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ABSTRACT

Transparent contact interfaces in superconductor-graphene hybrid systems are critical for realizing superconducting quantum applications.
Here, we examine the effect of the edge contact fabrication process on the transparency of the superconducting aluminum-graphene
junction. We show significant improvement in the transparency of our superconductor-graphene junctions by promoting the chemical
component of the edge contact etch process. Our results compare favorably with state-of-the-art graphene Josephson junctions. The findings

of our study contribute to advancing the fabrication knowledge of edge-contacted superconductor-graphene junctions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0135034

Graphene, due to its Dirac-like energy band structure, is a popular
material for studying the interplay between superconductivity and quan-
tum transport.” © Two technical advances in fabricating graphene devi-
ces underlie this progress. The first is the ability to achieve ballistic
transport in graphene through encapsulation in hexagonal boron nitride
(hBN).” With this approach, the mean-free path (Limgp) of hBN encapsu-
lated graphene heterostructures (BGB) at cryogenic temperatures can
exceed 20 yim.”” The second advance is the adaptation of the edge con-
tact process’ for making superconducting contacts to BGB heterostruc-
tures."” The combination of these two features has enabled the studies
of quantum Hall-based superconducting edge states’ ® and numerous
types of superconducting quantum circuits''~'” in BGB Josephson junc-
tions (J]).

Recent studies have established the importance of the transpar-
ency at the superconductor-semiconductor interface for exploring
proximity-induced superconductivity in the hybrid systems.'®'* One
figure-of-merit I.R, is often used to quantify the contact transparency
in JJ devices,"” where I is the critical supercurrent and R,, is the nor-
mal resistance of the junction. Theory predicts that graphene JJ with
transparent contact should achieve I.R, = 2.44A/e in the short limit,
where A is the superconducting gap.”’

Previous demonstrations of edge-contacted graphene JJ devices
reported significantly smaller I_R,/A than theory.”'*"*"'**" A possible
reason for this observation is the short coherence length (&) of the
superconductors (e.g., Nb, NbN, and MoRe) in those studies, which is
comparable to or smaller than the graphene channel length (Lg,). This
design constraint prevents the operation in the short limit, thereby
making it difficult to assess the extent of graphene-superconductor
transparency using I.R,/A.

A recent study reported a significant improvement in the nor-
malized IR, for edge-contacted graphene JJ devices, establishing the
prospects of achieving operation in the short limit.”* A key to this
demonstration was the fabrication of short-channel (L, < 0.2 um)
graphene devices that were contacted by an aluminum (Al) super-
conductor, which satisfies a requirement for short limit operation,
i.e,, Loy, < & (coherence length of aluminum). More importantly, the
high I. (about 6 uA) of these short-channel graphene devices indi-
cates high transparency at the superconductor-graphene interface.
While edge-contacted graphene JJ has improved considerably, there
is still significant room for enhancing their performance to reach the
theoretical prediction. Studies of the structural, chemical, and elec-
tronic properties of the superconducting contacts to graphene are
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crucial for developing optimization strategies. Our work here is a
step in this direction.

Here, we fabricated edge-contacted graphene devices with Al
superconducting contacts as the test vehicle. Specifically, we examined
the effect of the edge contact etch process on the performance of the
resulting JJ devices. We observed that modifying this step can lead to
significant enhancement in I.R,/A that outperforms JJ graphene devi-
ces with large A superconducting electrodes,”'*'*"'**" while matching
the “second-to-champion” devices with Al superconducting electro-
des.” Finally, we examined the structural properties and elemental
composition of the contacts to graphene in our BGB JJ devices using
high-resolution transmission electron microscopy (HRTEM). This
analysis revealed the unintentional incorporation of carbon (C) and
oxygen (O) impurities at the contact interface with graphene.

In this work, we used the poly(vinyl) alcohol (PVA)-assisted-
graphene-exfoliation method to produce the monolayer graphene
flakes.” A sub-10nm PVA film was spin-coated onto Si substrates
covered with SiO, and used as the adhesion promotion layer during
the graphene exfoliation. The BGB heterostructures were constructed
using the Quantum Material Press tool.”* To achieve BGB heterostruc-
tures with atomically clean interfaces, we followed a stacking process,
which allows the full removal of the polymeric contaminations across
the entire dimensions of the heterostructures.” Before the fabrication
of devices, we confirmed the monolayer graphene and the interface
cleanliness using Raman spectroscopy” (see the supplementary mate-
rial, Fig. S1).

