelMS L1053 (silicon
substrate), and on 3-5 Lab AEC1313 (SiCopSiC satmtr who have
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demonstrated very promising electrical characiesstand a fairly good
robustness at once during the step-stress tesMyghip to 30 V.

Although UMS L879 wafer has already failed in “Olate” step-stress at
drain-to-source voltage of about 28 V — 30 V, tB&MI-ON state” and the “OFF
state” have been extended tg@sV= 50 V. As an example, the gate Schottky
characteristic and thg vs Vps curve at \és= 0 V, after each step of “OFF state”
step-stress, are presented in Fig. 3.10. As caeée, no significant variations in
the main electrical characteristics have been ieduny these stresses.

Surprisingly, no evidences of any significant delgiteon were found on UMS
L1053 devices subjected to stresses up t ¥ 50 V in all conditions,
demonstrating a very good reliability performandeh@se devices. It should be
mentioned that, during “ON state” stress test L10B68ices failed at ys= 50 V
but no degradations were found up tes¥ 48 V, see Fig. 3.11. This can be easily

UMS L879 Z17E (Wg=100um, Lg=0.5um, Lgyg p=1.3um) UMS L879 Z17E (Wg=100um, Lg=0.5um, Lgyg p=1.3um)
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1E-12 t t 0.0 t t t
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Ves (V) Vps (V)
gate-to-source |-V characteristics Ips VS Vs @ Ves=0V

Fig. 3.10:UMS L879 Z17E (W=100um, lg=0.5um, lgy g p=1.3um) subjected tb8h “OFF
state” step-stress with \,=-5V and \fs from 16V to 50V (2V step)

UMS L1053 V31D (Wg=100um, L=0.3um, Lgyg p=1.3um) UMS L1053 V31D (Wg=100um, Ls=0.3um, Lgyg p=1.3um)
GS DIODE:Vgg =0V Step Stress time= 1h @ V=0V OUT:  Vgs=0V  Step Stress time= 1h @ V=0V
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100E-12 + ‘[ —g‘s‘& —383 0.15 1 —gg& —38&
\ —av v 0.10 1/ —a b
10E-12 1 ! 0.05 4
1E-12 t t t 0.00 -+ t t t
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gate-to-source |-V characteristics Ips VS Vps at Vgs=0V

Fig. 3.11:UMS L1053 V31-D (W:=100um, lg=0.3um, Lgye1p=1.3um) subjected tb7h “ON
state” step-stress with \=0V and Vs from 16V to 48V (2V step). Device failed aby=50V.
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due to the very large power dissipation during #teess, since the junction
temperature, during this test was not kept undetrob

3-5 Lab AEC1313 devices stressed an-state” also failed at 3 = 38 - 40 V.
In this case, we have found a strong degradatioth@fDC characteristics just
before the failure. Thesl— Vps characteristic measured at ¥ 0V before and
after the \bs = 38 V step of thedN-state” step-stress is reported in Fig. 3.12(a).
The g, — Vi characteristics atp = 1 V are also reported in Fig. 3.12(b). As for
the other two wafers,SEMI-ON-state” and HFFstate” step-stress, performed with
a maximum drain-to-source voltage of 40 V, haveinduced any degradation on
AEC1313 devices.

1.0 0.30
— untreated
08 & 0.25 7 --- after ON-state step
—_ stress (Vps = 38V)
c £0.20 +
g 06 =
E:/ T T T T T T % 0.15 +
0 0.4 + - £
o - ©0.10 +
.7 — untreated
02+, --- after ON-state step stress (Vps = 38V) 0.05 +
/ ~~~~~~
0.0 f f f 0.00 f f f f f
0 5 10 15 20 -6 -5 -4 -3 -2 -1 0
Vps (V) Ves (V)
(a) (b)

Fig. 3.12:(a) Ip — Vps characteristic at &= 0 V and (b) g — Vs characteristic at ys =1V,
before and after thepé = 38 V step of theN-state short-term step-stress at¥/0 V. AEC1313
SiCopSiC devices.

The evolution of gs, measured at p5 = 10 V, Vs = 0 V after each step and

normalized to the correspondent virgin values saremarized in Fig. 3.13.
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Fig. 3.13:short-term step-stress results for UMS L879 (ortdipg, UMS L1053 (center), and
3-5 Lab AEC1313 (bottom). Evolution of measured at 35 = 10 V, \; = 0 V after each step.
The “X” represents the last step before failure.
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L
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3.2 LONG-TERM DC LIFE TEST

A set of 12 W = 480um UMS L879 (SopSiC substrate) devices has been
finally mounted on EGIDE packages, in order to gerf a 1000 hours DC long-
term life test. In this test, devices were subrditie an electrical stress combined
with a thermal stress. Analyzing step-stress erpanmt results performed on the
same wafer three electrical bias conditions hawnlselected, in collaboration
with UMS: 1) b = Ipss/ 2 at \bs = 15 V ON-state); 2) b = Ipss/ 4 at \bs =30 V
(SEmMI-ON-state); 3) b = Ipss/ 16 at \bs = 40 V (OFFstate). Junction temperature
Tiunction Of devices during these life tests has been s2d@c°C for both ON-state”
and ‘SeEmI-ON-state”, while 100 °C has been fixed fooFfstate”. Taking the
packaging effect into accountRvalues in the order of 15 — 20 °C/W were
extracted by means of a home-made thermal chaizatien. A burn-in test
bench has been then adopted. This system pernpisldaze a transistor at fixed
voltages and/or current, and also to fix tempeeawir the baseplate on which
transistors are accommodated. Thermal and eleculetils relatively to the

different DC life test conditions are reported iable 3.3.

Table 3.3 adopted bias condition for long-term stress

Ipss Ipss
from for Ref Vps Ips OIA)Of Ppiss Rin Batseplate Tjunction
PCM | DUT DSS emp
AmmY[(Amm) 777 | V) | (A) | (%) | W) [CCW)] _(C) | (C)
1) 15| 0.195| 50.7812.925| 20 140 198.5
0.8 0.384| 2) | 30 | 0.0975 25.391| 2.925| 20 140 198.5
3) | 40| 0.024 6.25 0.96 20 80 99.p

After 1000 h ON-state” test no ageing effects were found, neitheghe b-
Vps curves nor in the gate leakage characteristiesfFgge 3.14. On the contrary,
“OFFstate” test has caused a degradation of the gateotiBy diode
characteristics, see Fig. 3.15(a), and of the lgaleage current level of about one
order of magnitude, maintaining + Vps characteristics quite the same, see Fig.
3.15(b). This can be due to the largepWoltage during the drFstate” that,
combined with the temperature effect, could affdet stability of the gate

Schottky diode. The SEmI-ON-state” condition, on the contrary, has caused
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irreversible damage on the devices submitted tddke This catastrophic failure
of devices was happened at the beginning of thie &sambient temperature

(Tams = 23 °C), just when the stress bias conditionseHzeen applied.

1E-3 1.0 = O
—— untreated
---- after 500 h ON-state stress 0.8 + Lo~
—~ 1E-6 o . E
$ g 0.6 T 2
= 3 oo T4 E
1E-9 - Ly A %
1 [ === treated = T -6
! 0.2 -—-- :R;?;(H]Bthate stress
1E-12 t t t 0.0 t t f -8
-6 -4 -2 0 2 0 5 10 15 20
Ves (V) Vs (V)
(a) gate-to-source diode characteristics (b) outhatacteristics at§4from 0 V to

pinch-off with -1 V step
Fig. 3.14:DC characteristics, before and after 1000 brektate DC life test apl= Ipss/ 2 and
Vps = 16 V. Junction temperature was kept at 400 °hduhe test. UMS L879 SopSiC 48

devices.
1E-3 1.0 0
0.8 _
i IS
1E-6 =
5 06T s
= Loal £
~ 1E-9 he L L
untreated _ -
---~- after 500 h OFF-state stress 0.2 + untreated . -6
---- after 500 h OFF-state stress . |
1E-12 } } } 0.0 pat! ; - 1 g
6 -4 -2 0 2 0 5 10 15 20
Ves (V) Vbs (V)
(a) gate-to-source diode characteristics (b) outhatacteristics at 3 from 0 V to

pinch-off with -1 V step
Fig. 3.15:DC characteristics, before and after 1000 br#fstate DC life test abl= Ipss/ 16
and \ps = 40 V. Junction temperature was kept at 200 °@hduhe test. UMS L879 SopSiC 480
pm devices.

A possible explanation of devices failure f@eMI-ON-state” bias point can be
found considering the high gate leakage currentsorea when devices are biased
at high drain voltage. In Fig. 3.16 the DC charaz&ion of a device realized at
about room temperature is shown. The three squapessent the bias conditions
selected for the stress test (blue, red and gremrbias point (1), (2) and (3),
respectively), while lines represent theand the ¢ measured near the stress bias
condition. Device biased atg¥ = -2 V shows low gate current because the drain
voltage is limited at 15 V; for higherp/the gate current drastically increases:
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ideally extendingd with Vg = -3 V and \4 up to 30 V (the dashed red line) it
reaches -1.4 mA (about -3 mA/mm). This value cdaddvery detrimental so that
the device could not works properly. While at ¥ 40 V and very low drain
current (\& = -4.5 V) the gate leakage current stops at -CA7(+.5 mA/mm).
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[ [ S s -14E-3

' -15E-3

0 30
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Fig. 3.16:1p vs Vb and k vs \p characteristics for three different\(blue line

Ve =-2V;redline \& = -3 V; green line ¥ = -4.5 V). Stress bias conditions are
also indicated in the figure.

These very good reliability results can be usedeimonstrate that degradation
mechanisms involved in composite substrate deacesnot stronger than when
using SiC monocrystalline substrate. All these datafirm that the layer transfer
based composite substrates are very promisingidbr erformance low-cost RF

GaN HEMT structures for power applications.



PARASITIC EFFECTS IN GAN HEMTS

The present chapter presents the results obtaintbthvthe "Parasitic effects”

workpackage of the "Reliability” subproject of therriGaN project.

4.1 KORRIGAN PROJECT
4.1.1 Background

KorriGaN is a large-scale European joint Reseamth &echnology Project
performed within the EUROPA framework and targeti@§EPA2 objectives
aiming at the development of microelectronics congms. Seven nations are
contributing to KorriGaN: France also acting as thinistry Of Defence
management group, Italy, The Netherlands, Germ&mpain, Sweden and the
United Kingdom. The KorriGaN consortium consists28 partners from the 7
contributing nations providing all the necessarynpetence in all key areas
dedicated to semiconductor technologies such astratd growth, device

processing, circuit design and modeling, circuithzaing and integration.

4.1.2 Objectives

The main objective of KORRIGAN is to develop a stamone European
supply chain and capability for GaN HEMT technologkich will provide all
major European defence industries with reliableesté-the-art GaN foundries
services. For that purpose, there are four maghmieal objectives:

1. To establish a European supply chain for the mawfa of GaN
HEMT devices and MMICs.

2. To assess the reliability and reproducibility ofistmg GaN device
technologies within Europe in order to identify fiereed processing

options.
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3. To demonstrate the technology and the supply chiiough the
fabrication and testing of selected demonstratorskey S-band, X-
band and wide-band applications.

4. To evaluate the benefit of the technology at sydtamal.

4.1.3 Methodologies and work plan

In order to successfully achieve the project gaald enable the development
of leading GaN technology at the horizon of 2009jraegrated methodology has
been setup and the project has been organizeddirsiobprojects dedicated to
materials, device and circuit processing technekgireliability evaluation,
thermal management and packaging solutions. Sewkmalonstrators will be
designed to validate GaN technology for varioudiagpons: S-band High Power
Amplifiers (HPA), X-band and wideband HPA, Low Neismplifiers (LNA) and
switches.

A. Materials: Wideband gap semiconductor substrates will provibe
foundation for the GaN HEMT technology. Silicon Gide (SiC), Sapphire and
Silicon materials will be considered, with a strendpcus on the growth of bulk
crystal of SIiC subtrates using High Temperature ndbal Vapor Deposition
(HTCVD) techniques. Substrate diameter expansidhbeia key issue to ensure
the economic maturation and to guarantee costieféedustrial access to the
technology. Also for each material, several typegmtaxial growth using both
Molecular Beam Epitaxy (MBE) and Metal-Organic Cheath Vapor Deposition
(MOCVD) techniques will be studied and charactatizesing a common
approach.

B. ProcessingThe development activities will aim at establishthg access to
a global manufacturing process of GaN HEMT deviGesd Microwave
Monolithic Integrated Circuits (MMICs) on SiC, Qitin and Sapphire substrates.
The work packages will cover the development ofnrtachnological aspects of
circuit manufacturing including: generic technolegjifor active devices and

passive circuits; design and manufacturing of deyjidesign and manufacturing
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of MMICs; and extraction of models from DC-RF chaemisation. A common
PCM will be exploited.

C. Reliability: The work is focused on the assessment of GaN témiyo
regarding reliability aspects. Work packages wiltlude: the study of parasitic
effects, such as current collapse, which resuihfi@pping effects occuring in the
substrate; the systematic evaluation of the longrteeliability of GaN HEMT
devices and passives; the identification and unaleding of failure mechanisms
based of the analysis of failed devices; and tlauation of device robustness to
extreme operating regime.

D. Thermal management and packagii@e objective of this subproject is to
develop the suitable thermal environment for the aad integration of GaN
power devices if current systems. The work will i@$d the following issues: the
design of optimized thermal cells and the improvenod heat sinking efficiency
by reducing the device thermal resistance; the ystoid advanced assembly
solutions and power packages; the simulation of tttermal environment of

devices and circuits.

4.1.4 Parasitic effect evaluation

The goal of "Parasitic effects” workpackage of tReliability" subproject of
the KorriGaN project was the identification anddstwf the mechanisms leading
to dispersion of the device electrical charactiessas a function of frequency, or
to time-dependent anomalies in their |-V charast®ms. Two main dispersion

effects have been identified and characterizedarrikaN, namely:

(@) “current slump” or “current collapse” effects, i.e. a decrease of drain
current which takes place when the device is pulsstdveen pinch-off
(typically Vps = 20 V, Vss= -8 V) and open channel conditions, with
respect to DC or to pulsed + Vps measurements carried out from the
baseline with s = 0 V, Vss = 0 V. This current slump obviously
reduces the RF power of the devices, and is usathyputed to trapping
effects, which can take place at the device suréaceithin the epi layer
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and its interfaces. The highest contribution toreotr slump usually
comes from traps at the surface, as demonstratéidebfact that suitable
passivation using SiN or SiO/SiN greatly improvasgrent collapse.
Most KorriGaN devices preserve at least 80% ofrtf¥C current in
pulsed conditions).

(b) "kinks" in the |-V characteristics . This effect consists in a sudden, but
small, increase in the drain current, taking pldoeing DC b vs Vps
measurements when a certaigs\Mink value is exceeded. This effect is
due to extremely slow traps within the epitaxiayeles and/or their
interfaces, and is not related with the deviceaswef Independently from
the process, devices adopting QinetiQ epitaxy Hexted by the "kink"
which, however, does not affect significantly powerformances.

Exploitable results of the workpackage were thentifieation of structures,
processes and technologies capable of reducingiparaffects, the development
of diagnostic techniques, the correlation betwelsttecal characteristics and
device performances and materials' propertieshénfallowing, we will describe
these results using the following outline: chapte? will analyze "current
collapse" effects in the various Korrigan technasg The paragraph 4.2.1 will
describe the experimental techniques adopted fer dhaluation of current
collapse, will present the results of dispersiorasueements as a function of the
choice of process, epitaxial layer growth, substragpe and supplier. A
methodology for identifying the contributions ofriace and epitaxial layer traps
will be presented, and validated with the use af-thmensional numerical device
simulations. A circuit model has been developed¢civhallows one to evaluate the
effects of parasitic phenomena on device performsndresults have been
correlated with material properties, obtained usdagpacitance vs Voltage (C(V))
measurements, Deep Level Transient SpectroscopyT$RL photocurrent
measurements, cathode-luminescence spectroscopptef¥.3 summarizes the

results of the characterization of the kink effebserved in all devices adopting

QinetiQ epitaxy.
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4.2 CURRENT COLLAPSE EFFECT
4.2.1 Experimental characterization methods

Dispersion effects have been characterized usifigreint types of electrical
measurements, including (i) "logarithmic" gate agk pulses; (ii) double-pulse
measurements, pulsing drain and gate voltages érbitrary baseline values; and

(iii) transconductance vs. frequency measurements.

