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ABSTRACT

Metal contacts in semiconductor quantum electronic devices can offer advantages over doped contacts, primarily due to their reduced
fabrication complexity and lower temperature requirements during processing. Some metals can also facilitate ambipolar device operation or
form superconducting contacts. Furthermore, a sharp metal-semiconductor interface allows for contact placement in close proximity to the
active device area avoiding damage caused by dopant implantation. However, in the case of gate-defined quantum dots in intrinsic silicon,
the formation of a Schottky barrier at the silicon-metal interface can lead to large, nonlinear contact resistances at cryogenic temperatures.
We investigate this issue by examining hole transport through metal oxide-semiconductor transistors with platinum silicide contacts on
intrinsic silicon substrates. We extract the contact and channel resistances as a function of temperature and improve the cryogenic conduc-
tance of the device by more than an order of magnitude by implementing meander-shaped contacts. In addition, we observe signatures of
enhanced transport through localized defect states, which we attribute to platinum clusters in the depletion region of the Schottky contacts
that form during the silicidation process. These results showcase the prospects of silicide contacts in the context of cryogenic quantum devices
and address associated challenges.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0213131

Metal oxide-semiconductor field effect transistors (MOSFETS)
with doped contacts have been widely used in the semiconductor indus-
try. However, the stochastic nature of the dopant implantation processes
might impose limitations on further scaling, for example, the channel
length. Metallic contacts could be a viable alternative since they can
form atomically abrupt interfaces with the semiconductor channel." In
addition, transistors with metallic contacts show lower parasitic source—
drain resistance”” and require lower thermal budgets in a simpler fabri-
cation process. Some material combinations can also enable ambipolar
contacts such that a single device can operate in the hole or electron
regimes.” For transistor applications, metallic contacts are mostly used
in novel devices made from, for example, organic materials,” 2D materi-
als,”” or carbon nanotubes.”” The contact resistance in these devices can
be relatively low because the Schottky barrier (SB) formed at the inter-
face between the metal and semiconductor is either thin, yielding high
transmission of the relevant charge carriers, or low compared to their
thermal energy, for example, due to Fermi level pinning.m‘l !

At cryogenic temperatures, the combination of SB contacts and a
low thermal energy of the charge carriers can result in large contact
resistances. While this can render metallic contacts less attractive for
cryogenic MOSFETSs, other types of cryogenic devices can benefit, for
example, when superconducting contacts are required'”'* or when the
SBs themselves serve as the confinement barriers of a quantum dot."”

In silicon quantum dots, metal contacts have enabled ambipolar
operation'® of spin qubit devices that exhibited high fidelity spin con-
trol.'”'* However, the contact resistance of these devices has been very
high, even compared with the large resistance of the quantum
dots.'™"” This makes it difficult to measure Coulomb blockade in
transport at low bias, and for charge sensing it decreases the readout
bandwidth and the signal-to-noise ratio.”’ As silicon is one of the lead-
ing host materials for spin qubits, and it is known that doping can
have detrimental effects,”* a thorough investigation of metal silicide
contacts for intrinsic silicon is needed. Previous studies have discussed
contacts with nickel silicide® at room temperature and aluminum

Appl. Phys. Lett. 125, 013501 (2024); doi: 10.1063/5.0213131
© Author(s) 2024

125, 013501-1

£1:2€:90 ¥20z AInf G0


https://doi.org/10.1063/5.0213131
https://doi.org/10.1063/5.0213131
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0213131
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0213131&domain=pdf&date_stamp=2024-07-02
https://orcid.org/0009-0005-1128-3151
https://orcid.org/0000-0002-1246-8677
https://orcid.org/0009-0008-2823-1034
https://orcid.org/0009-0003-5659-8259
https://orcid.org/0000-0001-5072-3037
https://orcid.org/0000-0002-0588-3418
https://orcid.org/0000-0002-2212-7972
https://orcid.org/0000-0001-6263-4517
https://orcid.org/0000-0002-6326-1043
https://orcid.org/0000-0001-5831-633X
https://orcid.org/0000-0003-3537-5737
mailto:kts@zurich.ibm.com
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1063/5.0213131
pubs.aip.org/aip/apl

Applied Physics Letters

silicide'” at cryogenic temperature. Although platinum silicide (PtSi)
forms a lower SB for holes than nickel or aluminum, it has only been
studied in doped silicon substrates in the context of classical electronics
applications.”