Figure 1(a) shows the schematic illustration of a BGB JJ device,
where graphene is edge-contacted by bilayer Ti/Al (10/30 nm) electro-
des. In this structure, the silicon substrate functions as the global
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bottom gate. We observed that direct deposition of Al yields poor elec-
trical contact to graphene. In contrast, we found experimentally that
the incorporation of a 10-nm-thin Ti interlayer considerably improved
the contact quality.

We employed a self-aligned process for fabricating the BGB JJ
devices."” This fabrication process is useful for minimizing the poly-
mer residues at the contact region, while relaxing the requirement of
good alignment in the lithography step. We fabricated the graphene JJ
devices by first defining a rectangle-shaped BGB mesa using a combi-
nation of e-beam lithography and an etching step. A subsequent
lithography step defined the self-aligned metal contact regions, fol-
lowed by reactive ion etch (RIE) of the BGB heterostructures that
exposes the graphene edge for contacting to the metal electrodes.
Finally, Ti/Al metal electrodes were formed through sputtering and
liftoff processes.

We fabricated two sets of device samples (Al-1 and Al-2) by vary-
ing the edge contact etch process. Specifically, we employed two differ-
ent CHF;/O, gas mixtures by adjusting the flow rates (40/4 sccm for
Al-1 and 60/4 sccm for Al-2 samples). Other etch conditions in this
step were kept unchanged. Our rationale for this experimental design
is that increasing this gas ratio is known to promote the chemical etch-
ing.”® We hypothesized that promoting the chemical component of
the BGB etch can be favorable for enhancing the chemical activation
of the graphene edge to yield stronger coupling to the metal elec-
trode.”” Figure 1(b) shows the optical image of Al-1 JJ devices config-
ured in a transfer-length-measurement (TLM) structure with L,
= 0.5, 0.75, and 1 um. We designed the JJ devices on Al-2 to include
smaller Ly, than Al-1, with Ly, = 0.3, 0.4, and 0.6 um. The channel
widths of all devices are W =5 um.

(@) (c) os A1, 295 K JE——— (e) € A1, 295 K
3 2.0+
G
Graphene =2
0.4
g &
x (f)
0.2 4
0.0 — —
-20 -10 0 10 20 102 »
Vg 'VCNP (V) n( 0'“cm )
(b) (d) 04 Az 295k ——06umm (g) T 15 A2, 295 K
———0.4 um =
4
——03um S 1.0+
a gxo 0.5+
=< 0.2 e
nc (h) =
3 1.2
—lgo'e_,f:ff’jfﬁﬁff::ﬁf A
0.0 T T - 0.0 —T T T
20 0 20 40 1072 o2 1
Vg'VCNP V) n( om™)

FIG. 1. Analysis of Al-graphene junction at room temperature. (a) Schematic illustration of the BGB JJ device contacted with Ti/Al. (b) Optical image of the BGB JJ devices
from Al-1 sample. The BGB mesa is highlighted with a blue dashed box. Room temperature device resistance as a function of gate voltages in (c) Al-1 and (d) Al-2 devices.
TLM analysis extracts (e) and (g) R.W and (f) and (h) Ly, from Al-1 and Al-2 devices, respectively.
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Our electrical characterization of the BGB JJ devices initially
focused on studying carrier transport in graphene at room tempera-
ture (Fig. 1) and low temperature of 1.5K (Fig. 2). These measure-
ments were performed using standard low-frequency lock-in
technique with an excitation current of 5-10nA. The BGB JJ devices
had a quasi-four-point structure, which eliminates the resistance con-
tribution from the metal electrode leads. The current was injected
from lead 1 to 2, and the voltage was measured between leads 3 and 4
[see Fig. 1(b)]. This configuration measures the sum of the graphene
channel resistance and contact resistance.