4.2.1.1 “Logarithmic pulse” measurements

In KorriGaN technologies, dispersion effects appatalow frequencies; as a
consequence, very long voltage pulses are requiredrder to evaluate the
duration of the turn-on transient. An automated sneament system merges the
results obtained by applying a series of voltagegsuof different duration to the
gate and allows one to evaluate the evolution aindcurrent up to 1 s after the
application of the pulse, with a very good timeotason, see Fig. 4.1. Drain
current vs voltage characteristics can be evaluatedifferent sampling times,
Fig. 4.2, but comparison can be done only with D@racteristics, since only the

gate voltage can be pulsed.

QinetiQ - MULL M1910-E - VDD=15V VGSoff=-9V VGSon=0V
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-200 } t t t t t t
1.E-8 1.E-7 1.E-6 1.E-5 1.E4 1.E-3 1E-2 1.E-1 1.E+0
Time [s]
Fig. 4.1: gate-lag drain current "logarithmic pulse" of QieMULL HEMT processed with the
Photolithography step.



4. Parasitic effects in GaN HEMTSs
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PULSED (duty cycle 10us/100ms, sampled @ 5us) PULSED (duty cycle 10ms/100ms, sampled @ 5ms)
\ 1000 -

@

o

o
!

(2]

o

o
!

Id (mA/mm)
Id (mA/mm)

S
o
o

N

o

o
!

15 20

10
Vds (V)
Fig. 4.2: Output b vs Vps curves, \6=0V to -6V, step -1V, ¥s=0V are the top linessolid black

lines: DC curves taken with short integration time mddash red lines Pulsed curves sampled at
5 us (eft) and 5msright) after the gate turn-on pulse application.

4.2.1.2 “Double-pulse” or “DIVA-like” measurements

More commonly, current collapse effects are evaldiaising the "double-
pulse" or "DIVA-like" system, already describeddmapter 2.3.2.1. The transistor
is turned on starting from an arbitrary quiesceninp(or Vgs, Vps "baseline"),
that is an important feature since the presendeapt always involves memory
effects which may change the device pulsed behadoording to the adopted
quiescent bias point. Pulse duration and duty cyeége chosen taking into
account typical capture and emission timed of tivelved traps.

Slump ratio is defined by comparing two pulsedvé Vps characteristics, the
"collapsed" I-V curve, measured starting from baseVps = 0 V, Vgs < Vpinch-off
=V, (which injects negative charge on surface trams, the "reference" curve,
measured with baselineg¥= Vps= 0 V. A "slump ratio" S.R. is then defined
using the equation listed below; S.R. = 1 meansunent collapse. A completely
collapsed device has S.R. which tends to 0. A dymdahreshold voltage shift,
AV, and a "transconductance slumpm @mp Were also defined, as shown
below. Threshold voltage was defined by extrapolating the Is Vss curves
to measured atps = 10 V to b = 0 mA; gnmal{Vp , 20 corresponds to the
maximum value of transconductance measured in g@utsditions using a
baseline with s =V, Vps=20 V.
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Fig. 4.3: SR definition adopted in this work. Fig. 4.4:gm_sumpdefinition adopted in this
work.
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Fig. 4.5: AVt definition adopted in this work.

The interest in the dynamic behaviour ofys\Mand g, is motivated by a simple
consideration. Fig. 4.6 shows the schematic cresBes1 of an AlGaN/GaN
HEMT and identifies possible location of deep lsveh the device surface and
within the various epitaxial layers and their ifdees. Neglecting short-channel
effects, we can assume that traps on the devic¢acguwill only affect source and
drain parasitic resistances Bnd B, while traps located below the surface, within
the various epitaxial layers, if homogeneouslyribsted along the device length
and width, will influence both parasitic resistan@d device threshold voltage.

An increase in parasitic resistances reduces dmairent and transconductance,
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and has its maximum effect when the channel iy folen, i.e. at high values of
Vgs, as shown in Fig. 4.7, Fig. 4.8, and Fig. 4.9 Wwhiefer to double-pulse
measurements respectively of the ¥s Ves, gn VS Vs, and b vs Vps
characteristics of a Selex SLX15 device. Since atmo shift in threshold voltage
is observed, it seems reasonable to assume thab#sved collapse effects are

due, in these devices, to the effect of traps erd@vices surface.

I e |Traps affecting Rg, Ry, and consequently, gm_mQ

I_H /_H

00000 0000000
AlGaN
00000 OO0 OOOOBOOO

[SISICICICHOICICISISISICHICICICOISISICOISIS)]
GaN
00000 OO0 OO0

Traps affecting V;

Fig. 4.6: schematic cross-section of an AlIGaN/GaN HEMT idgimtg the effect of traps.
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Fig. 4.7: Double-pulse ds-V gs characteristics Fig. 4.8 Double-pulse transconductance
of a Selex SLX15 device (#100um, characteristics,gvs Vgs of a Selex SLX15
Lg=0.25um, lrs=5um, Lgp=3.4um) measured (Ws=100um, lg=0.25um, lps=5um,

with a 100us period, and a fis pulse width Lgp=3.4um) measured with a 108 period,
(Vgsfrom OV to -6V step -1V, ¥Ysfrom 0to 20  and a 1us pulse width (s from OV to -6V
V). Different baseline values foraé.p, Vps.i step -1V, \bsfrom 0 to 20 V). Different
have been adopted. baseline values for M., Vps.p have been
adopted.
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0.8 SLX15 C1nl (Wg=100um, L=0.25um, Lps=5um, Lgp=3.4um)
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Fig. 4.9: Double-pulse ds-Vps characteristics of a Selex SLX15 ga100um, Lg=0.25um,

Lps=5um, Lgp=3.4um) measured with a 108 period, and a fis pulse width (\ésfrom OV to -
6V step -1V, \bsfrom 0 to 20 V). Different baseline values fogdd, Vbs.b have been adopted.

At high Vps voltages, some detrapping may occur due to the dlectric field,
which also "masks" the electrostatic action of ttegs; as a consequence, the
current slump is maximum forp¢ values around the knee voltage, between the

linear and the saturation region, see Fig. 4.9, dautease at increasingy/in

saturation.
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0.7 0.2
— V5 g =0V Vp =0V Py,/P=1us/100u 7\/(5*550\/ vaBLiOV Pw/P=1us/100us
0.6 T Ve 5=V Vp 5 =0V Viem10V 016 xw BL *'gx xu BL *2\5/\/ Vom0V
> Ds™ 16 T — = = Ds=
05 4 — Ve =9V Vp =15V G.BL D8t
B E 0.12 1
£ 047 £
< )
G037 Z008+
021
0.04
0.1
0 : : " 0 ) ;
-7 -5 -3 -1 -7 -6 -5 -4 -3 -1
Ves(V) Ves(V)

Fig. 4.10:Double-pulseds-Vgs characteristics Fig. 4.11:Double-pulse transconductance
of a QinetiQ RHODES device (¥#100um, characteristics, gvs Vgs of a QinetiQ
Lg=0.5um, lps=4um, Lgp=2.4um) measured RHODES device (W=100um, lg=0.5um,
with a 100us period, and a fis pulse width  Lps=4um, Lgp=2.4um) measured with a 108

(Vgsfrom OV to -6V step -1V, Ysfrom 0 to 20 period, and a {us pulse width (s from OV to
V). Different baseline values forgé.p, Vos.bi -6V step -1V, \bsfrom 0 to 20 V). Different

have been adopted. baseline values for ., Vbs.p have been
adopted.
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When traps are present below the gate (i.e. withe epitaxial layers), a
dynamic shift in the threshold voltage is obsensek Fig. 4.10 and Fig. 4.11;
however, since source and drain access region lapeaffected by traps, the
transconductance also decreases, so that the kntiseVps is collapsed, see Fig.
4.12.

QinetiQ RHODES R134C - Ips vs Vps @ Vgs from OV to -6V (step -0.1V)
0.8

Ve 5.=0V Vp 5.=0V
P/P=1us/100
07+ Ve =9V Vp g =0V w/P=1us/100us
06 & Ve 5=-9V Vp =15V
£ 05T
€04t
%
£03+
02+
0.1 -
0
0 5 10 15 20
Vps(V)

Fig. 4.12:Double-pulseds-Vps characteristics of a QinetiQ RHODES device;&81/00um,
Lg=0.5um, lps=4um, Lgp=2.4um) measured with a 1Q8 period, and a fis pulse width (s
from OV to -6V step -1V, ¥Ysfrom 0 to 20 V). Different baseline values fogd4, Vps., have

been adopted.

4.2.1.3 Analysis of dispersion effects by means of two-dnsienal numerical
device simulation

In order to validate our hypothesis on the infllet the location of traps on
the dynamic behaviour of M and g, we have carried out two-dimensional (2D)

numerical device simulations using the commercakage DESSIS (Synopsis).

The simulated device structure includes apirGaN bulk layer, capped by a
25 nm AlGaN barrier, with x=0.26. The source—gatd gate—drain separations
used are 1.18m and 2.05um, respectively, and the gate length is set to Qrg2
Highly doped regions are created under the souree+electrodes down to the
GaN channel to emulate metal spikes and to coetotact resistance. AlGaN
and GaN possess polarized wurtzite crystal strastunaving dipoles across the
crystal in the [0001] direction. In the absenceextiernal fields, this macroscopic
polarization includes spontaneous (pyroelectri@) stnain-induced (piezoelectric)

contributions. The primary effect of polarization an interface charge due to
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abrupt divergence in the polarization at the AIG&EN heterointerface. To
account for polarization charges at the AlGaN/Gadefointerface were used
explicit charges at heterointerface, where a lapgéarization divergence is
present. The charge values are automatically coedpdtrring preprocessing of
the input file by TCL script written by us. The cputation uses Tcl scripting and
follows the formulation by Ambachet al [2]. A partial strain relaxation would
lead to a reduction of the polarization charges, #mefefore, a DESSIS variable,
strainRelax, is included to allow users to conthe@ degree of required relaxation.
In this simulations, strainRelax = 0.1. Acceptadéues range from 0 to 1. In this
work, it is assumed that GaN is fully relaxed aheyefore, its polarization vector
contains only the spontaneous componBsf{GaN). For AlGaN, in addition to
the spontaneous componétgAlGaN), the piezopolarization component due to
the strained AlGaN layer must be computed. GaN AlN values and linear
interpolation are adopted in the computation of ralble fraction—dependent
piezoelectric and mechanical constants of AlGaN.e Tlarge polarization
divergence at the AlGaN barrier surface would catgly deplete the channel of
electrons if not partially or completely compensaly positive charges [3]. It is
still not clear whether the polarization chargeaspensated by fixed charges or
interface trap states. In this work, polarizatidvarege was partially compensated
by deep, single-level trap states. Since anisotinpyielectric constants plays a
first-order role in the potential distribution inal HFET devices and, as a
consequence, in the |-V characteristics, an amipmtrmodel for the dielectric

constants was used in the simulationd € 9.5, (1= 10.4).

The aim of this simulation study is to verify thieet of traps ongd vs Vgs
device characteristics, without attempting any ditetive modeling of the device,
only acceptor/electron, bulk, single-level trapsvéhabeen included in the
simulations. The density of traps in the GaN buffies set to N= 1 x 13’ cn,
with a cross section afr = 1 x 10" cm? they were positioned 0.5 eV from the
conduction band. The density of interface fixedrgkain the GaN/AlGaN and
AlGaN/SIN interface was instead set to an initiehcentration of Nan/aican =
13.8 x 10% cmi? (resulting by the polarization theory) andiican = -9.3 x 167
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cmi?, respectively. Furthermore a concentration §f=N4.4 x 16% cmi? donor
single-level traps, with a cross sectionoef= 1 x 10" cni?, were positioned 0.1
eV from the conduction band in the GaN/AlGaN iraeH.

Fig. 4.13a shows typical dc drain—curréptversus gate—source voltayfes
characteristics measured at a drain— source volWgg®f 10 V of the undoped
Selex AMS04 HEMTs superimposed to the device sitrararesults. Whereas
Fig. 4.13b shows the respectivg curve.

With the aim of evaluating the effects of deep Isythree different scenarios
were taken into consideration, differing for thetical position of the traps: a) at
the SiN/AlGaN interface, only in the access regjohy at the AlGaN/GaN
interface, everywhere; c) within the AlGaN and Gklyers. Simulations have
considered either fixed charge or traps with spe@&hergy positions from the

band edges and cross-sections.

a) Trap formation at SiN/AlGaN interfacA.negative charge at the device
surface in the access regions (either fixed or tduraps) affects, as
expected, the device current and transconductaithewv changing the
threshold voltage, see Fig. 4.14. The SiN or théaN surface acts as
“virtual Gate” whose voltage is determined by thapped charge at
AlGaN/SiN interface as proposed by [4] in orderexplain current
collapse. The presence of this virtual gate leadart increase of the
access resistances originating the "current cadlaps dynamic
conditions. Moreover, at high@¢ values, drain current is controlled by
the "virtual gate" and only wheng¥ decreases below a certain value,
which is determined by the concentration of surferegs, the "real
gate" is able to modulate agais kince the depletion region under the
gate prevails upon that in the access regions. Whenvirtual gate"
limits the current, the drain current remains neatbnstant as a

function of \is, leading to a transconductance drop.

b) Trap formation at GaN/AlGaN interfach this case a threshold shift is
obtained, as it occurs in the case of a MOSFET wthigrge trapped in
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the gate oxide (or at the Si/Sithterface), see Fig. 4.15. It should be
noticed that a transconductance drop is also presece the effect of
the positive charge at the SiN/AlGaN interface tbe channel is
screened due to the AlGaN/GaN interface charge.

c) Trap formation at GaN and AlGaN layeulk trap formation in the

GaN and AlGaN layers has the same effect obsenvdu),i see Fig.

4.16.

In conclusion, device simulations have confirmedlt ttat least for fairly long
gate-length devices, the observed threshold volshifes should be attributed to
traps located within the epitaxial layers and theierfaces, while surface traps
would not affect W¥y. Simulations therefore confirm that pulsedyVand g,
measurements represent a simple, yet effectivé taodentify possible trapping

effects related with substrate quality or epitakisler growth. The results of the
simulations can be applied also to the study oferurcollapse effects due to

degradation.
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AMS04 measured at a drain—source voltage 6f 10 V of the undoped HEMTSs studied
superimposed to the device simulation resultsfd)their corresponding transconductance (b).
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Fig. 4.14: Device simulation results of the dc draurrenti, versusVgscharacteristics afps =10
V of the undoped HEMTSs studied obtained varyingdharge/trap concentration at SiN/AlGaN
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interface.

Fitting Simulation
Simulation obtained added;N: 3 x 10&* cmi? of acceptor traps positioned 0.5
eV from the Valence band at SiN/AIGaN interface
Simulation obtained added;N: 5 x 10&* cmi? of acceptor traps positioned 0.5
eV from the Valence band at SiN/AIGaN interface
Simulation obtained added{N= 3 x 10é&? cmi? negative fixed charge to
SiN/AIGaN interface

Simulation obtained added{N= 6 x 10é&? cmi? negative fixed charge to
SiN/AIGaN interface
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Fig. 4.15: Device simulation results of the dc draiurrenti, versusVgscharacteristics afps =
10 V of the undoped HEMTSs studied obtained varyhegtrap concentration at GaN/AlGaN
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interface.
Fitting Simulation
Simulation obtained added;N: 1 x 10&* cmi? of acceptor traps positioned 0.5
eV from the Conduction band at GaN/AlGaN interface
Simulation obtained added;N: 2 x 10&* cmi? of acceptor traps positioned 0.5
eV from the Conduction band to GaN/AlGaN interface

Simulation obtained added{N= 1 x 10é&? cmi? negative fixed charge to
GaN/AlGaN interface

Simulation obtained added{N= 2 x 10é&? cmi? negative fixed charge to
GaN/AlGaN interface
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Fig. 4.16: Device simulation results of the dc draiurrenti, versusVgscharacteristics afps =
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bulk.

Fitting Simulation
Simulation obtained added;N: 5 x 10&’ cni of acceptor bulk traps positioned
1.5 eV from the Conduction band in the AlGaN barrie
Simulation obtained added:N: 1 x 10&’ cni? of acceptor bulk traps positioned
0.5 eV from the Conduction band in the GaN buffer
Simulation obtained added;N 5 x 10&’ cm? negative fixed bulk charge to
AlGaN barrier

Simulation obtained added;N= 1 x 10&’ cm? negative fixed bulk charge to
GaN buffer
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4.2.2 Material and technology dependence of current coliase effects

Current slump has been characterized using thelelquitse, DIVA-like set-up
in almost all wafers manufactured within KorriGaNg. 4.17 summarizes the
current slump, defined as described in paragrapi 2, for a significant set of
KorriGaN wafers Measurements have been performed at Universityagota,
Selex-Sl, and 3-5 Labs. Characteristics of wafersnstted to double-pulse
current collapse tests, within information aboubsttate and epi suppliers are
reported in Table 4.1.