We investigate PtSi contacts to intrinsic silicon substrates at cryo-
genic temperatures with the prospect of integration in spin qubit devi-
ces. Figure 1(a) shows a spin qubit device consisting of two silicide
contact regions next to two lead gates (LG1, LG2), which are used to
accumulate carriers between the contacts and the active area of the
device.'” Between the lead gates, nanoscale plunger gates (P1, P2)
define the electrostatic potential that confines single carriers (holes)
into QDs [Fig. 1(b)]. In order to study and optimize the cryogenic
behavior of the silicide contacts, we fabricate simplified test devices
where we omit the plunger gates and instead use a single large gate, as
in a SB metal oxide field effect transistor (SBMOSFET) [Fig. 1(d)]. We
focus on PtSi contacts fabricated on a (100) near-intrinsic silicon sub-
strate (p > 10000 Q cm) and incorporated in MOSFET devices, as a
testbed for integration with silicon hole spin qubits.' """

Silicide contacts are defined using electron-beam lithography
(EBL); a patterned polymethyl methacrylate (PMMA) resist serves as
an etch mask to selectively remove a 7 nm-thick thermally grown sili-
con dioxide (SiO,) in the contact regions using hydrofluoric acid, fol-
lowed by evaporation and liftoff of a 20 nm-thick platinum film.
Silicidation is achieved with a rapid thermal anneal. Subsequently, an
isolation dielectric (7nm HfO, then 4nm SiO,) as well as the gate
metal (20 nm TiN) are grown by atomic layer deposition. The resulting
stack is shown in Fig. 1(f). The gate is patterned by EBL using hydro-
gen silsesquioxane (HSQ) resist followed by a metal etch in an HBr
inductively coupled plasma, with the dielectric below serving as an
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FIG. 1. (a) Scanning Electron Microscope (SEM) image of a silicon FinFET double
QD device. (b) Schematic cross section along the black dashed line in (a), of a dou-
ble QD device with a sketch of the valence band profile when the device is tuned
into the few hole regime for both QDs. S and D denote the source and drain con-
tacts, respectively, while LG1 and LG2 denote the lead gates and P1 and P2 the
plunger gates. (c) Cross section of the SBMOSFET device used to characterize
contacts. (d) SEM image of a SBMOSFET with meander contacts. The device
dimensions are indicated as follows: gate width (gy), gate length (g;), meander fin-
ger pitch (f,), and meander finger length (f). The gate boundary is highlighted with a
yellow line. (e) Equivalent circuit of a SBMOSFET consisting of the contact resistan-
ces (Res, Rep) of the source and drain as well as the channel resistance (Rgp).
(f) Transmission electron microscope cross section of a single meander finger of a
meander contact with f, = 200 nm.
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etch stop. The chip is packaged in 100nm of SiO, deposited with
plasma enhanced chemical vapor deposition. Finally, tungsten bond-
pads are connected to the silicide contacts and the gate with vias that
are patterned by EBL and reactive ion etching. The device geometry
includes sufficient overlap of the gate and the silicide to ensure direct
gating of the silicide-silicon interface, independently of variations in
the gate-to-contact alignment or lateral silicide growth. Using EBL
allows us to quickly assess various meander-shaped contact geome-
tries, as shown in Figs. 1(d) and 1(e), that can increase the interface
length and decrease the contact resistance while retaining the footprint
of the contact.

Platinum silicide forms from a platinum surface layer in two
stages, starting with a metastable Pt,Si phase before converting into a
stable PtSi phase.”*”” The atomic diffusion and reaction rates are con-
trolled mainly by the annealing temperature.”*”” The stable PtSi phase
is expected to form a lower SB with silicon than Pt,Si.”"""" To verify
complete silicidation, x-ray diffraction and Kelvin Probe Force
Microscopy were performed to map out the stoichiometry and work
function of PtSi contacts as a function of different annealing parame-
ters (see the supplementary material). From this analysis, we conclude
that the optimal conditions for complete PtSi formation are an anneal
duration of 300s at a temperature of 450 °C. These parameters are
used for all the studied SBMOSFET devices below.