Figures 1(c) and 1(d) show the room temperature device resis-
tance (R) as a function of the gate bias (V) for JJ devices on the Al-1
and Al-2 samples, respectively. In all devices, the total resistance exhib-
its an electron-hole asymmetry, where the hole branch has a higher
resistance than the electron branch. This electron-hole asymmetry is
attributed to the contact-induced electron doping.”'*** This phenom-
enon yields the formation of p—n junctions at the contact region, creat-
ing an additional barrier for the hole carriers at the metal-graphene
interfaces.

We employed TLM analysis to examine the contact resistance
and carrier transport at room temperature. The width-normalized
resistance can be written as a linear function of Lg, as follows:

L
RW = RW + R, W = ROW+ -8
g

where R, is the total contact resistance, Ry, is the graphene channel
resistance, and ¢ is the graphene conductivity. By applying a linear fit
to the TLM data (see the supplementary material, Fig. S2), we
extracted the width-normalized R. [see Figs. 1(e)-1(g)]. We also
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FIG. 2. Low temperature transport analysis. The graphene resistance as a function
of gate voltage measured at 1.5K for (a) Al-1 and (b) Al-2 devices. T, calculated
from Landauer’s formula for (c) Al-1 and (d) Al-2 devices.
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calculated the mean-free-path (L) by assuming diffusive transport
in these devices. Figures 1(f)-1(h) show Lyg = z%ﬁ as a function of
carrier density, where kg is the Fermi wavevector. This analysis
revealed that Al-2 devices have a smaller R, than Al-1 devices at high
carrier density. Furthermore, we calculated 0.5 um < Ly,g < 1 um in
Al-1 devices at high electron density, which is comparable to the
device dimension [see Fig. 1(f)]. The resistance of the Al-2 devices at
high electron density showed negligible channel-length dependence,
which yielded Ly,g>> 0.6 um [marked by the gray shading in Fig.
1(h)]. The TLM analysis at room temperature suggests that the Al-1
and Al-2 devices operate in the crossover regime between the diffusive
and ballistic transport.

Next, we studied the low temperature transport at T=15K,
which is above the superconducting critical temperature (T.) of Al
Figures 2(a) and 2(b) show the gate voltage dependent plots of resis-
tance for Al-1 and Al-2 devices, respectively. The data revealed negligi-
ble channel-length dependence of resistance away from the charge
neutrality point (CNP), suggesting ballistic transport. Assuming ballis-
tic transport in graphene, we investigated the metal-graphene contact
properties. A ballistic conductor (i.e., Lyyg > Ley) with no scattering
centers has zero resistance. Therefore, the total resistance in a ballistic
device can be attributed to the resistance in the immediate vicinity of
the conductor—contact interfaces, which is known as the Sharvin resis-
tance (Ry).”” "' This quantum-limited resistance is determined by the
number of conducting modes (M) in the ballistic conductor. Thus, the
graphene Sharvin resistance can be written as

_ 462_ kFW
R, =G, :gOM:Tmt( - )

where h is the Planck constant, g, is the conductance quantum, and
the factor 4 comes from the spin and valley degeneracy in graphene.
In Figs. 2(a) and 2(b), we plotted R to allow comparison with the
measured device resistances. This analysis revealed an observable dif-
ference between the theoretical and measured values, suggesting that
additional factors should be considered for describing the device
resistance.

In Landauer’s formula, a finite transmission probability (T,) is
used to account for the difference in R and R,.”” T, describes the aver-
aged probability of electron transmission from one metal contact to
the other. Thus, the overall conductance G can be written as
G = G,T,. From this equation, we extracted T, as a function of the
carrier density in graphene, as shown in Figs. 2(c) and 2(d). This anal-
ysis revealed that, at high electron density, Al-2 devices exhibit about
30% higher T, than the Al-1 devices (T, ~ 0.4 vs 0.3). While this anal-
ysis estimates the extent of the non-ideality in the ballistic transport of
graphene devices, further studies are required to identify the exact
sources of the finite T,. For example, various non-idealities in the
materials can contribute to the deviation of T, from unity, such as dis-
orders at the contact interfaces (i.e., graphene edge or metal electrode),
non-specular boundary scattering in graphene, and mismatch of con-
ducting modes between metal and graphene.”””" Nevertheless, this
analysis revealed the noticeable role of the edge contact etch in our
fabrication process in shaping the electronic properties of the contact.