Perf. in UPAD Perf. in Selex Perf. in 3-5Labs
A A
i N Y N\

SLX35_B

IONA
SLX 42

RHODES
GREAT
GIBSON
BEAST
PETER PAN
SLX19
SLX02
AMS09
SLX15
SLX14
SLX25
SLX35_A

| TINKERBEL
AMS04

ATACAMA
SLX 35
SLX 45
SLX 43
SLX 44
SLX 36
SLX 34
SLX 38
SLX 18

SLX3_0P
SLX63
SLX3_0Q
SLX48
SLX50
LO588A
LO582
AEC1144
AEC1143
AEC1143

KQO003 FP
KQO003

KQO31 FP
KQO31

QinetiQ Selex Picogiga Thales

Fig. 4.17:Drain current slump ratio, measured adopting allves@/ps = 20 V, Vss=- 8V) in
some of the Korrigan wafers. Measurements have pedaormed at University of Padova,
Selex-SI, and 3-5 Labs.

The highest contribution to current slump usualbmes from traps at the
surface, as demonstrated by the fact that suitpblsivation using SiN or
SIO/SIN greatly improves current collapse. Most i®&aN devices preserve at
least 80% of their DC current in pulsed conditions)

As demonstrated by the 2D device simulations pteseim paragraph 4.2.1.3,
if the traps responsible for dispersion are locatedthe device surface, they
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should have a reduced effect on the device thrdsiatage, but they will affect
the series resistances, and, as a consequencem&éxémum value of

transconductance,gmax (see Fig. 4.6).

Table 4.1 Characteristics of wafers submitted to doublespuwurrent collapse tests

Foundry Wafer name substrate epilayer
supplier supplier
ATACAMA SiC Cree QinetiQ
IONA SiC Cree Qinetiq
RHODES SiC Cree QinetiQ
L GREAT SANDY SiC Cree TRT
QinetiQ GIBSON Sic Cree Qinetio
BEAST SiC Cree TRT
PETER PAN SiC Cree QinetiQ
TINKERBELL SiC Norstel QinetiQ
AMS 04 SiC Cree QinetiQ
SLX 19 SiC Norstel Picogiga
SLX 02 SiC Cree TRT
AMS 09 Sapphire - QinetiQ
SLX 15 Sapphire - QinetiQ
SLX 14 Sapphire - ULE
SLX 25 SiC Norstel QinetiQ
SLX 35 SiC Cree TRT
SLX 42 SiC Norstel QinetiQ
SLX 45 SiC Cree Picogiga
Selex SLX 43 SiC Cree Picogiga
SLX 44 SiC Cree Picogiga
SLX 36 SiC Nostel Picogiga
SLX 34 SiC Cree TRT
SLX 38 SiC Nostel QinetiQ
SLX 18 SiC Cree TRT
SLX 0P SiC Cree Cree
SLX 63 SiC Cree QinetiQ
SLX 00Q SiC Cree Cree
SLX 48 SiC Cree Picogiga
SLX 50 SiC Norstel QinetiQ
Pi . LO588A - - -
ICOgIga LO582 : : :
AEC1144 SiC Cree TRT
Thal AEC1143 SiC Cree TRT
ales KQ003 Sic Cree QinetiQ
KQO031 SiC Norstel QinetiQ

Fig. 4.18 shows the slump ratio of a significanit aeKorriGaN wafers; the
higher the slump ratio, the better is the devideabeor. With few exceptions, the
S.R. of tested wafers is close to 0.8. Current plusnclosely correlated with
transconductance slump, Fig. 4.18, as it was egdesince d = gn (Ves — V7).
There are a few wafers, however, which also showarkable shifts in the
threshold voltage, see Fig. 4.19, thus suggestiegpresence of traps in the
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epitaxial layers or at their interfaces. In Figl9the value of (1 - S.R.) is plotted,
so that better devices show at the same time loakres of (1 - S.R.) and of
threshold voltage shift. The histogram plot repdrie Fig. 4.18 and Fig. 4.19
show that wafer RHODES and GREAT SANDY are possibifected by
presence of traps in the epitaxial layers, resgllimremarkable Y4 shifts during

pulsed measurements (~ 1.4 V and 0.8 V respecjively

1.2
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Fig. 4.18:slump ratio S.R. and,g,mp0f wafers measured at University of Padova.
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Fig. 4.19:(1 - S.R.) and threshold voltage shift of wafersasured at University of Padova.
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4.2.3 Dependence on gate-to-drain distance

In QinetiQ GIBSON and ATACAMA wafers, the dynamihif$ in threshold
voltage is very small, see Fig. 4.19; as a consamputhe observed current slump
should be attributed to an increase in seriesteggie due to negative charge
trapping at the SiN/AlGaN interface in the accesgians. This is confirmed by
the experimental observation that dispersion esxe at increasing the gate-drain
distance kp, see Fig. 4.20.

Gate-Lag dispersione vs Gate-to-Drain distance, LGD

J ——GIBSON —O—ATACAMA‘

[N
N
!

[y
o
!

8__

6__

\

% Gate lag dispersion

1 15 2 25 3 35 4
LGD [um]

Fig. 4.20: Gate-lag dispersion as a function ofgate to drain distance in QinetiQ
GIBSON and ATACAMA devices.

4.2.4 Anomalies in QinetiQ devices defined by photolithogphy

In general, moderate or low dispersion effects wietected by means of

pulsed techniques, with some exceptions:

(@) QinetiQ devices which have been fabricatedgiphotolithography, even
if they belong to different wafers, present renahtke dispersion effects;
Table 4.2compares the results of gate-lag characterizatio®@inetiQ
devices (First rows); Fig. 4.21(a) and (b) compaties typical drain
current pulse of a GIBSON device fabricated witheaim lithography
with those of a photolithography device;

(b) QinetiQ MULL devices, either fabricated usipfotolithography or e-
beam lithography, present significant dispersidiea$, reaching 90% in
case of photolithography. Fig. 4.22(a) shows tlgadlithmic pulse" gate-
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lag pulse of a QinetiQ MULL device fabricated usthg photolithography
process (a) and with the e-beam lithography (by. Bi.1 shows the
"logarithmic pulse" gate-lag pulse of a QinetiQ MUUevice fabricated
using e-beam lithography in which two time poinévé been highlighted:

5 us and 5ms. In Fig. 4.2, the I-V DC output chemastics obtained using
HP4155 in the short integration time mode are coegavith those
sampled respectively after a 10 us/100 ms pulse, starting from ¥s.
o= - 9V t0 Ves.o= OV, at constant W = 15 V, Fig. 4.2, left, or after 5 ms
of a 10 ms-on/100 ms-off 34 pulse with the same bias points, Fig. 4.2,
right. Time dependent current collapse of |-V clteastics is clearly

detected.

Table 4.2:dispersion in QinetiQ PL and EBL devices and inMUlevices with Okmetic

substrate
epilayer substrate N
Fab Wafer name |PL/EB substrate Mdea§ured GSA TE LSAS NOTE
supplier supplier evices DISPERSION
PL o ] 7 MEDIUM (~25%)
ATACAMA QinetiQ SiC Cree
EB 35 LOW (~10 %)
PL o . 8 HIGH (~40%) see Figure
Q’ GIBSON QinetiQ SiC Cree
L||_J EB 40 LOW (<10 %) see Figure
Z PL 6 MEDIUM (~30%)
o IONA QinetiQ SiC Cree
EB 33 VERY LOW (< 5%)
PL . . . 13 VERY HIGH (~90%) see Figure
MULL Tiger SiC Okmetic
EB 41 VERY HIGH (~70%) see Figure

While dispersion in MULL devices, which presentgardynamic shift of
threshold voltage is possibly linked with a highnsi¢y of deep levels in the
Okmetic SiC substrate, the worsening of currenlapske effects observed in PL
devices with respect to EBL devices fabricated lom same wafer is certainly
linked to specific process steps; surface damag#hoto-resist residuals may be
at the origin of the observed transient behaviduwnther information will be
available after destructive failure analysis by ssrsectioning which will be
carried out within WP4.4.
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QinetiQ - GIBSON G1014-A - VDD=14.5V VGSoff=-9V VGSon=0V

1000
Photo Lithography - PL

800 + /-""'f"

600 +

400 +

ID [mA/mm]

200 +

0 4

-200 } t t t t t t
1E-8 1E7 1E6 1lE5 1E4 1E-3 1E2 1E-1 1E+0
Time [s]

(@)

QinetiQ - GIBSON G88-B - VDD=14.5V VGSoff=-9V VGSon=0V

1000 |

800 -

600 -

400 -

ID [mA/mm]

200 A

Electron Beam - EB

'200 : : Ll Ll Ll Ll Ll
1.E-5 1E4 1E-3 1E-2 1.E-1 1.E+0

Time [s]
(b)

Fig. 4.21:gate-lag drain current "logarithmic pulse" of Qi@eGIBSON HEMT processed with
two different lithographic methods: (a) Photolithaghy; (b) Electron Bean lithography.
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QinetiQ - MULL M1610-A - VDD=15V VGSoff=-9V VGSon=0V

800
Photo Lithography - PL
600 T
€
£ 400 T
<
E
a 200 1
0 -
-200 i i i i i i i
1.E-8 1.E-7 1.E-6 1.E-5 1.E-4 1.E-3 1.E-2 1.E-1 1.E+0
Time [s]
(a)
QinetiQ - MULL M1110-B - VDD=15V VGSoff=-9V VGSon=0V
800
Electron Beam - EB
600 T i
€
E 400 T
<
£
0 200 1
0 -
-200 } } } } } } }
1.E-8 1.E-7 1.E-6 1.E-5 1.E-4 1.E-3 1.E-2 1.E-1 1.E+0
Time [s]
(b)

Fig. 4.22:gate-lag drain current "logarithmic pulse" of QieMULL HEMT processed with two
different lithographic methods: (a) Photolithogrgptb) Electron Bean lithography.
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4.2.5 Transconductance dispersion as a function of frequey

Small-signal parameters characteristics of KorriGakvices were also

measured, in order to obtain a better understanafinge effects of the presence

of bulk and surface deep levels on the circuit gueninces. Fig. 4.23 shows

transconductance frequency dispersion measurenaarteed out at various
temperatures from -40°C to +70°C in a QinetiQ MUdlévice biased atds =0

V, Vps = 2 V using a gate sinusoidal signal with 50 mVpétade. From the

phase changes depicted in Fig. 4.24, an activanangy of 0.13 eV is obtained,

as shown in the Arrhenius plot of Fig. 4.25.

MULL 159  Vgs=0V Vps=2V Vpy=0.05V

11
1.05
=
g 1 —T=-40°
s 9 —T=20°
8209 T=20°
33 —T=40°
Eg oo —T=50°
o
= —T=60°
@ 0.85 —T=70°
c
o . RSt
= 084 R Sy
0.75 M H H H H M "”“\
1 10 100 1000 10000 100000 1000000

frequency (Hz)

Fig. 4.23:transconductance frequency dispersion measumiffexent temperatures in QinetiQ

Fig. 4.24:

MULL devices.

MULL 159  Ves=0V Vps=2V Vapy=0.05V

180
179 4
—T=-40°
=) T=-20°
L —T=20°
o 178 1 —T=40°
2 T=50°
s —T=60°
—T=70°
177 4
176
10 100 1000 10000 100000

frequency (Hz)

phase shift frequency dispersion meakatelifferent temperatures in QinetiQ MULL
devices.
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MULL - Traps energy activation

In (e n/T?)

y = -0.1345x + 1.6802

50 F

55 ] ] ] ]
30 35 40 45 50 55

o/kT

Fig. 4.25:activation energy extracted from the frequency plsisft of Fig. 4.24.
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4.3 KINK EFFECTS

4.3.1 Kink effect experimental characterization

The "kink" effect consists in a sudden, but snmaltrease in the drain current,

taking place during DGolvs Vbs measurements when a certaigs\Kink value is
exceeded. This effect is due to extremely slowstrajthin the epitaxial layers
and/or their interfaces, and is not apparentlyteelawith the device surface.
ISOM, QinetiQ and University of Padova intensivebjlaborated in the study of
these parasitic phenomena. Main features of theddiiect may be summarized as

follows:

(@ in Lg = 0.6 um HEMTSs, the kink is observed only when long time
constants and slow voltage sweeps were adoptedigeé.26;

(b) the kink is due to a shift in the device thresholdltage: at
Vps < Vps_kink, the absolute value of the threshold voltegemaller than
at Vps > Vps Kink, see Fig. 4.27;

(c) independently from the process, devices adoptingel@ epitaxy are
affected by the "kink" which, however, does noeatfsignificantly power

performances;
G911B -IDS vs VDS (VGS from 0V to -6V - step -1V) GIBSON G911B IDS vs VGS
1000 : ‘ 600
| e — DS @ VDS=3v
_-" 7 — DS @ VDS=4V
fniant ——r— 500 T
800 + - — — - /. r S —mpse@vos=rv | Vds=7,89
7 ‘ —pse@vosssy | and10V
= G [ - B 4007 s @ VDS=9v
€ 600 1 [ | £ 8
E _ L/ w £ — DS @ VDS=10V
< — = | - < 300
£ 'y | E
400 1 )
e il } £ 200
J( ‘ Vds=3 and 4 V
L — | S=3 an
200 T ===—" 100
v |
0 1 ‘ — 0 :
0 5 10 15 20 -7 -6 -5 -3
VDS V] VGS [V]
Fig. 4.26:output curve taken with short Fig. 4.27:1p vs Vs before (3 and 4 s

integration time mode (solid black line) and  values) and after (7-10 Vp¢ values) the
with long integration time mode (dashed red kink. The parallel shift of thepk curves after
line). Vgs=0V are the top lines. QinetiQ the kink is clearly due to a threshold voltage
GIBSON device. shift. QinetiQ GIBSON device.
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(d) Table 4.3 and b characteristics from Fig. 4.28 to Fig. 4.33 compare
different wafers from the point of view of the kiekfects. Devices MULL
with substrate SiC Okmetic and epi-layer TRT alsovg a small kink due
to a threshold shift, but with significantly highéps_kink values, see Fig.
4.31 and Fig. 4.32. On the other hand, devices fioafer GREAT
SANDY, fabricated by QinetiQ on TRT epitaxy and Sitee substrate
within the same batch as ATACAMA and GIBSON, do slbw the kink
effect, see Fig. 4.33;

(e) kink does not depend on the presence of passivétiaa present both
before and after passivation) and on the presehEe @ the GaN buffer

layer;

Table 4.3:Presence of kink phenomena in the different studadces. The
devices with the kink effect have been highlightgdshading the cells. Clearly
there is a correlation between presence of kinkegildyer supplier; all the
epilayers coming from QinetiQ, even if processedifferent site, present the
kink phenomena. The I-V curved of some represamatevices (highlighted in

bold) have been plotted in Fig. 4.28
Fab Wafer name epilayer substrate substrate KINK
supplier supplier
o ATACAMA QinetiQ SiC Cree YES
E GIBSON QinetiQ SiC Cree YES
Z IONA QinetiQ SiC Cree YES
© MULL Tiger SiC Okmetic NO
AMS_00C_2623 Emcore Sapphire NO
SLX_ 19 2212 Picogiga SiC Norstel NO
ﬁ AMS_00A_2111 QinetiQ Sic Cree YES
g AMS _00B_2121 QinetiQ Sapphire Cree YES
AMS 04 1111 QinetiQ SiC Cree YES
SLX_02_1311 TRT Sic Cree NO
QQ0602 QinetiQ Sic Cree YES
0 QQO0701 QinetiQ SiC Cree YES
w QQ0702 QinetiQ Sic Cree YES
% AEC1148 Tiger SiC Okmetic NO
= AEC1142 TRT SiC Cree NO
AEC1147 TRT SiC Cree NO
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Qinetig IONA 1-137B VGS from OV to -6V - step -1V

QinetiQ MULL M1110 - VGS from OV to -6V - step -1V
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Epilayer:QinetiQ; Fab. ProcessSelex-SI
Thales QQ0701 Dev13 4 - VGS from -6V to OV (step 1V)
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Thales AEC1142 Dev19_3 - VGS from -6V to OV (step 1V)
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1200

Epilayer:TRT; Fab. ProcessTRT

Fig. 4.28:output curve taken with short integration time méstaid black line) and with long
integration time mode (dashed red linegs¥ 0 V are the top lines.
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QinetilQ ATACAMA AT79E - 156 vs Vps @ Vs from OV to -8V(step -0.1V) 0s QinetiQ ATACAMA AT79E - Ips vs Ves
09T 0.45 +
08 04+
074 _ 0357 Vp=9,10,11
E 0.6 € 037 and 12V
£os £ 02 N
© 04 o 0.2
0.3 1 0.15
0.2 0.1 Vp=3 and 4V
0.1+ 0.05 +
0 0 -

10 -5
Vos (V) Ves (V)

Fig. 4.29:Output characteristics with a small Fig. 4.30:1p vs Vgs before (\bs = 3 and 4V)

Vs step. QinetiQ ATACAMA device. and after (s =9, 10, 11 and 12V) the kink.
(Wg=100um, lg=0.6um, lrs=4um, The parallel shift of theplcurves after the kink
Lgp=2.4um). is clearly due to a threshold voltage shift. Same
device of Fig. 4.29.
Qin(;e}iQ MULL M1110B - 1,5 vs Vps @ Vgs from OV to -7V (step -0.1V) 0.30 QinetiQ MULL M1110B - Ips vs Vgs
e
06T g 0.25 4 Vps=16,17,18,19
iy ——— and 20V
05 | ‘ — 020
Eoar — é
s g ————————. : g 015
R  ———————— @
y ————— = 0.10
0.2 + ————————
o1l ———— 0.05
—
0 —— ——— —— =— 0.00 ' ' '
6 -5. -4, - -3. -3
’ BB oy

Fig. 4.31:Output characteristics with a small Fig. 4.32:1 vs Vs before (\bs = 3-8V) and
Vs step. QinetiQ MULL device (\WF100um,  after (Vps= 16, 17, 18, 19 and 20V) the kink.
Le=1um, Lps=4um, Lgp=2.15um). OKMETIC Same device of Fig. 4.31.

substrate, epi TRT epi, QinetiQ processing..

