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Abstract : For CMOS processing compatibility, hybrid borglof I1I-V materials on Silicon should
be operated below 300°C, requiring an interfa@gét as thin as possible in order not to hamper the
electrical transport through the interface. Bot®.Sind ZnO interfacial layers have been investigated
in the case of n-InP/n-Si hybrid heterostructukdicient electrical transport through oxide-medit
bonded InP/Si heterostructures is demonstratedterklto tunneling through the oxide-interfacial
layer. These electrically-operated oxide-interfalager heterostructures provide both efficient

bonding processing and open the field for full 3&3idn and operation of optoelectronic devices.

Introduction

In the domain of Silicon photonics, the abilityaiectrically operate the hybrid 111-V on Si (or
SOI) interface will open the full 3D field bringingew design opportunities and immense gains for
thermal-budget, chip power consumption, footprintl éntegration of driving electronics. Electrical
transport has been demonstrated in the case of/SaAs? ; it has also been demonstrated in the
pioneer work of D.Pasquarielld in the case of both hydrophobic and hydrophilie/8i bonding ,

and recently for air-bonded InP/&i



Hybrid heterostructures obtained by bonding haeeatlivantage versus heteroepitaxial growth to offer
a high crystalline quality, even though the lattmnesmatch is important, being ~8% in the case of
InP/Si. We have here considered bonding processag BMOS processing compatible. Bonding has
then to be operated at a temperature below or @tC3aximum in order to preserve the already
processed contacts. Thus an intermediate layer dadatory, otherwise wafer fusion without
intermediate layer is reported to be operated énad0°C temperature range, in the case of InP/GaAs
B! or hydrophobic bonding is reported to be operatetD0°C in the case of InP/3i

The intermediate layer commonly introduced is a,J#&yer, due to its large compatibility with
Silicon. It can be an intentionally deposited Sl@yer with a thickness in the [5-50] nm rangesthi
approach has been widely implemented for hybridags/®® but such a large thickness prevents
electrical transport through the interface. Whemddog is operated without any intentionally
deposited layer but under ambient air, this prangdeads to a non-controlled thickness of the exid
layer at the interface, which is in the [2-5] nnickhrange in the case 81, or which thickness is not
given in the case 6f. For such a thin layer, electrical transport hesrbmeasured thanks to tunneling
through the oxide layer. In order to generate amraithin SiQ interfacial layer, we have developed a
process operating under vacuum with de-oxidizethses activated by ozone, reaching a 1.2nm-thick

oxide interface layéet®.

Hybrid interface

We consider here bonding operated at 300°C, thecisidmg an interfacial layer. We have
investigated two interfacial layers: (i) the Siterfacial layer generated by ozone-activateddiedn
surfaces and (ii) an intentionally deposited thinOZinterfacial layer, taking advantage of the
conductivity of this metallic oxide* %,
In order to clearly evidence the degradation of @éleetronic transport that could be brought by the
intermediate oxide layer, we have considered a itlybeterojunction with doping polarity and
concentration leading to an ohmic behaviour with@oy oxide. The n-Si 1 cm®n-InP 16° cm®
doping polarity and concentration heterostructuae &lreadyexperimentally demonstratedn ohmic

behavior *¥; this choice is also supported by the band diagram calculated with tHARGE solver
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of the Lumerical commercial tool. Figure 1 indicatbat an ohmic behavior can be expected due to

the reduced potential barrier at the conductiordledge. The energy reference Fermi level is taken a

OeV.
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Figure 1: Band diagram (Conduction Band and ValeRaed) calculated by Lumerical CHARGE solver

Doping are n-Si/ n-InP both 1%8m?

Additionally, the high doping of both materials ares a negligible contribution of both material

sections to the measured resistance.

Oxide-mediated bonding

Both 1cm square InP and Si samples arexittized, terminated by HF last. Both surfaces are
then activated by ozone —Os- and annealed under vacuum at 300°C during 1 h 30 min, with a slight
pressure. Such a process has produced a 1.2nm-thick iBt€rfacial layef'®. Figure 2-left shows the
STEM image of the interface, evidencing no struatdefect in both lattices. Figure 2-right shows in
situ EDX profiles for all the elements, Oxygen iesent at the interface, without any diffusion in
either lattice. The residual roughness of bothasu@$ being in the [0.3-0.4] nm range, such a tyarl
could be very close to the thinnest possible l&gepxide-mediated bonding. Annealing experiments

operated up to 500°C have evidenced the layediggakiithout any migration or reordering.
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Figure 2 : Qactivation bonded interface Figure 3: ZnO-mediated bonded interface
left: STEM image of the interface left: STEM image of the interface
right : in-Situ EDX all elements distributidf} right: in-Situ EDX all elements distribution

We have also considered a conductive oxide intelatethyer, since even if its thickness will
be several nanometers, its conductivity would rashper the electrical transport. ZnO is well known
to present a conductivity related to oxygen vaaes¥et*?. Both InP and Si surfaces are prepared
oxide-free as described ', a ZnO layer 1.6 nm-thick has been deposited ytegng at room
temperature on the InP surface only. Both surfagesthen immediately brought into contact and
annealed at 300°C under vacuum during 1 h 30 rhim,seame bonding procedure used for ozone-
activated surfaced”. Figure 3-left shows the STEM image of the inteefaevidencing no structural
defect in both lattices. Figure 3-right shows itudtDX profiles for all the elements. The Zn elemen
distribution has a 15% maximum, showing a largerimtiffusion both in Si and in InP. This inter
diffusion is enabled since the sputtering depasitibroom temperature produces an amorphous layer
of low density which easily diffuses during the B® min duration annealing at 300°C for bonding.
The oxygen element is present on a distance ofm, darger than the 1.6nm-thick ZnO deposited
layer, and on the Silicon element side mainly,dating that silicon has been oxidized, generatirg t

stable oxide Si@® The 4nm-thick oxide interface layer is then a @fr8iO,+ Zn(Si)Q, +Zn0.