Next, we evaluated the Josephson characteristics of the Al-1 and
Al-2 devices. Figure 3 shows the representative Josephson dc measure-
ments of the 0.4 um device on the Al-2 device sample at 15 mK. The
data show I of 1.63 and 0.3 yA at electron and hole carrier density of
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FIG. 3. Proximity-induced superconductivity in graphene. (a) VI characteristics measured in the 0.4 um device at different carrier concentrations at 15 mK. (b) Differential
resistance as a function of bias current and gate voltage in the 0.4 um BGB JJ device (carrier density legends are in units of cm™2 “” denotes hole carriers). Supercurrent
shows Fraunhofer-like interference pattern on the (c) electron, (d) CNP, and (e) hole branch in the presence of a vertical magnetic field. (f) Critical current profile extracted

from data in (c). Reconstructed current density distribution from data in (f).

1.4 x 10" and —5 x 10" cm ™2, respectively. These results confirm the
gate tunability of the supercurrent. I increases with the carrier density
on both electron and hole branches. Moreover, the minimum I.. (0.06
UA) occurs at the charge neutrality point (CNP). The differential resis-
tance map in Fig. 3(b) revealed the electron-hole asymmetry in I.. For
the same carrier density, the electron branch provides over four times
higher I, than the hole branch. The considerably smaller I on the hole
branch is due to the contact-induced doping.™'*** These results con-
firm the proximity-induced superconductivity of graphene. We have
provided the results of the other devices on Al-1 and Al-2 samples in
the supplementary material, Fig. S3.

Next, we examined the supercurrent interference pattern in the
presence of vertical magnetic field (B,). These measurements provide
information about the field profile in the junction by analyzing the node
periodicity of the supercurrent.””* Assuming a rectangular junction
with uniform current distribution, the interference pattern follows:

sin t® /D,
I(B,) =10|———

C )

where @ is the flux quantum, @ is the out-of-plane flux in the junction
region, and 1? is the zero-field critical current. In Figs. 3(c)-3(e), we plot
the measured Fraunhofer patterns at different carrier density of
1.4 x 10", —5 x 10" cm 2, and CNP. The field oscillation frequency is
0.43 mT, which gives Ly, + 24 = 0.93 um (hence /4 = 0.26 um), where
A is the penetration depth into the Al electrodes.

Furthermore, we used these datasets to reconstruct the current
density distribution of the junction.” Fig. 3(f) illustrates the critical

current extracted from Fig. 3(c). In Fig. 3(g), we calculated current
density profile, which shows nearly constant current density within
the junction. This result implies a uniform contact quality and homo-
geneous transport properties in this BGB JJ device (see the supplemen-
tary material, Fig. S3, for measurements in other junctions).

The large I. of 1.63 pA in Fig. 3(a) points to a good transparency
at the Al-graphene junction. Therefore, we next examined the trans-
parency of the superconducting Al-graphene junction by calculating
IR, Figures 4(a) and 4(b) show the I-V curves of the Al-1 and Al-2
devices, measured at high electron density using a biasing current up
to 10 uA. The use of high biasing current is an important consider-
ation for accurate extraction of R,, as it must be extracted in the regime
where the junction becomes fully Ohmic. From the slope of these I-V
curves, we calculated R,, &~ 90 Q for Al-1 devices at 5 x 10 cm 2 For
Al-2 devices, we obtained R, ~ 50 Q at 1.4 x 10"2cm ™2 These
extracted R, values are consistent with the transport measurements at
1.5K. Furthermore, we used the cold branch I-V curves in Figs. 4(a)
and 4(b) to obtain I, providing I. = 0.6, 0.46, and 0.38 uA for Al-1
devices and I, = 1.7, 1.63, and 1.45 pA for Al-2 devices.