G.SANDY 914D - Ios VS Vos @ Vs from OV to -6V (step -0.1V)

0.9+
0.8 T
0.7 1
E 0.6 T
§ 05T
204t
03+
02+
0.1

10
Vos (V)

Fig. 4.33:output characteristics with a smaltystep aimed at identifying “kinks” in the 1-V
characteristics. QinetiQ GREAT SANDY device £A100um, lg=0.6um, lps=5um, Lgp=3.4um).
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() the Vs _kink value has a nhon-monotonic dependence @ e Fig. 4.34
and Fig. 4.35;

(g9) the kink is present also in the characteristickbon§ gate devices, see Fig.
4.36; \ps_kink does not change with thes,Lbut the kink amplitude is
lower in 50um devices than in 100m ones (see Fig. 4.36 and Fig. 4.37);

(h) kink amplitude is lowered at increasingd. see Fig. 4.38;

(i) relevant memory effects contribute to hinder kihlam@acterization: during
repeated measurements, gvexceeds Ws_kink, only the first curve will
show a "kink" (i.e. if the device is biased apsV> Vpg kink this will
temporarily remove the kink). The effect is recacerby keeping the
device unbiased (atdé=Vps = 0 V) for at least 5 minutes, see Fig. 4.39
and Fig. 4.40;

QinetiQ GIBSON G914E - Is vs Vos @ Vs from OV to -6.5V (step -0.1V) QinetiQ GIBSON G914E - Vi vs Ves
10
S
9 1 . »
o
8 1 * 0“‘
2 * “‘“
£7T R
= . s
6T PRad
* »
- Raad
. e
5 C
= 4 + +
0 10 15 20 7 6 5 -4 3 -2 -1 0
Vps (V) Ves (V)

Fig. 4.34:output characteristics with a small Fig. 4.35:Vps values corresponding to maxima
Vs step. Red diamonds correspond to the in output conductance M) Vs Vs (points
maximum of the output conductance in the kink identified in the previous figure). QinetiQ

region (Vkink)- QinetiQ GIBSON device GIBSON device (W=100um, lg=0.6um,
(Wg=100um, lg=0.6um, lps=4um, Lps=4um, Lgp=2.4um).
LGD=2.4Um).
Vg from OV to -6V step -1V (LONG integration) QinetiQ GIBSON G1013D - Ips vs Vps @ Vs from -7V to OV
2.0E-02 - L0 Ty step=1v
5 minutes delay between 09+ s
measurements
0.8+
1.5E-02 + 074
_ €06 T
< 108021 §0-5 T
= S04+t
03+
5.0E-03 T o021
0.1+
0.0E+00 F—p——p——p—————— 0.0 F————— e ———F—
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Vos (V) Vos (V)

Fig. 4.36:15-V;, of @ GIBSON FATFET k=50  Fig. 4.37:15-Vp of a Lg= 0.5um, W=100um

pm, W =100um device. GIBSON device.
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Fig. 4.38:15-Vps measurements of QinetiQ PETER PAN transistors dgh= 3 um (left) and
Lep =5 um (right). Pulsed measurements shown arevalgmit to DC measurements for medium

Repeated measurements at VG=0V

integration times.

Repeated measurements at VG=0V

—&— First Measurement
—o— Second Measurement
—0— After 5 Minutes

0.1
0.08 - 000005, 0.08 +
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< <
g 2
= 0.04 = o074
—&— First Measurement
0.02 —— Second Measurement
—o— After 5 Minutes
0¢ ‘ ‘ 0.06
0 5 10 15 3
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Fig.

9
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11 13

4.39:repeatedds vs Vps curves at Fixed ¥s=0V. Right measurements are the enlargement

of the dashed box of the left figure. Measuremangtstaken with short integration time.

850
2nd-10th meas.
10 repeated 2nd-10th meas.
measurement at Vgs=0V,
with Vpg from 0V to 6V
800 1
IS
£ 1st-10th meas. \
P 1st meas. 1st meas.
E
2
= 750
10 repeated 10 repeated
measurement at V=0V, measurement at Vgg=0V,
with Vpg from OV to 11V with Vpg from 0V to 15V
700 T T T T T T T T T T T T T T T
4 6 8 10 12 14 4 6 8 10 12 14 4 6 8 10 12 14
Vos [V] Vps [V] Vs [V]

Fig. 4.40:same repeated (10 measuremenisy$ Vps curves of previous figures withQ¥=0V.
Vpsis swept from 0V to 6 V (blue curves, left figur&pm 0 to 11 V (green curves, central
figure), from 0 to 15 V (red curves, right figurdjeasurements are taken with short integration

time.
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() pulsed measurements of the kink effect have begiedaut by switching
Vps from 0 V to Wbs>Vkink (1), and, after having reached equilibrium,
from Vps1 to Vps<Viink (2), waiting for the transient (3), switching back
Vps from Vps, to Vps: > Ving and waiting for the transient (5), Fig.
4.41. Negative charge build-up takes place durimgnsient (3),
corresponding to a fast electron capture procefiewed by an extremely
slow transient (several s). During this transierird current and the
absolute value of threshold voltage decrease, #iR. Detrapping or
charge compensation takes place during transigntv{th typical times of
the order of ms, drain current and threshold vetagover, Fig. 4.43;

A

b | ve=ov

(&)

VH-high

®)

-=- 'VTH-Iow

(©)

Vps2<Vikink Vpsi>Vink  Vos

Fig. 4.41:ideal b vs Vs characteristics showing I-V trajectories duringudsed kink
characterization. ¥sis kept at 0 V. {s is switched from 0 V to ¥s>Viink (1), and, after having
reached equilibrium from 4, to Vps<Viink and back. Negative charge build-up takes place
during (3), and detrapping or compensation dur)g (

083
081+
079+
077+

g 075+

So731

Tomdt
069 +
067 1
0.65

Vy= 12V QinetiQ GIBSON G913E 083
.81+

0.79 +
077 +
<0751
Sor3q
071
0.69 +
0.67 T

Vg=-1V, Vps from 12V to 6V

Vg=-1V, Vpg from 6V to 12V
QinetiQ GIBSON G913E

350 375 400 425 450 475 500 0.85 ' '
time (5) 000.0E+0  500.0E-6 1.0E-3 1.5E-3
time (s)

Fig. 4.42:Drain current transient correspondingd-ig. 4.43:Drain current transient corresponding
to (3) in Fig. 4.41, i.e. during negative charge to (5) in theFig. 4.4, i.e. during detrapping or
build-up. QinetiQ GIBSON device compensation. QinetiQ GIBSON device
(Wg=100um, lg=0.6um, lrs=4um, (Wg=100um, lg=0.6um, lps=4um,
Lgp=2.4um). Lgp=2.4um).
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(k) the negative charge build-up leading to a decreéask when \bs <

0.9

I
©
.

t

Ips (A/mm)

o
3

0.6

Vps_kink is enhanced when both channel electron amdlaelectric field
are simultaneously present. Fig. 4.44 shows putggdut characteristics
obtained in a QinetiQ GIBSON device by varying theseline values. It
can be noticed that, even if negative charge huypliddso occurs when the
device is kept unbiased or in pinch-off conditiomaaximum kink
amplitude is observed for &,=0 V, Vpsp=7 V, while the lowest
amplitude corresponds tog¥.p,= -6 V, Vbs.b= 3 V, which actually induces
less kink than ¥sp=0 V, Vpbsp=0 V despite the higherdb value. When
Vps > Viink IS used as baseline, negative charge compensation
detrapping takes place, and the kink disappeaes;ise 4.45;

QinetiQ GIBSON G913E Vg =1v QinetiQ GIBSON G913E - V from 0 to -6V (step -1V)

— VgBL=-2 VdBL=12V =
Pw/P=1us/10us 11— \/SBL:A VdBL=12V Pw/P=1us/10us
— 0ORef.

— 0ORef.
— VgBL=0 VdBL=7V
—— VgBL=-2 VdBL=6V
—— VgBL=-4 VdBL=4V
—— VgBL=-6 VdBL=3V

BESSES

10 15 20 0 2 4 6 8 10 12 14 16 18 20
Vps (V) Vps (V)

Fig. 4.44:double-pulsed-Vps characteristics  Fig. 4.45:double-pulseg-Vps characteristics

of a QinetiQ GIBSON device (¥100um, of a QinetiQ GIBSON device (¥100um,
Ls=0.6um, lps=4um, Lgp=2.4um) measured  Ls=0.6um, lps=4um, Lgp=2.4um) measured
with a 10us period, and a fis pulse width with a 10ps period, and a fis pulse width

(Ves=-1V, Vpsfrom 0 to 20 V). Different (Vgsfrom OV to -6V step -1V, Ysfrom 0 to 20
baseline values for M., Vps.p have been V). Different baseline values forgé.p, Vos.bi
adopted, choosingpé.,<Vkink - Negative have been adopted, choosings¥>Vink (the
charge build-up takes place and, as a Vasp =0V, Vosp =0 Vis also shown as a
consequence, kink amplitude, depends on reference). As a result, negative charge

()

baseline values. detrapping or compensation takes place, and the
kink disappears.

the kink behaviour as a function of temperaturads-monotonic, so that
the kink first increases at increasing the tempeeatreaches a maximum
amplitude around R.T., and then decreases agankige 4.46 and Fig.
4.47. Kink amplitude seems to be thermally actigaig¢or T < R.T.) or
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0.60

deactivated (for T > R.T.), with activation eneggianging from 0.18 eV
to 0.25 eV.
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Fig. 4.46:evolution of the kink effect as

22 24 26 28 30 32 34 36 3.8 40 42 44 46
1000/T (K™)

Fig. 4.47:evolution of the }.« and its

devices are heated. The dotted line is obtainedactivation energies for the transistor 89D1 at

after the thermal cycle. Vgs=0,-1,-2and -3 V.
Table 4.4: Summary of the activation energies for some oftces measured.

Ea (liink)
Ves Gibsim 87 C2 Gibsim 89 D1 G_910 D G_99 B
(Le = 0.5 um) (Lg = 0.6 pm) (Lc = 0.6 um) (Le =1 pm)
LT HT LT HT HT HT
ov 0.22 eV -0.16 eV 0.17 eV -0.32 eV -0.34 eV -0.30 eV
-1V 0.19 eV -0.15 eV 0.21 eV -0.21 eV -0.32 eV -0.32 eV
-2V 0.23 eV -0.18 eV -0.19 eV -0.29 eV
-3V 0.22 eV -0.22 eV -0.11 eV -0.13 eV

(m)rather surprisingly, if the device is illuminateding an incadescent lamp,
the kink amplitude increases, see Fig. 4.48, Fi494and Fig. 4.50. We

have repeated the characterizaton using monochiofiggdt in the 0.8 eV

— 3.32 eV energy range and measured the amplitittee kink, see Fig.

4.51. A non-monotonic behaviour of the kink amplguas a function of

photon energies has been detected: kink is enhafaredE > 1 eV

approximately, and is lowered for E > 2 eV. FigbhZ.shows kink

amplitude as a function of & with the device illuminated by radiation of

different wavelengths. Fig. 4.53 clarifies the rolelight in determining

the kink amplitude: light having E < 2 eV enhanceapping at

Vbs< Vkink, leading to a decrease ist for E > 2 eV, electron detrapping

is favoured, leading to an increasedmai Vps< Vkink -
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QinetiQ GIBSON G914E - 1,5 vs Vps @ Vs from -7V to OV (step 1V)
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Fig. 4.48:output characteristics of a QinetiQ GIBSON devi&;£100um, lc=0.6um, lrs=4um,

Lgp=2.4um) measured in the dark (black) and undemithation (orange) using an incandescent

lamp.
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Fig. 4.49:1p vs Vgs characteristics of a QinetiQ  Fig. 4.50:transconductance,g/s Vgs of a
GIBSON device (W=100um, lg=0.6um, QinetiQ GIBSON device (\W£100um,
Lps=4um, Lgp=2.4um) measured in the dark Lg=0.6um, lps=4um, Lgp=2.4um) measured in
(black) and under illumination (orange) using the dark (black) and under illumination
an incandescent lamp. (orange) using an incandescent lamp.
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Fig. 4.51:kink amplitude VS monochromatic source energy. G)BISG1011D device
(Wg=100um, lg=0.6um, lps=5um, Lgp=3.4um).
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QinetiQ GIBSON G1011D Alg vs Vgs QinetiQ GIBSON G1011D Al vs Vs
et 0.14 inet
~0.14 ~0.

E 0.13 T YT E 0.13 1 654nm[1.90eV]
£012+ LA LN 0.12 + 840nm[1.48eV]
011 + i see] 0T Leeeseeteeat,  DARK L0114 sasnmprsaev)

80.10 T 590nm[2.10eV] D FECTTLA %0.10 T

£0.09 T LI IETIANNNES £0.09 - 1050nm[1.18eV]

$0.08 T 506nm[2.45€V] _'.‘ see "‘.,,_';'.- ¢ ) ©0.08
_.00'07 T 460nm[2.70eV] " ..°...,n"' ¢ —:30'07 T 1450nm[o.86ev] <

5882 T 394nm(3.15eVv] : T §ggg T

2 T - 3$0.050 1

£0.04 L FIMBIRNM gi 2T evaaeener, 004 1 .

80.03 3% ot ot ©0.03 + :
L0.02 1 o7 Lesesceccan, . <o0.02+
£0.01 £001

000 tovosd . 0.00 +—— : 1
8 7 6 5 4 3 2 1 0 1 -8 7 6 5 -4 3 2 1 0 1
Ves (V) Vs (V)
() (b)

Fig. 4.52:kink amplitude VS s Device was subjected to different monochromatiose: (a)
from 373 nm to 654 nm; (b) from 654 nm to 1550 BBSON device (V¥=100um, lg=0.6um,
Lps=5um, LGD=3.4Um).

a) b) c)
0.60
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Fig. 4.53:enlargement ofyl— Vp at Vgs = -3 V. Measurements were performed in a) dark
condition, and with devices illuminated by (b) 3%& and (c) 654 nm continuous monochromatic
light sources. Thalp values are reported. GIBSON G1011D device£f00um, lc=0.6um,
Lps=5um, Lgp=3.4um).