To quantify the SB height, we use electronic transport through a
SBMOSFET device as a function of measurement temperature and
gate voltage. By performing an Arrhenius analysis’* on the acquired
data, we extract a SB height of 170 = 20 mV (Refs. 11, 33, and 34) (see
the supplementary material). This value is lower than the values
quoted in the literature, which range from 220 to 250 mV,>%! but
similar to values extracted with the same technique elsewhere.’” This
discrepancy between the techniques can be attributed to the fact that
thermally assisted tunneling modifies the temperature dependence of
the measured current for gate voltages near flat-band conditions.

Figure 2(a) shows extraction of the contact and channel resistance
as a function of temperature using the transfer length method
(TLM).”® We assume an equivalent electrical circuit with source (Rcs),
drain (Rcp), and channel (Rcy) resistances in series, as shown in
Fig. 1(e). By comparing devices with identical contacts but varying
channel lengths (I;,), and by assuming a linear dependence of R¢, on
the channel length I, both Rc, and Re = Res + Rep can be extracted
separately. The channel length is defined as the distance measured
from the middle of the source meander to the middle of the drain
meander, I = g — fi. In Fig. 2(a), resistances for meander contact
devices with fj = 1 um, g,, = 9 um, f, = 200nm are shown, with f;,
&w and f,, as defined in Fig. 1(a), for three measurement temperatures
at 300, 120, and 4 K. For these measurements, a source—-drain bias
Vi =20mV was applied antisymmetrically. As expected, Rch
decreases with more negative gate voltage (due to the increasing hole
density) as well as with decreasing temperatures (due to a reduction in
phonon scattering).”” The behavior of R¢ as a function of temperature
and gate voltage is primarily attributed to thermally activated tunnel-
ing through the SB. As the temperature decreases, the tunneling proba-
bility diminishes because fewer thermally excited carriers attain an
energy level that enables substantial tunneling probability through the
SB. This characteristic behavior is exemplified at V, = —4V, where
R¢ increases from 5 kQ at 300 K to 40kQ at 4 K. At room temperature,
Rcn significantly surpasses Rc, causing the device to behave as a
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FIG. 2. (a) Channel (dashed curves) and contact resistance (solid curves) as a function of V, at temperatures of 300K (red), 120K (green), and 4K (blue) extracted using the
TLM method. (b) and (c) Differential conductance Gs = dlys /dVgs at 300K (b) and 4K (c). (d) Gs at V; = —6V at temperatures of 300K (red) and 4 K (blue).

traditional MOSFET, with resistance predominantly dictated by the
channel, while the contact resistance remains orders of magnitude lower.
However, at 4K, Ry, has stabilized around 4-6 kQ), whereas R exhibits
a strong dependence on V,, spanning resistances from 5 to at least
50kQ. This dependence of the contact resistance on the gate voltage
arises from the fact that in intrinsic substrates (with negligible doping
densities) the width of the SB, near threshold, is to first order determined
by the electric field between the gate and the contact. This electric field
scales with AVy()_g = Vy() — Vg, and therefore the tunneling proba-
bility through the SB increases with decreasing gate voltage, leading to a
reduction in contact resistance. It is important to note that this depen-
dance of contact resistance on Vg is present even at 300K, indicating
that tunneling is significant even at higher temperatures.

To further analyze the impact of the SB contacts on device resis-
tance, we turn to measurements of the differential conductance
G, = dlys/dVy, as a function of Vg and Vys. Figure 2(b) shows a map
of G; for a device with fi =1 um, f, =0.75 um, and g, = I, =6 um
at 300K, where the conductance is dominated by the channel resis-
tance and is therefore constant as a function of V.

At cryogenic temperatures, however, where tunneling through
the barrier is the predominant transport mechanism, there is a clear
suppression of the conductance at low Vg [see Figs. 2(c) and 2(d)]
because the SB width depends on AVys)_g.'*” This suppression per-
sists even at gate voltages far away from turn-on, for example, at
V, = —6V, as shown in Fig. 2(d). The SBs therefore still add signifi-
cantly to the contact resistance R at large negative gate voltages where
one might expect the strong electric field to induce a thin enough bar-
rier resulting in R, >> Rc. One reason for this weak tunability of the
barrier width with the gate voltage is the screening of the electric field
between gate and contact due to charge accumulation in the channel.
Furthermore, it was suggested that depending on the shape of the
metallic contact interface, the local electric field distribution may be
unfavorable for efficient tuning of the Schottky barrier width with gate
voltage.”*" We exclude electron—electron interaction effects”’ as the
primary cause of the low bias conductance dip, since the observed con-
ductance suppression persists at temperatures significantly above 4 K
and at strong gate overdrive voltages, i.e., at very high carrier densities.
In addition, the dip is absent in identical devices when using doped
contacts [see supplementary material Fig. S3(c)].

