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Abstract. P-type 4H-SiC layers formed by ion implantatioraédigh temperature processes,
which generate surface roughness, losing and inl=enpctivation of dopants. Due to dopant
redistribution and channeling effect, it is diffitto predict the depth of the formed junctions.
Vapor-Liquid-Solid (VLS) selective epitaxy is artexhative method to obtain locally highly
doped p-type layers in the £@m? range or more. The depth of this p-type layersegions

is accurately controlled by the initial ReactiveHgtching (RIE) of the SiC. Lateral Junction
Field Effect Transistor (JFET) devices are fabedaby integrating p-type layers created by
Al ion implantation or VLS growth. The p-type VL&ylers improve the access resistances on
the electrodes of the fabricated devices.

I ntroduction

Power discrete SiC devices as Schottky diodes, [&ipdunction Transistors (BJT),
Junction Field Effect Transistors (JFET) and MOSF&E already commercialized. To
improve performance and reliability in power eleaics, a monolithic integration of this type
of devices in SiC single crystal wafers is recomdseh Thus the size of converters is
reduced, the switching operation is improved aral gbwer loss is decreased. Monolithic
integration of SiC devices was already invoked wddovertical JFET and Junction Barrier
Schottky diodes [1] and vertical or lateral BJT .[2pdustrial development of the SiC
monolithic technology is still in progress, delay®dthe need to improve some technological
steps, particularly those that can enhance thatgudlsemi-insulating SiC substrates or that
can reduce the resistivity of the p-type layers.

In this paper, SiC p-type doping by aluminum (Adhiimplantation is compared to the
alternative VLS epitaxy method to fabricate intégdapower devices.

Al ion implantation

P-type localized regions in SiC are in generaliokthby ion implantation which is still the
unique method of local doping due to the very stffusion of dopants in SiC. Moreover, due
to the high activation energies of the p-type dépan SiC (~0.2 eV for aluminum and
~0.3 eV for boron), obtaining a net doping levejuiees to implant higher doses of ions. That
leads to create numerous crystalline defects Upctd amorphisation of the material if the ion
implantation is processed at room temperature (RT).

To recover a good crystalline quality and to acévhe implanted impurities by migration
of implanted ions in SiC atomic substitutional siféor example, Al is a dopant only when it
substitutes to a Si site), a high temperature dmges necessary, typically in the range of
1600-1800°C [3]. Figure 1 presents sheet resista(fRg) measured with a four-point probe



technique on p-type layers created by Al ion imf@taan. Post-implantation annealing has
been performed during 30 min or one hour at varieasperatures from 1600°C to 1800°C.
Rsh decreases when either the annealing temperatutbeoannealing time increases. The
linearity of the Ry variations with the post-implant annealing tempes proves a non-
saturation of the electrical dopant activation eaftar annealing at 1800°C [4].
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Fig.1. Sheet resistance measured at RT by fourtpoobe technique on p-type SiC layers created
by Al ion implantation and annealed at differemhperatures and durations [4].

The annealing temperature is limited by the surtiterioration of the implanted layers. A
strong degradation of the surface occurs by sulilimaf Si from the SiC, resulting in a rough
surface. Surface roughness limits device performsarixy inducing an increase of leakage
currents in off-state and a degradation of the Witean voltages. The roughness increases
when either the annealing temperature or the amgetime increases (Fig. 2a) by forming
terraces of several tens of nanometers (Fig. 2b).
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Fig2. Surface deterioration of SiC: arithmetic azge roughness @R measured with Tencor
alpha-step stylus after annealing at different temapures and durations (a), Atomic Force
Microscopy (AFM) measurement on a virgin SiC samapleealed at 1700°C during 30 min (b).



By increasing temperature, the sublimation of $i caduce also an etching effect of the
SiC surface and thus a significant loss of impldrdepants in the near surface region [5].
Figure 3 presents Al implanted doping profiles meed before and after annealing.
Compared to samples just implanted, the Al profifter annealing seems to be offset toward
the surface. The quantity of the dopant loss irsgeawith the annealing temperature. It is
worth mentioning that on these samples the ionamtpkion was performed at 300°C to avoid
SiC amorphization [6]. In amorphous layers, a teithgtion of the dopants occurs, this
phenomenon being discussed thereafter at the ethésafection.
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Fig.3. Al profiles measured by Secondary lon Mapsc8ometry (SIMS) before and after post-
implantation annealing highlighting the lost of thepants after high temperature annealing.