(n) finally, we have characterized different epilayersusing
cathodoluminescence (CL) in a Scanning Electronrdéicope (SEM).
Table 4.5 shows the list of the samples which ha@en submitted to
analysis. During the analysis, we carefully coméml experimental
conditions, keeping constant the electron beamla@tang energy (10
kV) and the beam current. Spectra were measuréd=at7 K. Six wafers
have been tested, four having QinetiQ epitaxy rémeaining two adopting
3-5 Labs epitaxy. The four wafers marked in blughe table have been
independently processed by QinetiQ, IlI-V Labs &slex foundries, and
are affected by the kink, as verified by I-V DC meg@ments with long
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time constants. All these wafers present a peaknar@.2 eV in the CL
spectra, see Fig. 4.54, where the spectra haverbaermalized taking as
reference the amplitude of the GaN peak. The inttems this "Yellow

Luminescence" (YL) peak is almost undetectablehan dther two wafers
(Great Sandy and Beast), with 3-5 Labs epitaxy @meetiQ processing,

which do not show remarkable kinks in the |-V cltéeaistics.

Table 4.5:List of substrates evaluated by cathodoluminescamaeScanning Electron

Microscope.
Wafer Epitaxy [ Process |KINK]| Y.L.
ATACAMA QinetiQ [ QinetiQ | YES | YES
GIBSON QinetiQ | QinetiQ | YES | YES
QQ0702 QinetiQ [3-5 Labs| YES | YES
AMS04 QinetiQ [ Selex | YES|YES
GREAT SANDY | 3-5 Labs| QinetiQ | NO [ NO
BEAST 3-5 Labs| QinetiQ [ NO | NO
2.5
— Ams04
Beast
S04 —QQ0702
<L — Atacama
g Gibson
8151 epi QinetiQ Great Sandy
§ (KINK)
ﬁ epi 3-5 Labs “
€ 05+ (NOKINK) /]
2 i
00 - T T T = IM
15 2.0 2.5 3.0 35 4.0
Energy (eV)

Fig. 4.54:normalized cathodoluminescence spectra on Atac@meat Sandy and Gibson wafers
at 77 K. The three spectra are normalized respedBaN peak at about 3.45 eV. The yellow
luminescence peak is evident on Atacama and Gibsders (QinetiQ epitaxy), while it is
negligible on Great Sandy wafer (TRT epitaxy).

4.3.2 Origin of the KINK effect

The experimental observations summarized in the $astion suggest that the
kink is due to the presence of traps in the epalalsiyers under the gate. When

electron trapping takes place, the negative chatglis the device threshold
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voltage towards more positive values, thus deangashe drain current, as
described at points (b), (c) and (k) of the presisection. Electron trapping takes
place for \bs < Vps_kink, or when the device is unbiased, see poajts(b), (h);
for Vps > Vps_kink, electron detrapping or compensation occtlrgs restoring
the nominal value of ¥, see point (b). This effect is not governed bycteie
field; in fact, \bs_kink has a non-monotonic dependence @3, \6ee Fig. 4.34,
which is typical of impact-ionization effects: céo$o the device pinch-off value,
Vps_kink decreases at increasings/as more channel electrons are available;
beyond a certain value ofg¥, however, the effect of the decrease in the atectr
field prevails; impact-ionization becomes less @atab due to the lower electron
energy, and ¥s kink increases again, see Fig. 4.34. In low endrggdgap
devices, like GaAs-based or InP-based HEMTSs, impmagzation generated holes
compensate the negative charge, thus originatiegkihk [29]; since in these
devices we did not observe any sign of impact-iatmin like light emission due
to band-to-band recombination or increase in negajate current, we think that
energetic electrons may impact-ionize traps, tlticing the trapped negative
charge and inducing the kink [30]. Trapping doed nocur istantaneously;
moreover, it requires a certain electron energyrder to occur: 5 minutes apy

= Ves = 0 V are needed to build-up the negative chaeggired to generate the
kink, but when drain voltage is dynamically switdnieom Vps = 12 to \bs = 6

V, (Ves = -1), b decreases from 0.82 to 0.75 A/mm due to trappimg 1 s,
followed by a very long transient, extending oveveral tens of seconds. It seems
that electrons should achieve a certain energyderato interact with traps and
get trapped; this process can be thermally activeitapping occurs also atby=

V ss= 0 V), or can be promoted by providing energghannel electrons through
the electric field. Electron injection from the gainto the channel due to
tunneling does not seem to be an efficient trappimeghanism. In fact, 1Qs
pulses at ¥s = -6 V, Vps = 3 V produce less trapping than pulses g ¥ 0 V,
Vps =0V, while trapping is greatly enhanced by pudsat \es=0V, Vps=7V,
i.e. when energetic electrons are present in tlerodl, despite the lowergy

value, see Fig. 4.44. As a consequence, trappinpss efficient and kink
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amplitude is reduced wherns$ and/or Lgp are increased, see Fig. 4.36 and Fig.
4.38. The behaviour of the kink effect as a functad temperature is consistent
with the above described mechanisms: kink ampliredehes a maximum around
R.T.; if the temperature is decreased, less trgppiccurs, and its amplitude
decreases; if temperature is increased above Both, trapping and degradation
of carrier transport properties contribute to daseeh and reduce kink amplitude,
see Fig. 4.46 and Fig. 4.47. In order to studyptfuperties of deep levels in these
devices, we carried out photocurrent and cathodiolessence experiments.
Photocurrent measurements, Fig. 4.51 and Fig. 4Bb8@w that photons with
energy E in the 0.85 eV to 2.0 eV enhance trappiifiects (the pre-kinkpl for
Vs < Vpg_Kink, is lower than in the dark), while when E 0 2V, detrapping is
promoted (and the pre-kink current is enhancedjh@luminescence spectra
have been measured on ATACAMA, GIBSON and GREAT &ANQInetiQ
devices; HEMTs have been fabricated by QinetiQhasé three wafers using the
same process batch; ATACAMA and GIBSON adopted t@inepitaxy on Cree
SiC; GREAT SANDY was based on TRT epitaxy. An irseryellow band peak
(between 2.0 eV and 2.5 eV approximately) was detecn ATACAMA and
GIBSON devices, which was practically undetectable GREAT SANDY
samples. Recent results [31]-[32]; concerning yellaminescence in undoped
GaN have proposed model similar to that reporteléign 4.55, which could be in
agreement with our observations of the kink enhawere consequent to
illumination. In fact, illumination with photons famg energy E> 0.87 eV could
promote electron transitions from the valence bauo the deep acceptor level
Ap at i/ + 0.87 eV; when approximately 2.0 eV are reacldetrons can be
transferred to the deep donor level from where ttay be easily removed by
thermionic emission or tunneling. An explanationtlod kink effect based on the
interaction of a deep acceptor state with hole geima by impact-ionization has
been already presented for AlGaAs/GaAs HEMTs (MeageEDL Selex). In the
case of the QinetiQ devices, a model based on @ asseptor state coupled with
direct trap impact-ionization could explain the eh®d features of the kink effect
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E.—(0.2-0.24)
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Fig. 4.55:Proposed model for the yellow luminescence tramsitin undoped GaN.

4.3.3 Material evaluation by means of DLTS

Drain current Deep Level Transient Spectroscopy T®L measurements have
been carried out by applying a voltage pulse wiffeak value of -4V to the gate
of the device. The drain current transient afteitdving the gate voltage to -2 V
was measured by DLTS technique. The measuremenéscagied out by biasing
the devices at M values of 5 V. As can be seen in Fig. 4.56 theeshole-like
trap was observed for SLX25 and SLX02 samples wthite hole-like traps have
been extracted for the sample Great Sandy. FoBthat Sandy sample the trap at
0.52 eV was observed aby= 5V as for the other two samples, while thegrap
0.32 eV was extracted atpy = 10 V. DLTS measurements also showed the

presence of electron-like traps whose Arrhenius gie depicted in Fig. 4.57.

Hole-Like Traps Electron-Like Traps
10
\ \ T T
. ’_,..-"L"_/ m Great Sandy - Ex=0.52eV 10 o G'bg‘ - EA=°'322V/,//°/
. \ = o,of°
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E OSLX02-Ex=0.52eV o 0% %] Tt 6
= (-

¢ N y»";"f: QSL)‘(25-EA=0.5eV \ ”,,./\
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0 ‘ LA ‘ : 2| m Great Sandy - Ea=0.61eV
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Fig. 4.56:Arrhenius plot of the hole-like traps Fig. 4.57:Arrhenius plot of the electron-like
observed during current-DLTS measurements.  traps observed during current-DLTS
measurements.



CONCLUSION

In this thesis results concerning the electricarahbterization and reliability
analysis of AlGaN/GaN High Electron Mobility Trasssr (HEMTS) grown
epitaxially on composite SiCopSiC, SopSiC and ailisubstrate processed in the
frame of the European HYPHEN project have been rtedo A full set of
electrical characterization, DC, Pulsed and RFbeen carried out. The obtained

results are summarized in the follow:

Highlight:

By comparing the results obtained ittdatch devices as well as the state of
the art device to those of%batch HYPHEN devices (Si, SiCopSiC and SopSiC),
the electrical performance observed are very wdihe:

a) the main DC parameterspfls gm-max la, Vin) have improved with respect of
1%-batch devices and are pretty much approachingvétiees obtained in
devices made processed in more conventional stds{@iC, Sapphire);

b) devices with reduced gate leakage current andddndurrent collapse have
been obtained, providing a very good improvemeritis kespect to %batch;

c) breakdown characterization demonstrate very promisalues (beyond 100
V for SopSiC devices and about 90 V for SiCopSi€icks);

d) excellent RF performances have been obtained: 4rimVpower densities
have been achieved on SopSiC devices representiregaad for devices

grown on non-SiC substrate.

Lowlight:
a) still some 2%batch devices present current collapse and relgtinigh

current level, however the problem is much lesesethan in $-batch;



102

5. Conclusion

b) at very high bias condition, current collapse appehowever under these
very severe conditions, also conventional devigesvg on SiC substrate can

be affected by current collapse.

Very promising reliability performances has beeseed in almost all tested
devices by means of a short-term step-stress empstj showing good devices
stability up to \bs = 50 V. Some SopSiC devices have been exposedl @)@
hours long-term stress, showing no significant ageg¢ffects. All these data
confirm that the layer transfer based compositestsates are very promising for
high performance low-cost RF GaN HEMT structurespmwver applications.

In the second half of this work, the results ol#dirwithin the "Parasitic
effects” workpackage of the "Reliability" subprdjet the KorriGaN project have
been reported. The “current slump” or “current apfle” effect have been studied
by means of double pulse experiments, adopting sdiooumade set-up. The
current collapse is a decrease of drain currenthvtakes place when the device
is pulsed between pinch-off (typicallypy= 20 V, Ves= -8 V) and open channel
conditions with respect to DC or to pulsed- Vps measurements carried out
from baseline (¥s= 0 V, Vgs= 0 V). This current slump obviously reduces the
RF power of the devices, and is usually attributedrapping effects, which can
take place at the device surface or within theagpil and its interfaces. The
highest contribution to current slump usually corfresn traps at the surface, as
demonstrated by the fact that suitable passivaiging SiN or SiO/SiN greatly
improves current collapse. Most KorriGaN devicessprve at least 80% of their
DC current in pulsed conditions). The “kink” effantthe DC characteristics has
been also studied. This phenomenon consists il@dest but reduced, increase in
the drain current that take place during DCvk Vps measurements when a
certain \bs_ink Value is exceeded. The kink effect is due to extlg slow traps
within the epitaxial layers and/or their interfacesd is not apparently related
with the device surface. Concerning KorriGaN desjcenly wafers adopting a
certain epitaxy (i.e. QinetiQ) are affected by #iek, independently from the

fabrication process. A photo-current experiment ehaonfirmed the above
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mentioned statements, demonstrating that kink dodgdi is strictly correlated
with the wavelength of the monochromatic source tthaminated the devices.
The study of the dependence of "KINK effect” onidewgeometry, together with
measurements as a function of temperature, photawspectroscopy, DLTS and
cathodoluminescence spectroscopy within the adomtii@ SEM have shown that
kink effect is due to the presence of deep levathinvthe undoped GaN layer,

possibly related with the observation of yellow inescence in the CL spectra.
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APPENDIX I:
SELECTED DC MEASUREMENTS FOR
HYPHEN DEVICES

In this appendix the DC characterizations of HYPHMfers are reported as
reference. The diagrams about a representativecalefdr each device are
presented, in particular:

Reference:
« AEC1142
« AEC1147

IEMN:
 AEC1345
* L895

« AEC1341
« LO-792

* LO-896

* LO-1055
» AEC1470

3-5 Labs:
« AEC1313

UMS:
 AEC1333
 AEC1337
* L1053

* L1909

* L1338

* L879
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3-5 Labs AEC1142 [REFERENCE SiC substrate]
[We =200 um, Lg =0.25 uym, Lgs =1 pm, Lgp = 3 pum)
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) -7.0E-6 0.02 +
0.00 -8.0E-6 0.00 ‘ : ‘
-8 - -8 -6 -4 2 0
Ves (V) Ves (V)
¢) Ip-Vgs and Igs—Vgs characteristics at Vps  d) gm-Ves characteristic at Vps from 0.1 V
from 0.1 Vto 0.9 V (step 0.2 V) to 0.9 V (step 0.2 V)
3-5 LABS AEC 1142 D2 5 (W=200um,Ls=0.25um, Lgs=1um,Lgp=3um) 3-5 LABS AEC 1142 D2 5 (W=200um, Lg=0.25um, Lgs=1um, Lgp=3um)
Ip - Vg! Vps from 6V to 20V (step 2V) O Vps from 6V to 20V (step 2V)
1.2 000.0E+0
E2 40E-3
| -80E-3 £
z
[ -12.0E-3 =
b -16.0E-3
-20.0E-3
-8 6 -4 2 0 -8 -6 -4 2 0
Ves (V) Ves [V]

e) Ip-Ves and lgs—Vgs characteristics at Vps  f) gm-Vgs characteristic at Vpg from 6 V to
from 6 V to 20 V (step 2 V) 20V (step 2 V)
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3-5 Labs AEC1147 [REFERENCE SiC substrate]
[We =200 pm, Lg =0.25 pm, Lgs =1 pm, Lgp = 3 pm)

3-5 LABS AEC 1147 C4 3 (Wg=200um, Lg=0.25um, Lgs=1um,Lep=3um)
1.0E-3 Gate to Source DIODE
100.0E-6 +
10.0E-6 +
_ L0E6{
%100.059 ]
10.0E-9
1.0E-9 |
100.0E-12 1

10.0E-12 ‘ ‘ ‘ ‘ ‘
2 15 1 05 0 0.5 1
Ves (V)

a) gate-to-source |-V characteristic

3-5 LABS AEC 1147 C4 3 (W=200um, Ls=0.25um, Lgg=1um,Lgp=3um)
ID - VG: Vps from 0.1V to 0.9V (step 0.2V)
000.0E+0

-200.0E-9
-400.0E-9 ~
£
£
-600.0E-9 3
o
-800.0E-9 —

-1.0E-6

-1.2E-6
-8 6 -4 -2 0
Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto 0.9 V (step 0.2 V)

3-5 LABS AEC 1147 C4 3 (Wg=200um,Ls=0.25um, Lgs=1um,Lgp=3um)
Ip - Vg! Vps from 6V to 20V (step 2V)
000.0E+0

-500.0E-6

-1.0E-3

-1.5E-3

I [MA/mm]

-2.0E-3

-2.5E-3

o
o

Ves (V)
e) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 6 VV to 20 V (step 2 V)

3-5 LABS AEC 1147 C4 3 (Wg=200um, L=0.25um, Lgg=1um,Lgp=3um)
Vgs from -8V to OV (step 1V)

1.2 - - 000.0E+0
1ol 1 5.0E-6
- 10.0E-6
087 | 150E6 £
st T 2006 £
= 04l 4 250E6 ©
{ -30.0E-6
027 | -35.0E-6
0.0 ‘ : ; -40.0E-6
0 5 10 15 20
Vos (V)

b) Ip-Vps and lgs—Vps characteristic at Vgg
from -8 Vto OV (step 1V)

3-5 LABS AEC 1147 C4 3 (W=200um, Ls=0.25um, Lgg=1um,Lgp=3um)
O’ Vps from 0.1V to 0.9V (step 0.2V)

0.18
0.16 +
0.14 +
=012+
£o010+
L o0.08 +
50.06 |
0.04 +
0.02 +
0.00 : ;

-8 6 -4 2 0

Ves (V)

d) gm-Ves characteristic at Vpg from 0.1 V
to 0.9V (step 0.2 V)