To mitigate the high contact resistance, we adapt the shape of the
contact to increase the SB interface length with the channel without
increasing the device footprint. We choose a meander-shaped contact

geometry where the width of a silicide finger is equal to the gap between
two fingers with pitch f, [see inset in Fig. 1(d)]. SBMOSFETs with
straight contacts are fabricated as a control along with SBMOSFETs
with meander-shaped contacts with varying f, between 200 nm and
1 um. The length of a silicide finger is fixed at f; = 1 um. Figure 3 (left)
shows the differential conductance at T=4K and V, = —6V for the
low bias regime. As expected, we find that smaller pitches lead to a
higher conductance and smaller contact resistance. Figure 3 (right) shows
the conductance at Vg = 0mV and V4 = 0 mV from the same mea-
surements plotted against the interface length between contact and chan-
nel (L¢). For larger pitches, the conductance increases linearly with the
interface length, as expected, but for pitches below 350 nm the conduc-
tance saturates. This is likely related to screening of the gate electric field
in the narrow channel regions between the silicide meanders, leading to a
partial overlap of the depletion regions. As a result, the SB cannot be
tuned efficiently in these regions with increasing interface length, leading
to a saturation of the contact resistance.

In Fig. 2(c), we also observe signatures of transport through local-
ized states i.e., resonant transport peaks in the low source-drain bias
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FIG. 3. Left: G as a function of Vs at V; = —6V for different meander pitches:
blue 200 nm, orange 350 nm, green 750 nm, red 1 um, purple: straight. Right: G as
a function of contact length L for Vgs = 0mV and Vg = 100 mV. The gray and
black dashed curves are guides to the eye to illustrate the behavior of Gs vs L.
The channel width /., of these devices is 6 um.
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regime at cryogenic temperatures. This becomes more evident when
we take the numerical derivative with respect to the gate voltage, as is
shown in Fig. 4 for three different devices with varying contact geome-
tries. We consistently find similar resonances in various types of
SBMOSFETs with PtSi contacts as well as in SBMOSFETSs with nickel
silicide contacts (see the supplementary material). On the other hand,
we do not observe such resonances in devices with doped contacts (see
the supplementary material), where the channel is the same but where
no SB is present. Furthermore, in SBMOSFETSs at cryogenic tempera-
tures, the turn-on is dominated by the contact resistance and the chan-
nel is already highly accumulated in the gate-voltage region displaying
the resonances [Fig. 2(a)]. We therefore exclude localized states in the
channel as the source of these resonant features, meaning that the asso-
ciated localized states must be in the vicinity of the SB depletion
region.

Localized states in the barriers could originate from fixed charges
in the nearby ALD oxide, atomic defects in the semiconductor, or Pt
clusters that build up in the depletion region of the SB during the silici-
dation process. The latter was suggested previously in Refs. 41 and 42.
To investigate the impact of trapped charges in the oxide, we have also
measured a set of devices with various gate oxides featuring different
ratios of HfO, to SiO, (see the supplementary material). Here, we do
not observe more resonances in devices with higher HfO, content,
even though HfO, is expected to have a much higher trap density."*"*
This allows us to conclude that charges in the oxide are unlikely to be
linked to the localized states in the barriers.