Concentration (cm

H
On—-
o
L 3

Surface deterioration and the shift towards thdaser of the implanted dopants should
induce an increase of the sheet resistance of-thpeplayers which is in contradiction with
the results we present in figure 1 where the stesestance decreases by increasing the post-
implantation annealing temperature. The p-type Si€et resistances from figure 1 have been
measured on samples whose surfaces were proteitted dedicated cap (detailed hereafter).
Therefore, in figure 1 the decreasing of the shesgtances either with the temperature and
the duration of the annealing is fundamentally edusy the increase of the dopant activation.

Si sublimation has been reported to be preventedapping the surface with AIN [7],
graphite (C) [8] or by using silane partial ovegsere during annealing [9]. In this later case
an accurate control of the gas flux is necessapyawent Si droplet deposition.

However, the efficiency of these protections isvemao be temperature limited except for
the graphite layer which resists up to 1800°C. gtaphite cap layer is obtained by baking at
~750°C a photoresist layer deposited by spin-cgadirthe SiC wafer surface. This method is
widely used today in SiC device fabrication needinging by ion implantation.

The C cap showed in general a very good preservaifothe sample surface state.
Nevertheless, the surface morphology after anngalias shown to depend on implantation
parameters (temperature and total doses), even ugieg a graphite cap protection. The use
of the graphite cap influences also the diffusidrdopants and their activation rate [10].
Figure 4 presents AFM images on Al implanted Si@@as measured after annealing with
and without a C-cap. After annealing the C-cap lteen removed by an oxygen dry plasma
etching. For an Al total dose of 1.75*%%@m? the presence of the C-cap during annealing
allowed a very good preservation of the sampleaserkate. After 1800°C/30 min annealing,
the average roughness is 0.46 nm, slightly highan for an unimplanted sample (0.31 nm).



By increasing the Al total implanted dose to 3.5%té1” the average roughness increases to
1.49 nm despite the use of the C-cap during anmggali

a) b) c)
Fig.4. 5x5 um AFM images for 1.75x10 Al.cni® implanted sample after 1800°C/30 min annealed
without graphite cap (a) and with a graphite cap. (Bhe right AFM image (c) is for 3.5x10Al.cni?
implanted sample after 1800°C/30 min annealed witjnaphite cap.

Preserving the surface state during annealing Imguke C-cap allowed us to focus on the
study of the crystal recovery of amorphous SiC laymeated by Al room temperature (RT)
ion implantation. The presence of the amorphousrigyn general, is identified and localized
by Rutherford Backscattering Spectrometry in thear@teling mode (RBS/C) measurements.
Figure 5 presents the example of the 1.78%&6i> Al implanted sample at RT.
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Fig. 5. RBS/C spectra on 4H- SiC samples implaate®T with 1.75x18 cm? Al total dose, before
and after annealing

When ion implantation is performed at RT, doparmtis&ibution occurs also during the
annealing, by a gettering phenomenon localizetha@tptroximity of the end-of-range defects
formed at the initial amorphous-crystalline integg11]. In figure 6, SIMS (Secondary lon
Mass Spectroscopy) dopant profiles are presentedfdior total implanted doses after
1700°C/30min annealing. After annealing, doparfudibn increases with the dopant dose.
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Fig.6. SIMS doping profiles obtained after anneglom samples implanted Al with varying total doses

Dopant redistribution and diffusion are observedanls the bulk and the surface (dopant
loss) with a peak formed at the former initial aptwus/crystalline interface observed by
RBS/C after ion implantation and before annealing.
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The shape of the dopant profile considerably affeébe electrical behavior of devices
based on these p-n junctions. Dopant redistributimy have a positive influence on the
increase of the p-n junction breakdown voltage. éMheless, graduate junctions are in
general not compatible with high levels of carrigection.