3-5 LABS AEC 1147 C4 3 (Wg=200um, L=0.25um, Lgg=1um, Lgp=3um)
Ot Vps from 6V to 20V (step 2V)

0.25

0.20 +

0.15

0.10 +

gy (S/mm)

0.05

0.00

-8 -6 -4 -2 0
Ves [V]
f) om-Vgs characteristic at Vps from 6 V to
20V (step 2V)



112

Appendix I: selected DC measurements for Hypheiteev

IEMN AEC1345 [1%-batch SiCopSiC substrate]
[Wg =400 pm, Lg = 3 pm)

IEMN AEC 1345 1 (Wg=400um, Lg=3um)
Gate to Source DIODE

100E-6

1E-6 T

10E-9 T

Is (A)

100E-12 +

1E-12 : : :
-2 -1 0 Ves(V) 1 2

a) gate-to-source |-V characteristic

AEC 1345 1 (Wg=400um, Ls=3um)

Vps from 0.1V to 0.9V (step 0.2V)
000E+0
r -20E-9
r -40E-9
r -60E-9 __
1 80E-9 £
t -100E-9 io
+ -120E-9 —
- -140E-9
r -160E-9
-180E-9

Ip - Vg:

-5 -4 -3 -2 -1 0
Vas(V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto 0.9 V (step 0.2 V)

AEC 1345 1 (Wg=400um, Ls=3um)
Ip - Va: Vps from 6V to 10V (step 2V)
r 000E+0
+ -20E-9
+ -40E-9
r -60E-9 _
. 80E-0 £
L 100E-92
r -120E-9 =
r -140E-9
r -160E-9
-180E-9

0

e
e) Ip-Vgs and lgs—Vgs characteristics at Vpg
from 6 Vto 10 V (step 2 V)

AEC1345 1 (Wg=400um, Ls=3um)
OUT: Vgs from OV to -5V (step -1V)

0.30 000.0E+0
0.25 + 1 10.0E-9
o020+ 1 200E9 __
€ €
Los ¢ +-300E9 £
= e
0.10 - 1 -40.0E-9
0.05 = .50.0E-9
0.00 : : : : -60.0E-9
0 2 4 6 8 10
Vps(V)

b) Ip-Vps and Igs—Vps characteristic at Vgs
fromOVto-5V(step-1V)

AEC 1345 1 (Ws=400um, Ls=3um, Lps=?um, Lgp=2um)

0.00 Om1: Vps from 0.1V to 0.9V (step 0.2V)

0.08 T

Vas(V)

d) gm-Ves characteristic at Vpg from 0.1 V
to 0.9V (step 0.2 V)

AEC 1345 1 (Ws=400um, Ls=3um)

016 O3 Vps from 6V to 10V (step 2V)
1

014+
0121
0101
@ 008t
% 0.06 1
0041
002+
0.00 : ‘ : :

/mm)

Ves(V)

f) gm-Vas characteristic at Vps from 6 V to
10V (step 2V)
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IEMN L895 [1%-batch SiCopSiC substrate]
[Wg =300 pm, Lg = 2 um)

IEMN L895 B2 (Wg=300um, Lg=2um, Lgp=2um, Lgg=1.5um)
Gate to Source DIODE
100.0E-6
10.0E-6 +
1.0E-6
100.0E-9 1
< 10.0E-9 |
L
1.0E-9
100.0E-12 -
10.0E-12

1.0E-12

-2 -1 0 1 2
Ves (V)

a) gate-to-source |-V characteristic

IEMN L895 B2 (Wg=300um, Lg=2um, Lgp=2um, Lgs=1.5um)
Ip- Vg: Vps from 0.1V to 1V (step 0.3V)
0

E+00
-1E-06
-2E-06
-3E-06_
£
4E-06 £
5E-06 %
©
-6E-06
-7E-06
-8E-06
-9E-06

Veu (V)
¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

IEMN L895 B2 (Wg=300um, Lg=2um, Lgp=2um, Lgs=1.5um)

Ip - Vg: Vps from 6V to 20V (step 2V)

0.35 0E+00

0.30 o -2E-06

0.25 ~ -4E-06
EO.ZO b —6E-06g
30.15 b —8E-06%
B 0.10 A -1E-05

0.05 -1E-05

0.00 t t t t t - -1E-05

VostV)
e) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 6 V to 10 V (step 2 V)

IEMN L895 B2 (Wg=300um, Lg=2um, Lgp=2um, Lgg=1.5.um)
OUT: Vs from -6V to OV (step +1V)

0.35 000E~+0
0-301 + 5E-6
025+

€ ik 1106 E

Eo20 £

L0154 <

2 015 - -15E6 o
0.10 1 T

1 -20E-6
0.05 w
0.00 : : : -25E-6
0 5 10 15 20
Vos (V)

b) Ip-Vps and lgs—Vps characteristic at Vgg
from -6 Vto OV (step 1V)

IEMN L895 B2 (Wg=300um, Lg=2um, Lgp=2um, Lgs=1.5um)
Om: Vps from 0.1V to 1V (step 0.3V)

0.08
0.07 1
0.06 1
€005 1
:5;/ 0.04
£0.03 T
0.02 +
0.01

0.00 } } } f f

-6 -5 -4 3 2 -1 0
Ves (V)
d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

IEMN L895 B2 (Wz=300um, Lg=2um, Lgp=2um, Lgg=1.5um)
Om' Vps from 6V to 20V (step 2V)

0.12

0.10 1
£008 |
£
& 0.06 |

£
0,04 +

0.02 +

0.00 t
-6 -5

Veu (V)
f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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IEMN AEC1341 [1%-batch SiCopSiC substrate]
[Wg =200 pm, Lg = 2 pm)

IEMN AEC1341 11 (Wg=200um, Lg=2um, Lgp=2um, Lgs=1.5um)

Gate to Source DIODE
100.0E-6

10.0E-6 1
1.0E-6 1
_100.0E-9
< 10,09
1.0E-9 1
100.0E-12 1
10.0E-12 +
1.0E-12

2 -1 0
Ves (V)

a) gate-to-source |-V characteristic

IEMN AEC1341 11 (Wg=200um, Lg=2um, Lgp=2um, Lgs=1.5um)
Ip- Vg: Vps from 0.1V to 1V (step 0.3V)

0.40 0E+00
0.35 A
0.30 A + -1E-06
go.zs 1 é
$0.20 I -2E-063%
<0.15 =
0.10 A 1 -3E-06
0.05 +
0.00 . ; } . . -4E-06
-6 -5 -4 -1 0

-3
Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg

from 0.1 Vto1lV (step0.3V)

IEMN AEC1341 11 (Wg=200um, Lg=2um, Lgp=2um, Lgs=1.5um)

Ip - Vg: Vps from 6V to 20V (step 2V)

0.8 - OE+00

0.7 ”//M

0.6 T -1E-05
€057 T
S 0.4 1 2 —2E-05§
£0.3 A -

0.2 -3E-05

0.1

0.0 t t t t t -4E-05

-6 -3
Ves (V)

e) Ip-Vgs and Igs—Vgs characteristics at Vpg

from 6 V to 10 V (step 2 V)

IEMN AEC1341 11 (Wg=200um, Lg=2um, Lgp=2um, Lgs=1.5um)
OUT: Vs from -6V to OV (step +1V)

07 —=— 0E+00
06+
1 -1E-05
051
Eoal 1 2E05 E
£ 5
2037 + 3E-05 o
021
+ -4E-05
0.1
0.0 : : : -5E-05
0 5 10 15 20

Vos (V)
b) Ip-Vps and lgs—Vps characteristic at Vgg
from -6 Vto OV (step 1V)

IEMN AEC1341 11 (Wg=200um, Lg=2um, Lgp=2um, Lgs=1.5um)
Om: Vps from 0.1V to 1V (step 0.3V)

0.20
0.18
0.16

014+

g 012 +

& 010 1

E 0.08
0.06
0.04
0.02
0.00 : f : ] ‘

6 5 -4 3 -2 -1
Ves (V)

d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

IEMN AEC1341 11 (Wg=200um, Lg=2um, Lgp=2um, Lgs=1.5um)
O’ Vps from 6V to 20V (step 2V)

o

0.25

£0.10 1
o

0.00 t T } t t
-3 0
Ves (V)
f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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IEMN LO-792 [1%-batch SopSiC substrate]
[Wg =100 pm, Lg = 2 pm)

IEMN LO-792 L2C1 2_100 (Ws=100um, Lg=2um, Lgp=2um, Lgg=1.5um)
Gate to Source DIODE

100E-6

10E-6 A

1E-6 1

100E-9 +

Il (A)

10E-9 A

1E-9 A1

100E-12 ‘ ‘ ‘
-6 -4 2 0 2
Ves (V)

a) gate-to-source |-V characteristic

IEMN LO-792 L2C1 2_100 (Wg=100um, Lg=2um, Lgp=2um, Lgs=1.5um)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V)

0.20 000E+0

0.18

0.16 -50E-6
_0.14 + R
g 0.12 -100E-6 E
< 0.10 2
~£0.08 1 -150E-6 7,
~ 0.06 A -

0.04 -200E-6

0.02

0.00 f ; f f f -250E-6

Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

IEMN LO-792 L2C1 2_100 (Ws=100um, Lg=2um, Lgp=2um, Lgg=1.5um)
Ip - Vg:

Vpg from 6V to 20V (step 2V)
000

.0E+0

-500.0E-6

-1.0E-3

-1.5E-3

I (A/mm)

-2.0E-3

-2.5E-3

-3.0E-3

e) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 6 V to 10 V (step 2 V)

IEMN LO-792 L2C1 2_100 (W¢=100um, Lg=2um, Lgp=2um, Lgs=1.5um)

OUT: Vgs from -6V to OV (step 1V)

0.6 000.0E+0
05+ + -500.0E-6
S041 - -1.0E-3 -
E oa - -15E-3 £
30 ’ + -2.0E-3 30
—027 12583
0.1 Y 30E3
0.0 : : : -3.5E-3

0 5 10 15 20

Vs (V)

b) Ip-Vps and lgs—Vps characteristic at Vgg
from -6 Vto OV (step 1V)
IEMN LO-792 L2C1 2_100 (W=100um, Lg=2um, Lgp=2um, Lgs=1.5um)
Ot Vps from 0.1V to 1V (step 0.3V)

0.10
0.09 +
0.08 +

_.007 T

E 0.06 1

© 0051

£0.04 T
0.03 +
0.02 1
0.01
0.00 : : ; ] ;

-6 5 -4 3 -2 -1 0
Ves (V)

d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

IEMN LO-792 L2C1 2_100 (W¢=100um, Lg=2um, Lgp=2um, Lgs=1.5um)
Oma: Vps from 6V to 20V (step 2V)

0.16
0.14 +
012 +

E0.10

£

$0.08 T

£0.06
0.04 +
0.02 +
0.00

Ves (V)

f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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Appendix I: selected DC measurements for Hypheiteev

IEMN LO-896 [1%-batch SiCopSiC substrate]
[Wg =100 pm, Lg = 3 pm)

IEMN LO-896 L6C4 3_100 (Ws=100um, Lg=3um, Lgp=2um, Lgg=1.5um)

IEMN LO-896 L6C4 3_100 (We=100um, Lg=3um, Lgp=2um, Lgs=1.5um)

Gate to Source DIODE OUT: Vgs from -6V to OV (step 1V)
100E-6 050 —— 000.0E+0
10E-6 - 045 / + -1.0E-6
040 - -2.0E-6
)y oee
Z 100E-9 g0ty 30E6 €
= = 0.25 ¢ T -40E6 3
S 10E9 2020 //\ 5.0E6 o
1E-9 A 015 F 1 6 0E-
010 ] l/ 6.0E-6
100E-12 0.05 4 < -7.0E-6
10E-12 ' ' | 0.00 t t t -8.0E-6
6 4 2 0 P 0 5 10 15 20
Ves (V) Vps (V)

a) gate-to-source |-V characteristic b) Ip-Vps and lgs—Vps characteristic at Vgg

from -6 Vto OV (step 1V)

IEMN LO-896 L6C4 3_100 (Wg=100um, Lg=3um, Lgp=2um, Lgs=1.5um)

IEMN LO-896 L6C4 3_100 (W=100um, Lg=3um, Lgp=2um, Lgs=1.5um)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V) Om1: Vps from 0.1V to 1V (step 0.3V)
0.25 000E+0 0.10
] e 006 |
0.20 + .08 1
r -2E-6 o007+
To1s 1 r-3E6 E E 0.06 +
£ 0.15 g £ 1
I r-4E-6 3 a 0.05
\_EO.lO T+ l 5E-6 :L; & ggg :
0.05 ¢ [ -6E-6 0.02 +
r -7E-6 0.01 +
0.00 } f i } } -8E-6 0.00 } } } } T
6 -5 -4 -3 -2 -1 0 -6 5 -4 -3 2 -1 0
Vas (V) Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg

from 0.1 Vto1lV (step0.3V)

IEMN LO-896 L6C4 3_100 (Ws=100um, Lg=3um, Lgp=2um, Lgg=1.5um)

d) gm-Ves characteristic at Vpg from 0.1 V

to 1V (step 0.3V)

IEMN LO-896 L6C4 3_100 (Wc=100um, Lg=3um, Lgp=2um, Lgs=1.5um)

Ip - Vg: Vps from 6V to 20V (step 2V) Oma: Vps from 6V to 20V (step 2V)
0.50 = 000.0E+0 0.16
0.45 7 -1.0E-6 0.14 1
0.40
-2.0E- 012 1
0351 2.0E-6 _ o
€ 0.30 1 -3.0E-6 E £0.10 +
£ £ E 1
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20.20 50E6 £0.06 1
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0.10 1 6.0E-6
0.05 -7.0E-6 0.02
0.00 ‘ ‘ ‘ ‘ ‘ t -8.0E-6 0.00 1
6 5 4 3 2 1 0 -6 5 4 -3 2 -1 0

e) Ip-Vgs and Igs—Vgs characteristics at Vpg

Ves (V)

from 6 V to 10 V (step 2 V)

Ves (V)

f) om-Vgs characteristic at Vps from 6 V to

10V (step2V)
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IEMN L1055 [2"-batch SiCopSiC substrate]
[Wg =100 um, L =0.25 ym, Lgs =1 pm, Lgp = 2 pm)

IEMN L1055 16_14_A 0.25x100 (Wg=100um, Ls=0.25um)
Gate to Source DIODE

1E-3
100E-6
10E-6 1
1E-6 A
<100E-9 1
S 10E-9 A
1E-9 A
100E-12 A
10E-12
1E-12 : : :
-6 -4 2 0 2

Ves (V)

a) gate-to-source |-V characteristic

IEMN L1055 16_14_A 0.25x100 (Wg=100um, L=0.25um)

IEMN L1055 16_14_A 0.25x100 (Ws=100um, Ls=0.25um)

OUT:

Vgs from -6V to OV (step 1V)
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E 04T + -20.0E-6 £
300,3 1 L 25066 <
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Ip - Vg: Vps from 0.1V to 1V (step 0.3V)
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Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

IEMN L1055 16_14_A 0.25x100 (Wz=100um, Ls=0.25um)
Ip - Vg:

0.7
0.6 1
0.5 1

e) Ip-Vgs and Igs—Vgs characteristics at Vpg

Vps from 6V to 20V (step 2V)

000.0E+0
4 -5.0E-6
-10.0E-6
3
-15.0E6 £
20086 <
©
-25.0E-6
-30.0E-6

Ves (V)

-35.0E-6

from 6 V to 10 V (step 2 V)

b) Ip-Vps and lgs—Vps characteristic at Vgg
from -6 Vto OV (step 1V)
IEMN L1055 16_14_A 0.25x100 (Wg=100um, L5=0.25um)
Ot Vps from 0.1V to 1V (step 0.3V)

0.16
0.14 +
012 1

’E‘ 0.10 +

& 0.08 1

g 0.06
0.04 1
0.02 1
0.00 : ‘ : ‘ ‘

Ves (V)
d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

IEMN L1055 16_14_A 0.25x100 (Ws=100um, Ls=0.25um)
Oz Vps from 6V to 20V (step 2V)
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0.04 -
0.02 -
0.00 -
-6 5 -4 -3 -2 -1 0
Ves (V)

f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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Appendix I: selected DC measurements for Hypheiteev

IEMN AEC1470 [2"-batch SiCopSiC substrate]
[We =100 pm, Lg =0.25 pm, Lgs =1 pm, Lgp = 2 pm)