A critical difference between atomic defects and Pt clusters is that
the former is energetically bound to the valence band edge while the
latter can be charged and therefore have an independent chemical
potential similar to a QD. In order to differentiate the two, we compare
their gate lever arm (o) to the one calculated for the valence band
edge (o = ﬁ—f/;). From the resonant lines in Fig. 4, we extract o in
the range of 140-170meV/V close to the turn-on voltage (see the

1076 0-5 1074

dGs/dV, (SIV)

Vg (V)

FIG. 4. Derivative of the conductance with respect to V; as a function of V, and Vg
in three devices with different contact geometries shown in the respective insets at
4K. Top: 350 nm meander pitch. Middle: 1 xm meander pitch. Bottom: straight con-
tact device. Dashed white lines indicate selected resonance lines that were used for
lever arm extraction. The difference in the turn-on voltages between the plots origi-
nates from the different contact interface lengths of the devices.
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supplementary material). This is of the same order of magnitude as the
lever arm of Pt islands reported previously.”"*” In contrast, we esti-
mate the lever arm of the gate to the valence band edge in accumula-
tion to be o, =7.5meV/V for m,=049my and do,=16nm [see
supplementary material Eq. (S2)]. It is therefore unlikely that the
observed resonances originate from localized states with energies tied
to the valence band (e.g., lattice defects™). Instead, our findings are
consistent with, for example, charged metallic clusters where the
capacitive coupling to the environment determines the tunability as a
function of gate- and source-drain bias voltage. We also note that the
extracted o reduces to a range of 70-100 meV/V for more negative
gate voltages where the channel is highly accumulated. We interpret
this as an increased capacitance of the localized states to the accumu-
lated channel of the device, hence decreasing the ratio of the gate
capacitance to the total capacitance. In addition, upon measuring
SBMOSFETs with NiSi contacts, we find fewer signatures of localized
states but similar lever arms (see the supplementary material) com-
pared with the devices with PtSi contacts. We therefore suspect that
the shape of the SB for NiSi or the diffusion properties during NiSi for-
mation produces fewer silicide clusters in the SB depletion region.

In summary, we have developed and characterized PtSi
SBMOSFETsS with a focus on achieving low contact resistance at small
source-drain bias and at cryogenic temperatures, a regime suitable
for silicon spin qubits. After optimizing silicide formation conditions,
we studied contributions of contact and channel resistance with
decreasing temperature. We found that the SB resistance increases
drastically with decreasing temperature, consistent with thermally
assisted tunneling being the main transport mechanism. At cryogenic
temperatures the implementation of meander-shaped contacts
reduces contact resistance by more than an order of magnitude by
increasing the effective SB interface length while preserving the device
footprint. We also found that transport at low bias is enhanced by
tunneling through localized states. This behavior persists in devices
with different oxide stacks and for NiSi but disappears in devices with
doped contacts. We argue that these localized states are not related to
atomic defects but rather to Pt or PtSi clusters near the PtSi-silicon
interface as indicated through gate lever arm characterization. Given
that the devices are fabricated using intrinsic Si substrates, it is also
unlikely that the localized states are linked to boron clusters as dis-
cussed in previous work. "

Our findings lead to a mixed conclusion on the potential of sili-
cide contacts for quantum electronic devices. On the positive side,
engineering the shape of the contacts, for example, with a meander-
shaped interface or intentionally incorporating localized states in the
SB depletion region could effectively reduce contact resistance. This
can be achieved through diffused clusters from the silicide or the diffu-
sion of dopants into the contact region near the silicide-to-channel
interface.””*” While the latter approach involves a much higher ther-
mal budget associated with activation anneals, it can be advantageous
in avoiding implantation damage.”””" An alternative approach to
improve the barrier transparency might be to further engineer the gate
field distribution at the contact with a suitable three-dimensional con-
tact shape, i.e., increasing the sharpness of the meander features used
in our work. Here, the challenge is to concentrate the field in the semi-
conductor near the silicide and thus reduce the SB width while staying
below any breakdown fields of the involved materials such as the gate
oxide. These strategies hold the promise of creating high-transparency
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contacts while also enabling interesting silicide contact properties
such as superconductivity or ambipolarity. On the flip side, the
presence of randomly distributed localized states can make the con-
ductance of the device susceptible to mesoscopic voltage or charge
fluctuations. Such fluctuations are expected to lead to noisy signals,
particularly in applications like charge sensing with a single electron
transistor. Additionally, the presence of random metallic islands or
dopants near the semiconductor-silicide interface may hinder
dense integration of quantum electronic devices since the require-
ment of maintaining a minimum distance between the pristine
quantum channel and the disordered contact limits integration
density.

See the supplementary material for additional data regarding the
SB height estimation techniques, other dielectric and contact materials
used as well as details on the lever-arm extraction.
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