Implanted dopants profiles and the depth of then&m junctions are also difficult to be
accurately estimated due to the channeling effecdH-SiC presents a hexagonal crystalline
structure, a strong channeling effect is obsensgka@ally in the case of Al ions. Figure 7
presents the crystalline structure of the 4H-SiQytgpe and disorientation of the ion
implanted surface (with two defined angles rotateond tilt) in order to avoid or at least
minimized the channeling effect. The channelinghefAl ions is quite difficult to control and
to eliminate in 4H-SiC even when in addition to theface disorientation an amorphous layer
as SiQ is present in the surface. To estimate the dopirgfile of Al implanted ions,
dedicated Monte-Carlo software has been developadidering the crystalline structure of
the SiC [12]. Electrical characteristics of theafifiabricated SiC devices could be predicted,
but with uncertainties due to the difficulty to iesate the depth of the different p-type layers.

Vapor-Liquid-Solid Growth

An alternative method to locally dope SiC is Vapayuid-Solid (VLS) selective epitaxy.
Highly p-type doped SiC can be obtained leadingaisiderable reduction of both the p-type
SIiC resistivity and the specific resistance of ahoantacts formed on it.

The technological process is detailed in [13] amnddhematically presented in Fig. 8. The
depth of the p-type layers is accurately controbgdhe initial plasma dry etching of the SiC,
performed to create the wells where the Al-Si staarle deposited and converted in 4H-SiC by
VLS epitaxy. Thus, as Al ion implantation, our VEBitaxy is a local doping method to create
p-type 4H-SIC layers.

Al-Si stacks are deposited by electron-beam PVDosi@ipn, thicknesses of the layers and
deposition rate are precisely monitored by quaigzqgelectric crystals. Dry etching of the SiC
is made by Reactive-lon-Etching (RIE) or Inducti€oupled-Plasma (ICP) with gb.
chemistry and using a Ni hard mask defined by ghibtgraphy at the surface of the SiC
samples.

a) b) H, + C3Hg c)
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Fig. 8 - Schematic description of the VLS procegsdeposition of Al-Si stack inside the trenches
formed by RIE or ICP in SiC, b) melting of Al-Sidaaddition of propane for the VLS growth,
c) formation of P-type SiC [13].

During the VLS growth the samples are heated ieréical cold wall reactor (Figure 9) up
to 1100°C. This value is very low compared to terapges needed for post-implantation
annealing (~1700°C) or classical SiC CVD epitax§460°C-1600°C), reducing thus device
cost fabrication if this alternative method is implented at an industrial scale.



CH, or C;Hg

Graphite Fy mmetei _____ l_l _____
susceptor %
Substrate
»
RF Induction o « | o
Coil O O
O O
oL o
/]
Graphite T
susceptor

Fig. 9 — Cold wall vertical reactor utilized duringLS growth

P*-type SiC layers obtained by VLS have high Al dgpaoncentrations, in the em?®
range. Fig. 10 presents a typical profile obtaing&IMS [14].
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Fig10. Al doping profile from SIMS on VLS SiClayers.

Ohmic contacts have been evaluated on these pMifelayers with patterned Transfer
Length Method (TLM) structures using a specific NHAI metal alloy [15]. The contact is
ohmic even without post-metallization annealing.e@fic contact resistances as low as
1.3x10° Q.cnf have been obtained after 500-800°C Rapid ThernmaieAling performed
under a pure argon atmosphere [16].

Nevertheless, the VLS growth is still an immatwehinological process. Works remain to
identify the steps to be optimized in order to ioy& the quality of the obtained pn junctions,
which still suffer from a poor interface betweere th-type VLS layers and the initial
substrate. Figure 11 presents current-voltage me@msunts on two PiN diodes with p-type
emitters fabricated by VLS growth. These measurésnevere made on vertical diode
configuration with a “Signatone S1160” probe statend Keithley 2410 or 2636 Source
Measure Unit (SMU).
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Fig. 11. Current-voltage characteristics of PiN &#c diodes with the emitter fabricated by VLS.
Current densities versus applied bias are presefiedarious diode sizes; a) and b) correspond to
two samples with different technological and VLBwgh parameters. The constant current plateau
obtained for the diodes with larger sizes is duth&oSource Measure Unit current limit.