IEMN AEC1470 11_24 A (W¢=100um, Ls=0.25um, Lgs=1um, Lgp=2um)

Gate to Source DIODE

1E-3

IEMN AEC1470 11_24 A (Wg=100um, Ls=0.25um, Lgs=1um, Lgp=2um)

OUT: Vgs from -6V to OV (step 1V)

0.6 000E+0
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1E-12 t } } 0.0 t + I _12E-6
6 a 2 0 2 0 5 10 15 20
Ves (V) Vps (V)

a) gate-to-source |-V characteristic

IEMN AEC1470 11_24 A (Wg=100um, Lg=0.25um, Lgg=1um, Lgp=2um)

Ip-Vg:

Vps from 0.1V to 1V (step 0.3V)

b) Ip-Vps and lgs—Vps characteristic at Vgg
from -6 Vto OV (step 1V)
IEMN AEC1470 11_24 A (Wg=100um, Lg=0.25um, Lgg=1um, Lgp=2um)
Ot Vps from 0.1V to 1V (step 0.3V)

0.25 000E+0 0.16
- -1E-6 0.14 +
0.20 L _2E-6 012+
= - -3E6 o~ =
€ 0.15 £ 0107
£ [ 4E6 £ £ 0081
2010 L sE6 < e
. T £ 4
o | oE6 © &£ 0.06
0.05 - r-7E-6 0047
- -8E-6 0.02 1
0.00 ‘ ‘ : : : -9E-6 0.00 : : : ‘ ‘
6 5 -4 -3 -2 -1 0 6 -5 -4 -3 -2 -1 0
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¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

IEMN AEC1470 11_24 A (W¢=100um, Ls=0.25um, Lgs=1um, Lgp=2um)

d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

IEMN AEC1470 11_24 A (Wg=100um, Ls=0.25um, Lgs=1um, Lgp=2um)

Ip - Vg: Vps from 6V to 20V (step 2V) Oma: Vps from 6V to 20V (step 2V)
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0.45 T 71 -1.0E-6
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e) Ip-Vgs and Igs—Vgs characteristics at Vpg

from 6 V to 10 V (step 2 V)

Ves (V)

f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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3-5 Labs AEC1313 [2 "-batch SiCopSiC substrate]
[We =150 pm, Lg =0.25 pm, Lgs =2 pm, Lgp = 1 pm)

IEMN AEC1313 23_31_C 0.25X150 (W¢=150um, Ls=0.25um, Lep=2um, Lep=1um)

Gate to Source DIODE
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100E-6 T
10E-6 T
1E-6 +
<100E-9 1
 10E-9 1
1E-9 1
100E-12 1
10E-12 4
1E-12 : : :
-6 -4 2 0 2

Vs (V)

a) gate-to-source |-V characteristic

IEMN AEC1313 23_31_C 0.25X150 (Wg=150um, Ls=0.25um, Lgp=2um, Lep=1um)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V)
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Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

IEMN AEC1313 23_31_C 0.25X150 (W¢=150um, Ls=0.25um, Lep=2um, Lep=1um)

Ip - Vg: Vps from 6V to 20V (step 2V)
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e) Ip-Vgs and Igs—Vgs characteristics at Vpg

from 6 V to 10 V (step 2 V)

IEMN AEC1313 23_31_C 0.25x150 (w=150um, Ls=0.25um, Lgp=2um, Lep=1um)

OuT: Vgs from -6V to OV (step 1V)
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Vos (V)

b) Ip-Vps and lgs—Vps characteristic at Vgg
from -6 Vto OV (step 1V)
IEMN AEC1313 23_31_C 0.25x150 (w=150um, Ls=0.25um, Lsp=2um, Lep=1um)

Ot Vps from 0.1V to 1V (step 0.3V)
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Ves (V)
d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

IEMN AEC1313 23_31_C 0.25x150 (w=150um, Ls=0.25um, Lgp=2um, Lep=1um)
Oma: Vps from 6V to 20V (step 2V)
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f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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Appendix I: selected DC measurements for Hypheiteev

UMS AEC1333 [1*-batch SiCopSiC substrate]
[We =80 pum, Lg =0.5pm, Lgs =1.25 pm, Lgp = 2.5 pm)

UMS AEC 1333 AWA7 M24 A (W=80um, Ls=0.5um, Lgp=2.5um,
Les=1.25um)
Gate to Source DIODE

100.0E-6
10.0E-6
1.0E-6
100.0E-9 +
10.0E-9 +
1.0E-9
100.0E-12 +
10.0E-12
1.0E-12

ls (A)

-2 -1 0 1 2
Ves (V)

a) gate-to-source |-V characteristic

UMS AEC 1333 AW47 M24 A (W=80um, L5=0.5um, Lgp=2.5um, Lgs=1.25um)

Ip - Vg Vps from 0.1V to 1V (step 0.3V)
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Ves (V)
¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

UMS AEC 1333 AWA47 M24 A (W=80um, Lg=0.5um, Lgp=2.5um, Lgs=1.25um)
Ip - Ve: Vps from 6V to 20V (step 2V)
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Ves (V)

e) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 6 V to 10 V (step 2 V)

UMS AEC 1333 AWA47 M24 A (W=80um, Ls=0.5um, Lgp=2.5um, Lgs=1.25um)
OUT: Vgs from OV to -6V (step -1V)
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b) Ip-Vps and lgs—Vps characteristic at Vgg
from0OVto-6V (step-1V)

UMS AEC 1333 AW47 M24 A (Wz=80um, Ls=0.5um, Lgp=2.5um, Lgs=1.25um)
<P Vps from 0.1V to 1V (step 0.3V)
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d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

UMS AEC 1333 AWA47 M24 A (W=80um, Ls=0.5um, Lgp=2.5um, Lgs=1.25um)
Vps from 6V to 20V (step 2V)

N
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Ves (V)

f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)
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UMS AEC1337 [1*-batch SiCopSiC substrate]
[We =80 pum, Lg =0.5pm, Lgs =1.25 pm, Lgp = 2.5 pm)

UMS AEC 1337 M24 B BE47 (W=80um, L=0.5um, Lgs=1.25um, Lep=2.5um)
100.0E-6 Gate to Source DIODE
10.0E-6 7
1.0E-6 +
R 100.0E-9
< 10069 1
1.0E-9
100.0E-12 -
10.0E-12
1.0E-12

-2 -1 0 1 2
Ves (V)

a) gate-to-source |-V characteristic

UMS AEC 1337 M24 B BE47 (W=80um, Lg=0.5um, Lgs=1.25um, Lgp=2.5um)
Ip - Vg Vps from 0.1V to 1V (step 0.3V)
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-100E-6
-150E-6 &
-200E-6 £
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-300E-6
-350E-6
-400E-6

4 3
Ves (V)

¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

UMS AEC 1337 M24 B BE47 (W=80um, Lg=0.5um, Lss=1.25um, Lgp=2.5um)

UMS AEC 1337 M24 B BE47 (W=80um, L=0.5um, Lss=1.25um, Lgp=2.5um)

OUT: Vgs from OV to -6V (step -1V)
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b) Ip-Vps and lgs—Vps characteristic at Vgg
from0OVto-6V (step-1V)

UMS AEC 1337 M24 B BE47 (W=80um, Ls=0.5um, Lgs=1.25um, Lgp=2.5um)
Ot Vps from 0.1V to 1V (step 0.3V)

0.30

-6 -5 -4 -3 -2 -1 0
Ves (V)

d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

UMS AEC 1337 M24 B BE47 (W=80um, Lg=0.5um, Lgs=1.25um, Lgp=2.5um)

Ip - Vg:

Vps from 6V to 20V (step 2V)
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e) Ip-Vgs and Igs—Vgs characteristics at Vpg
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from 6 V to 10 V (step 2 V)

000E+0

I (A/mm)

Im:

Vps from 6V to 20V (step 2V)
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f) om-Vgs characteristic at Vps from 6 V to

10V (step2V)
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UMS L1053 [2"-batch Si substrate]
[Wg =100 pm, Lg = 0.5 um)

UMS L1053 V66_B 0.5_100 (W=100um, Ls=0.5um, Lgyg n=NO) UMS L1053 V66_B 0.5_100 (We=100um, L=0.5um, Leyen=NO)
Gate to Source DIODE OuT: Vgs from -6V to OV (step 1V)
1E-3 0.6 - 000.0E+0
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a) gate-to-source |-V characteristic b) Ip-Vps and lgs—Vps characteristic at Vgs
from -6 Vto OV (step 1 V)
UMS L1053 V66_B 0.5_100 (W=100um, Ls=0.5um, Lgyg n=NO) UMS L1053 V66_B 0.5_100 (We=100um, L=0.5um, Leyen=NO)
Ip - Vg: Vps from 0.1V to 1V (step 0.3V) Om1: Vps from 0.1V to 1V (step 0.3V)
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¢) Ip-Vgs and Igs—Vgs characteristics at Vps  d) gm-Ves characteristic at Vps from 0.1 V
from 0.1 Vto1lV (step0.3V) to 1V (step 0.3V)
UMS L1053 V66_B 0.5_100 (We=100um, Ls=0.5um, Lgyg1o=NO) UMS L1053 V66_B 0.5_100 (We=100um, L;=0.5um, Lgye,5=NO)
Ip - Vg: Vps from 6V to 20V (step 2V) Oma: Vps from 6V to 20V (step 2V)
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e) Ip-Ves and lgs—Vgs characteristics at Vps ) gm-Ves characteristic at Vpg from 6 V to
from 6 V to 10 V (step 2 V) 10V (step2V)
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UMS L909 [2"-batch Si substrate]
[Wg =100 pm, Lg = 0.7 um)

UMS L909 J31_C 0.7_100 (Wg=100um, Ls=0.7um, Lgyg n=NO)
Gate to Source DIODE
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100E-6 1
10E-6 T
1E-6 1
<100E-9 1
5 10E-9 1
1E-9 A
100E-12 A
10E-12
1E-12 : : :

Vos (V)
a) gate-to-source |-V characteristic

UMS L909 J31_C 0.7_100 (Wg=100um, Lg=0.7um, Lgy n=NO)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V)
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¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

UMS L909 J31_C 0.7_100 (Wg=100um, Lg=0.7um, Lgye p=NO)

Ip - Vg: Vps from 6V to 20V (step 2V)
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Ves (V)

e) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 6 V to 10 V (step 2 V)

UMS L909 J31_C 0.7_100 (Wg=100um, Ls=0.7um, Ly p=NO)

OuT: Vgs from -6V to 1V (step 1V)
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b) Ip-Vps and lgs—Vps characteristic at Vgg
from-6 Vto1lV (steplV)

UMS L909 J31_C 0.7_100 (Wg=100um, Lg=0.7um, Lgyep=NO)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V)
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d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

UMS L909 J31_C 0.7_100 (W¢=100um, Ls=0.7um, Ly n=NO)

Om3: Vps from 6V to 20V (step 2V)
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f) om-Vgs characteristic at Vps from 6 V to
10V (step2V)



124

Appendix I: selected DC measurements for Hypheiteev

UMS L1338 [2"-batch Si substrate]
[Wg =100 pm, Lg = 0.5 um)

UMS L1338 V26 2x50_50_V3 (Wz=100um, L=0.5um)
Gate to Source DIODE
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10E-6 1
1E-6 A
<100E-9 1
0 10E-9
1E-9 A
100E-12 A
10E-12 A
1E-12 : : :
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Ves (V)

a) gate-to-source |-V characteristic

UMS L1338 V26 2x50_50_V3 (Ws=100um, Ls=0.5um)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V)
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¢) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 0.1 Vto1lV (step0.3V)

UMS L1338 V26 2x50_50_V3 (W=100um, L=0.5um)

Ip - Vg: Vps from 6V to 20V (step 2V)
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Vs (V)
e) Ip-Vgs and Igs—Vgs characteristics at Vpg
from 6 VV to 20 V (step 2 V)

UMS L1338 V26 2x50_50_V3 (W=100um, Ls=0.5um)

OuT: Vgs from -6V to 1V (step 1V)
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b) Ip-Vps and lgs—Vps characteristic at Vgg
from-6 Vto1lV (steplV)
UMS L1338 V26 2x50_50_V3 (Wg=100um, Lg=0.5um)

Om1: Vps from 0.1V to 1V (step 0.3V)
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d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

UMS L1338 V26 2x50_50_V3 (W=100um, Ls=0.5um)

O3 Vps from 6V to 20V (step 2V)
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f) om-Vgs characteristic at Vps from 6 V to
20V (step 2V)
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UMS L879 [2"-batch SopSiC substrate]
[We =100 pm, Lg = 0.3 um, Lsy = 1.3 pm)

UMS L879 AD45_D 0.3_100 (Wg=100um, Ls=0.3um, Lgye,p=1.3)

Gate to Source DIODE
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1E-9 4

100E-12
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Ves (V)

a) gate-to-source |-V characteristic

UMS L879 AD45_D 0.3_100 (Wg=100um, Ls=0.3um, Lgye p=1.3)

Ip - Vg: Vps from 0.1V to 1V (step 0.3V)
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¢) Ip-Vgs and Igs—Vgs characteristics at Vpg

Ves (V)

from 0.1 Vto1lV (step0.3V)

UMS L879 AD45_D 0.3_100 (Wg=100um, Ls=0.3um, Lgye,p=1.3)

Ip - Vg:
0.9

Vps from 6V to 20V (step 2V)
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e) Ip-Vgs and Igs—Vgs characteristics at Vpg
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Ves (V)

from 6 VV to 20 V (step 2 V)

UMS L879 AD45_D 0.3_100 (W=100um, Ls=0.3um, Leye p=1.3)

OuT: Vgs from -6V to OV (step 1V)
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b) Ip-Vps and lgs—Vps characteristic at Vgg
from-6 Vto1lV (steplV)

UMS L879 AD45_D 0.3_100 (Wg=100um, L=0.3um, Lgye p=1.3)

Om1: Vps from 0.1V to 1V (step 0.3V)
0.20
0.18 +
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Ves (V)

d) gm-Ves characteristic at Vpg from 0.1 V
to 1V (step 0.3V)

UMS L879 AD45_D 0.3_100 (W=100um, Ls=0.3um, Leye p=1.3)
O3 Vps from 6V to 20V (step 2V)

Ves (V)

f) om-Vgs characteristic at Vps from 6 V to
20V (step 2V)
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APPENDIX I
SELECTED DYNAMIC MEASUREMENTS FOR
HYPHEN DEVICES

In this appendix the DIVA-like characterizationskbY PHEN wafers are reported
as reference. The diagrams about a representativicedfor each device are
presented, in particular:

Reference:
« AEC1142
« AEC1147

IEMN:
 AEC1345
* L895

« AEC1341
« LO-792

* LO-896

* LO-1055
» AEC1470

3-5 Labs:
« AEC1313

UMS:
 AEC1333
 AEC1337
* L1053

* L1909

* L1338

* L879
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3-5 Labs AEC1142 [REFERENCE SiC substrate]
[Wg =200 pm, L =0.25 um, Lgs =1 pm, Lgp = 3 um)

3-5 Labs AEC1142 D2_4 (Wg=200um, L;=0.25um, Lgp=3um, Lgs=1um) 3-5 Labs AEC1142 D2_4 (Wz=200um, L;=0.25um, Lgp=3um, Lgs=1um)

14 Vgsfrom OV to -8V (step -1V) _— (Vo on Vo o)=(0V.0V) 14 -

Py,/Period=1us/100us (Vo_biVo_n)=(-8V,0V) — Vo Vop)=(OV.0)
= — Vo_b !
124 "W (Ve 0Vp 5)=(-8V,15V) 121 —— (VomVow=(-8V,0V)
= - (Vo_piVo_n)=(-8V,15V)

1.0 1+ Al,() T Voa5V
€08 T E 08+ P,,/Period=1us/100us
£ <
<06+ 506
8 el

041 0.4

0.2 0.2

0.0 ; 0.0 t t t

0 10 15 20 -6.5 -55 -4.5 -3.5 -2.5 -15 -0.5
Vos(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('8 V,0 V) and ('8 V, 15 V)

3-5 Labs AEC1147 [REFERENCE SiC substrate]
[Wg =200 pm, L =0.25 um, Lgs = 1 pm, Lgp = 3 um)

3-5 LABS AEC1147 C4 4 (W=200 um, L5=0.25um, Lgp=3um, Lgg=1um) 3-5 LABS AEC1147 C4_4 ( Ws=200 um, L5=0.25um, Lgp=3um, Lgs=1um)
1.2

1.2
Vs from OV to -4V (step -1V) (Vo oV n)=(0V,0V) (Vo_piVo_s)=(0V,0V)
104 P/Period=1us/100us _ (Vo pnVo m)=(-8V,0V) 1.0+ — Ve nVow=(8v.0v)
’ &0V _p)=(-8V,15V) ’ — (Vg Vo p)=(-8V,15V)
0.8+ ~0.8 1 Vos=5V
—_ 1S Py/Period=1us/100us
E £
£0.6 <06
3 [%]
[a}
804+ —04
0.2 0.2
0.0 t 0.0 t f t t t
0 5 10 15 20 -7 -6 -5 -4 -3 -2 -1
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos b)=(0 V,0V), (-8 V,0V)and (-8 V, 15 V).