Electrical processing and measurements

For electrical transport measurement, a n-dopedX3$)"° cm® 500nm-thick InP membrane
has been bonded on a n-doped (P) 1k&@i® Si substrate. Both oxide bonding, ozone-activated
surfaces and ZnO intermediate layer, as well a®xade-free bonding, have been processed and

measured, the oxide-free interface being a bendhsiace it has already evidenced efficient eleatric



transport™®*. After substrate removal, the InP membrane evidersp surface defect. 150um-
diameter mesa were etched by-Bhsed Inductive Coupled Plasma etching throughniRenembrane
down to the Si substrate. Electrical contacts vpardormed, a Ti-Au contact on top of the InP mesa,
and a Ni/Au/Ge contact on the Si substrate. Thesecbntacts have been qualified to be ohmic. The
Si contact geometry has a circular pattern 100udewsind 110um far from the InP mesa as sketched
in Figure 4 left. Electrical measurements were cated using a four-probe set-up allowing the
exclusion of probe resistance, the current beincgfib from the mesa contact to the outer contadj. V(
transport characteristics of the heterojunctioigute 4 right) show ohmic behavior in the casehef t
oxide-free bonded interface, as already reported agso for the oxide-mediated bonded interfaces.

In the case of the SiA.2nm-thick interface layer obtained with the cz@ttivation of de-oxidized
surfaces, this ohmic behavior confirms the tunmgeliransport already proposed as the transport
mechanism in the GaAs/Si interfale and corroborates the measurement performed OfSiliaiit-
bonded interface¥' since, even if no TEM picture is provided to clgahow what exists at this
interface, an oxide layer is most probably preskm to the bonding being operated in ambient air.
Related to this tunneling mechanism, the thinngiteolayer is sought since the current transpoat is
decaying exponential function of the oxide layackhess.

The ZnO bonded interface also shows an ohmic beha@amparable to the O3-activation bonded
interface leading to the SjOintermediate layer. Even being thicker (~4nm-thickhe multi
composition of this oxide layer (S3®Zn(Si)Q; +Zn0O) evidenced by the in-situ EDX profiles of the
elements, allows tunneling through its SiO2 part] eonduction through its Zn-based part which is Si
and In-doped due the inter diffusion. As a consageethe ZnO bonded interface has an electrical
behavior very similar to the one including the Sierfacial layer obtained byzctivated surfaces.
The major contribution to the resistance beingitierfacial resistance, when compared to the oxide-
free bonded interface, both oxide-bonded heterosires show no significant increase of the
resistance related to the presence of the oxide ktythe interface.

The resistivity calculation is beyond the scopéhed paper, since its correct calculation wouldures

a current flow simulation to quantify the electfield lines according to the structure and contacts



geometry and a quantitative measurement of anyilgessurface currents along the etched mesa

walls.
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Figure 4Left: Schematic of the electrical contacts (not ategcal

Right: V(I) Transport characteristic of the hybrid irfeeres

Discussion

Even though these experimental measurements demrai@gtat a very thin oxide intermediate
layer does not increase the interfacial resistamben compared to an oxide-free interface, thus
allowing efficient electric transport, the proposéuvolved mechanisms remain macroscopic.
Commercial simulation tools implementing energygapd electronic affinities for the band structure
and transport calculation does not allow a detadlescription of the interface. They also do noetak
into account that Si and InP do not have the saiysadlographic system and the same polarity. A
guantum transport approach simulation should beemakien in order to correctly describe the
complex mechanisms occurring at the interfaces f@gd breaking and charge transfers) and include
a detailed description of the oxide interfacialdgyespecially when the composition of the oxideta
becomes complex due to diffusion during bonding @sdelated annealing. Advanced simulation
implementing full-band quantum simulation with engal pseudopotential and Non Equilibrium
Green Function formalisi is under development to support an optimized desfghe interfacial

layer for efficient electrical transport.

Conclusion
In this study, we have demonstrated that an oxgler| being thin enough, does not hamper
the electrical transport through a n-InP/n-Si hglireterostructure. Bonded hybrid interfaces obthine
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under vacuum operation at 300°C including or a,Si@nm-thick interfacial layer or a 4nm-thick
complex SiQ+ Zn(Si)Q, +ZnO interfacial layer have been measured, evidgnan ohmic behavior
and no significant increase of the interfacial segice when compared to an oxide-free bonded
interface. Oxide-mediated bonding has thus two aidges, a technological one related to the efficien
and easily implementing bonding processing, anduractional one allowing electrical transport
through the interface, provided the right choiceade for the thin oxide interfacial layer.

In-depth electrical characterization, involving Kdwmeasurement, is under progress, and a quantum
transport approach simulation is currently undentakn order to correctly explain the conduction

mechanisms involved.
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