Current densities obtained on diodes with varigéssfrom 150 um to 1mm are plotted in
forward bias. For the diodes with larger sizes,dbestant current plateau obtained at the end
of the current densities - voltage characterisica measurement artifact due to the SMU
current limit.

In general very high current densities are obtaifsederal thousand of A/énthanks to
the high Al level doping in the p-type emittersttNd.S method allows (Figure 10 — SIMS
spectra of the Al doping profile). But if for theraple presented in Fig. 11la the current
density is independent on the diode sizes and malyphreshold (~3V for 4H-SiC P/N
junctions) is obtained, for the sample presente&igy 11b lower threshold is obtained in
forward regime. Moreover, for these diodes theentrdensity varies with the diameter sizes.
However in reverse bias, for the all presented \di&les, low values are obtained for the
leakage current.



Integrated lateral JFETs

Lateral JFET (LJFET) transistors with n-type antype channels have been fabricated,
integrated monolithically within the same SiC waf€he ultimate goal of this study is to

realize an integrated inverter leg with complemgnta]FET switches on the same 4H-SiC
chip (Figure 12).

Load

P-JFET -

Fig. 12. Simplified inverter diagram with a leg ledson complementary lateral JFETSs.

Several batches have been fabricated, the firs{aetailed in [17]) with p wells created
by Al ion implantation, and the second one (dethite[18]) with VLS p wells. The p wells
were utilized as source and drain contacting laj@rshe P-JFET and as gate for the N-
JFET. For both batches, thewells have been obtained by nitrogen ion implaotat

For the structure with both*pand i wells realized by ion implantation, the thickness
control of the p-type channel was problematic duéhe channeling of the ions implanted to
dope the gate (Figure 13). This phenomenon wasnesked for the N-JFETs due to the
higher project ranges (the average penetratiorhdehiring ion implantation) of the nitrogen
ions used to dope the n-channel. Whereas the p-tyyanels of the P-JFETs were
unintentionally normally-off or even always blocked

Channe P ——
Channe

Corcentration (cm )

Concentration (cm 3

NEnannel . P-channel

Fig. 13. Schematic presentation of the JFET chanhielden by the ion implanted gates.

Finally an experimental study based on SIMS measenés and MC simulations was
necessary to consider the channeling effect idtheSiC hexagonal crystalline structure. A

technological process has been defined to obtaiitele working despite the presence of the
channeling effect.



The VLS process allowed us to accurately contr@ thickness of the p-type wells.
However, the electrical characteristics of the JF&R p” wells created by VLS are affected
by the interface between the VLS gate and the n-type channel, which is a CVD epilay
The structural defects observed by Transmissiontileic Microscopy [19] explain the high
reverse leakage current measured between gateoarmbsNevertheless, the obtained results
have shown that the' YLS layers could already be used to improve theess resistances on
the P-JFET transistors where the VLSigyers have been utilized as source and draimr€&ig
14 compares typical results we obtained for thst fp-type JFETs fabricated by Al ion
implantation and those made by VLS. The VLS proadksvs us to multiply drain-source
current by more than one order of magnitude.
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Fig. 14. k{Vus Vgs characteristics for P-type JFETs with p-wellsated by Al ion implantation (solid
symbols) and VLS process (open symbols)

Conclusion

Industrial development of the SiC monolithic teclugy needs a significant drop of the
resistivity of the p-type layers and of the ohmantact formed on them. A technological
breakthrough will be obtained when an alternativethad to ion implantation will be found
in order to locally dope SiC, using only low temgiere processes, thus preserving the
surface state and allowing to precisely predictjtimetion depths. VLS selective epitaxy is a
good candidate for such objectives. If creatingabdé P/N junctions by this method seems to
be yet premature, highly p-type doped layers anthiohcontacts with specific contact
resistances as low as %1¥° Q.cn? have already been obtained by VLS. Therefore we
demonstrated that VLS layers could already bezetlion the top of p-type CVD epilayers in
order to improve the access resistances.
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