IEMN AEC1345 [1%-batch SiCopSiC substrate]
[Wg =100 pm, Lg =2 pm)

IEMN AEC1345 4 ( W= 100um, L= 2um, Lgp= 2um, Lgg= 1.5um) IENIN AECL345 4 ( Wo= 100um, Lg= 2um, Loo= 2um, L= L.5um)
05 Vs from OV to -4V (step -1V) (Ve_onVo_p)=(0V,0V) . (Vo Vo 5)=(0V.0V)
Py/Period=1us/100us — (Vo Vo _p)=(-4V,0V) (Ve nhVo )=(4V,0V)
04+ —— (Vo_onVop_p)=(-4V,15V) 04+ — (Ve o0V p)=(-4V,15V)
— Vps. 5V
EOB T Py/Period=1us/100us
<
0.2+
0.1
} 0.0 t t } }
0 10 15 20 5 -4 -3 -2 -1
Vos(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('4 V,0 V) and ('4 V, 15 V)
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IEMN L895 [1%-batch SiCopSiC substrate]
[Wg =300 pm, Lg =1 pm)

IEMN L895 F12 Lg1_Wg300 (Wg=300um, Lg=1um, Lgp=2um, Lgs=1.5um) IEMN L895 F12 Lzl _W300 (We=300um, Lg=1um, Lgp=2um, Lgs=1.5um)
0.6 Vs from OV to -4V (step -1V) (Ve b1V 5)=(0V,0V) 0.5 -
. - - - _ (Vo_pnVo_m)=(0V,0V)
P,/Period=1us/100us (Ve Vo p)=(-4V,0V) RV
Vo Ve )=(-4V. 15V J— (VG,vaD,m)—("thOV)
e ( G_b VD, h\)f( ’ ) 04 + J— (VGib\vaibO:('L‘Vlev)
Vps= 5V
E o034 PwlPeriod=1us/100us
g0
<
802
0.1
0.0 t t t t
0 5 10 15 20 -5 -4 -3 -2 -1
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('4 V,0 V) and ('4 V, 15 V)

IEMN AEC1341 [1%-batch SiCopSiC substrate]
[Wg =100 pm, Lg =1 pum)

IEMN AEC1341 dev 2 (Wg= 100um, Lg= 1um, Lgp= 2um, Lgg= 1.5) IEMN AEC1341 dev 2 (W= 100um, Lg= 2um, Lgp= 2um, Lgg= 1.5)
0.9 T from 0V 10 -4V (step -1v) Ve Vo 5)=(0V,0V) 0.9 ~
N — - - _ (Vgib\,VDJ.)—(OV,OV)
0.8 T Py/Period=1us/100us (Ve Vo m=(-4V,0V) 0.8 + VN V=(-AV. OV
(V - vV, N ):(_4\/ 20\/) — ( G_bl"VD, h\)f(- ’ )
0.7 1 oo ' 0.7 + —— (Vo_onVo_m)=(-4V,20V)
0.6 T _.0.6 + Vos-10V
— £ Py /Period=1us/100us
€05 T €051
£ <
30.4 1 204 T
[%] [a}
£0.3 1 ~ 03+
0.2 1 0.2 +
0.1 1 0.1
0.0 t 0.0 }
0 5 10 15 20 -5 -4 -3 -1
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos b)=(0 V,0V), (-4 V,0V)and (-4 V, 20 V).

IEMN LO-792 [1%-batch SopSiC substrate]
[Wg =100 pm, Lg =2 pm)

IEI\éI)N7LO792 L2C1 Lg2_Ws100 (Ws=100um, Lg=2um, Lgp=2um, Lgg=1.5um) IEMN LO792 L2C1 Lg2_Wg100 (W=100um, Lg=2um, Lgp=2um, Lgs=1.5um)
. Vas from OY to -6V (step -1V) (VGJ,,VDJ,‘)i(OV,OV) 0.7 Vo oV m=(0V.0V)
06+ Py/Period=1us/100us (Vo_piVo_n)=(-6V,0V) 06+ __ Ve Vo 6)=(-6V.0V)
—— (Vo_piVo_n)=(-6V,20V) : N T \=
—_— (VG,vaDJ:\)—('BVvZOV)
05 05T vy 10v
P € Py/Period=1us/100us
04T Eoaf ™
<
0.3 ~ 1
\_2 2 0.3
0.2+ 0.2+
0.1+ 011
0.0 ‘ ‘ ] 0.0 : ‘ : : :
0 5 10 15 20 -6 -5 -4 -3 -2 -1
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('6 V,0 V) and ('6 V, 20 V)
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IEMN LO-896 [1%-batch SiCopSiC substrate]
[Wg =100 pm, Lg =1 pm)

IEMN LO896 L4C4 L1_Wg100 (We=100um, Le=1um, Lep=2um, Les=1.5um) IEMN LO896 L4C4 Lg1_W100 (We=100um, Le=1um, Lgp=2um, Les=1.5um)
1.0 TV from OV io -6V (5tep V) (Ve Vo ) =(0V,0V) 1.0 Ve Vo w=(0V.0%)
Py/Period=1us/100us (Vg piVp m)=(-6V,0V) T v )=
(Ve Vo 1) =(-6V,20V) (Vo_piVo_n)=(-6V,0V)
0.8+ G b1V p_bl)~ , 0.8 + (Vo_pVo_n)=(-6V,20V)
Vps- 10V
EO'G T E06 4 PulPeriod=1us/100us
£ s
3 <
EOA T 80.4 1
0.2 0.2
0.0 f ; T 0.0 f t t f
0 5 10 15 20 -6 -5 -4 -3 -2 -1 0
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('6 V,0 V) and ('6 V, 20 V)

IEMN L1055 [2"-batch SiCopSiC substrate]
[Wg =100 pm, L =0.25 um, Lgs =1 pm, Lgp = 2 um)

IE:II\-Ag L1055 16_14_A 0.25x100 (Wg=100um, L=0.25um, Lgp=2um, Lgs=1um) IEMN L1055 16_14_A 0.25_100 (W=100um, Lg=0.25um, Lgp=2um, Lgs=1um)

1.0
Vs from OV to -6V (step -1V) (Vo_oiVo_p)=(0V,0V)  MVewVon=OV.0V)
Py/Period=1us/100us (Vo_piVo_n)=(-6V,0V) Vo oV )=(-6V.0V
1 v Vo )=(-6V,20V) 1 — (Vo _b1Vo_n)=(-6V,0V)
0.8 — (Vo b1 Vo ! 0.8 (Vo oVp )=(-6V,20V)
Vps- 10V
»E«O.G b E 061 PwlPeriod=1us/100us
£
£ <
3’0 4 A \;0 4
QY a0l
£ £
02T 0.2
0.0 y y f 0.0 t f t t t
0 5 10 15 20 -6 -5 -4 -3 -2 -1
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos b)=(0 V,0V), (-6 V, 0 V) and (-6 V, 20 V).

IEMN AEC1470 [2"-batch SiCopSiC substrate]
[We =100 pm, Lg =0.25 um, Lgs =1 pm, Lgp = 2 pm)

IEMN AEC1470 11_04_C 0.25x200 (W¢=200um, Ls=0.25um, Lgp=2um, Lgs=1um) IEMN AEC1470 11_04_C 0.25x200 (W=200um, Ls=0.25um, Lgp=2um, Lgs=1um)
11 Vgsfrom OV to -6V (step-1V) (Vg 1,Vp n)=(0V,0V) Ve mVo m=(OV.0%)
1.0 T p,/Period=1us/100us (Ve Vo,p)=(-10V,0V) 10+ —— VeuVou=OV,
09T T VeV w)=(10V,20V) 0.9+ (Vo Vo )=(-10V,0V)
. G_bi»VD_bl/™ v i (VG thD m):(—lOVVZOV)
08 1 08+
Vps- 10V
=077 g0 T P,,/Period=1us/100us
E 0.6 T £0.6 1
<05 \;0.5 r
B04 1 <S04 1
03 T 03 1
02+ 02+
0.1 1 0.1
0.0 - 1 0.0 t
0 5 10 15 20 -10 -8 -6 -4 -2
Vos(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos v)=(0 V, 0 V), (10 V, 0 V) and (-10 V, 20 V).
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3-5 Labs AEC1313 [2 "-batch SiCopSiC substrate]
[Wg =150 pm, L =0.25 um, Lgs =2 pm, Lgp = 1 pm)

IEMN AEC1313 31_31_C2 0.25x150 (W=150um, Ls=0.25um, Lgp=2um, Lss=1um) IEMN AEC1313 31_31_C2 0.25x150 (W¢=150um, L=0.25um, Lgp=2um, Lgs=1um)
2 -
(Vo _m Vo w=(0V,0V) Ves fror.n 0V to -6V (step -1V) 12 Vo Vo )=OV.0V)
(Vg piVp p)=(-6V,0V) Py/Period=1us/100us ¢ Vp )=(-6V,0V)
L0 T (Ve Vo p)=(-6V,20V 1.0 + et b
G_bi7D_bl (Vo _pnVo_n)=(-6V,20V)
] 08t Vos-10V
T € : P,/Period=1us/100us
£
g . 3 0.6
2 ©
20. 0.4
0.2
t 0.0 f f
0 10 15 20 -6 -5 -4 -3 -2 -1
Vos(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('6 V,0 V) and ('6 V, 20 V)

UMS AEC1333 [1*-batch SiCopSiC substrate]
We=80um,Lg=0.5pum, Lgs =1 pum, Lgp = 1.7 um)

1 L2JMS AEC1333 BN48 MO3A ( Wg=80um, Lg=0.5um, Lgp=1.7um, Lgs=1) UMS AEC1333 BN48 MO3A ( Ws=80um, Ls=0.5um, Lgp=1.7um, Lgs=1)
. 1.2

Ves from 0V to -4V (step -1V) (Vg_m,VD_m)i(OV,OV) (Ve Vo o)=(0V,0V)
Py,/Period=1us/100us (Vo _onVo_p)=(-4V,0V) (Ve Vo w)=(-4V,0V)
Lor —— Ve Vo w)=(4V.200) O ViV
— (VG MVVD m)—(-4V,20\/}
~0.8+ Vos=5V
E Py,/Period=1us/100us
< 0.6
8
— 0.4 1
0.2
0.0 t f t
5 -4 -3 -2 -1
Ves (V)
b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos b)=(0 V,0V), (-4 V,0V)and (-4 V, 20 V).

UMS AEC1337 [1*-batch SiCopSiC substrate]
[We=80pum, Lg=0.5pm, Lgs =1.25 pm, Lgp = 2.5 pm)

AEC1337-M0O3A_BF48 (Ws=80um, Ls=0.5um)
Vs from 0V 1o -6V (step -1V) (Vo_piVo_p)=(0V,0V)
0.9 -Pw/Period=1us/100us (VGithDJ]‘):(AV,ZOV)

0.8 T
0.7+
£06 T
Eo05
<
\-g’OA -+
03
0.2 H
0.1
—
0.0 ¥ } ¥
0 5 10 15 20
Vos(V)

DIVA-like Ip-Vp characteristics at Vgs from 0 V to -8 V. Baseline: (Vgs i, Vps m)=(0 V, 0
V), (-6 V,0V) and (-6 V, 20 V).
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UMS L1053 [2"-batch Si substrate]
[Wg =100 um, L = 0.5 pm)

0, VS L1053 V45 B 0.5_100 (Wo=100um, Le=0.5u, Lyie15=NO) UMS L1053 V45_B 0.5_100 (Ws=100um, L;=0.5um, Lgy,e15=NO)

Vgs from OV to -4V (step -1V) (Ve _oVo_n)=(0V,0V) 0.6 SETY)
P,,/Period=1us/100us — (Vo pnVp n)=(-4V,0V) J— (VG_vaD_m)—(,At\} o
—— (Vo_oinVo_m)=(-4V,20V) —— Ve pinVo_m)=(-4V,
—— (Vo _pnVo_n)=(-4V,20V)
0.4+ 04l Vos=sv
E T P,,/Period=1us/100us
: <
< <
80.2 - “o02 1
00 ‘ ‘ ? 0.0 ; : ‘
0 10 15 20 3 2 1
VosV) 2.
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) 1p-Vgs characteristics at
Vps =5 V. Baseline: (VGsibI: VDSbe):(O V,0 V), ('4 V,0 V) and ('4 V, 20 V)

UMS L909 [2"-batch Si substrate]
[We =100 pm, Lg = 0.3 um, Lsy = 1.3 um)

0, VS L909 N38D 0.3_100 (We=100um, Ls=0.3um, Lsero=13um) UMS L909 N38D 0.3_100 (W=100um, L;=0.3um, Lgye,5=1.3um)

Vs from OV to -5V (step -1V) (Voo Vo_6)=(0V,0V) 0.7 AR,
0.6 + Puw/Period=1us/100us — (Vo onVp p)=(-6V,0V) 06+ I (Vgimvvpi\,\)=('6V,0V)
Vo onVop)=C6V.201) T S VewVow=t6v.200)
057 0.5 T vye 10V
EOA 1 g 04+ P,\/Period=1us/100us
£ 2
203+ Zost
9 <
02+ 02+
0.1 0.1
0.0 t t 0.0 t }
0 10 15 20 5 4 -3 -2 -1
Vos(V) Vs (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos b)=(0 V,0V), (-6 V, 0 V) and (-6 V, 20 V).

UMS L1338 [2"-batch Si substrate]
[We =100 pm, Lg = 0.5 pm, Lsy = 1.3 pm)

CL)JIXIS 11338 N46 2x50_50_V3 (We=100um, Lg=0.5um, Ly 5=1.3um) UMS L1338 N46 2x50_50_V3 (W=100um, L=0.3um, Leygip=1.3um)
. Ve ffom 0V 10 -4V (step -1V) (VG_thD_m)i(OVvOV) (Ve Vo m)=(OV,0V)
P,\/Period=1us/100us (Vo pnVp p)=(-6V,0V) (Ve 0V ) =(-6V,0V)
—— (Vo_onVo_n)=(-6V,20V) oo =(-6 120
03t 034 (Vo Vo_s)=(-6V.20V)
= Vps=5V
g E Py/Period=1us/100us
£0.2 < 021
< %
7] L
-2
0.1 0.1 1
0.0 } 0.0 t t
0 5 10 15 20 2 -1
Vps(V) Ves (V)
a) b)

DIVA-like (a) Ip-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vpos b)=(0 V,0V), (-6 V, 0 V) and (-6 V, 20 V).
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UMS L879 [2"-batch SopSiC substrate]
[Wg =100 um, Lg = 0.3 pm)

UMS L879 V52_A 0.3_W100 (We=100um, L=0.3um, Leye 5=NO)

1.2 UMS L879 V52_A 0.3_100 (Wg=100um, Lg=0.3um, Lgye ,=NO)

Vgs from OV to -6V (step -1V) ____ (Vg 5nVp p)=(0V,0V)
104 P\y/Period=1us/100us — (Vo_nnVo_p)=(-6V,0V)
' (Vo Vo 5)=(-6V,20V)

0.8 A
=5
£061
<
]
£0.4 1

0.2

0.0 — :

0 5 10 15
Vos(V)
a)

20

12

1.0 1

0.8 1

1o (A/mm)

0.4 1

0.2 1

0.0

0.6 1

R (Vs_nlvVD_m):(OVvOV)
— (Voo Vo_u)=(-6V,0V)
— (Ve Vo n)=(-6V,20V)
Vps- 10V
P,/Period=1us/100us

5 -4 -3 2 1
Ves (V)

b)

DIVA-like (a) 1p-Vp characteristics at Vgs from 0 V to -8 V and (b) Ip-Vgs characteristics at
Vps =5 V. Baseline: (Vgs b, Vos b)=(0 V,0V), (-6 V,0 V) and (-6 V, 20 V).