Figure 4(c) shows the summary of the I R,, data for Al-1 and Al-
2 devices normalized to A of the superconductor (notice the star sym-
bols in this plot). An important consideration in obtaining I .R,,/A for
evaluating the contact transparency is to use the bulk superconducting
gap of Al."” To do so, we measured T of Al, which was 1.15 and 0.9 K
in Al-1 and Al-2 samples, respectively. Correspondingly, the bulk
superconducting gap of Al in Al-1 and Al-2 samples was 175 and
136 ueV, respectively. Using this information, we calculated I .R,/A to
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FIG. 4. Junction transparency of Al-graphene devices. (a) and (b) V-I characteristics of the Al-1 and Al-2 devices. (c) I.R/A plotted as a function of device lengths, comparing
our devices with other superconductor edge-contacted BGB devices. (d) Temperature dependent IR, and the fitting for extracting o. MAR measures an induced gap of (e)
Aing = 100 weV in the Al-1 devices and (f) Aing = 80 peV in the Al-2 devices. The dashed lines in MAR plots mark the conductance peak position of 2A;,4/N. The dl/dV

curves are offset for better illustration.

be 0.3, 0.24, and 0.2 for Al-1 devices, and 0.68, 0.6, and 0.54 of Al-2
devices. Comparing I.R,/A of the devices with similar L., on Al-2 and
Al-1 samples indicates almost two times improvement in the transpar-
ency of the superconducting Al-graphene junction. This analysis pro-
vides further evidence for the important role of the edge contact etch
in our fabrication process.

To put these results in perspective, in Fig. 4(c), we compared
I.R,/A of our devices with state-of-the-art counterparts that use large
A superconductors.”'*'*""**"%° For fair comparison in this plot, we
normalized IR, to the bulk superconducting gap for all data. This
summary plot indicates higher I.R,/A of our devices relative to their
counterparts with similar lengths. We attribute the observed improve-
ment, in part, to the longer coherence length of Al in our devices.

The measurements of I.R,, as a function of temperature can also
provide information about the contact transparency.'” Figure 4(d)
shows the experimental I.R,, for the 0.5 and 0.3 um devices on Al-1
and Al-2 samples, respectively. From the data, we recovered IR,
= aA/e using the Kulik-Omelyanchuk relation’” and found o = 0.22
and 0.43 for the 0.5 and 0.3 um devices, respectively (see the supple-
mentary material, Note 2). This analysis further confirms the
improved junction transparency in the Al-2 devices.

Another important property of a JJ device is the induced super-
conducting gap Aj,g which can be obtained from the multiple
Andreev reflection (MAR)."” Figures 4(e) and 4(f) show the measured
conductance of the 1 and 0.3 um devices (on Al-1 and Al-2 samples)
at different gate voltages. Several discernable conductance peaks can

be observed in the conductance. The position of those peaks corre-
sponds to the energy levels of 2A;,4/N, where N is an integer number.
From Figs. 4(e) and 4(f), we extracted A;,q = 100 and 80 eV for Al-1
and Al-2 devices, respectively. Our observation of a smaller A;;,4 than
the bulk superconducting gap is consistent with the previous studies
on Al devices.'” This analysis emphasizes the importance of normaliz-
ing IR, to the bulk superconducting gap for assessing the junction
transparency.

Finally, we analyzed the structural properties and elemental com-
position of the metal-graphene junction using HRTEM and electron
dispersive x-ray spectroscopy (EDS). Figure 5(a) shows the cross-
sectional HRTEM image of a BGB JJ with Ly, = 0.5 um. Figure 5(b)
shows the zoomed-in view of the same BGB ]J at the edge contact
region. The HRTEM images confirmed the continuity of the Ti/Al
metal stacks on the BGB sidewall. It also revealed the sharpness of the
metal-BGB interface. The basal plane of the BGB layers is visible in
Fig. 5(b), confirming the atomically clean interfaces between graphene
and hBN layers. These results confirmed the excellent structural qual-
ity of the BGB stacks.

Figures 5(c)-5(g) show the individual EDS maps of different ele-
ments obtained from the same region as Fig. 5(b). These results
together with the overlapped EDS image in Fig. 5(h), provided detailed
information about the elemental composition of the metal-graphene
junction. Figure 5(h) confirms the formation of the edge contact
between graphene and the Ti layer. Curiously, this analysis also
revealed the presence of elemental C and O atoms, which mainly
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FIG. 5. HRTEM analysis of Al-graphene junction. (a) Cross-sectional HRTEM image of a BGB JJ with Ls, = 0.5 um. (b) Zoomed-in HRTEM image at the edge contact region,
marked by a solid black box in (a). Elemental composition of the junction shows (c) boron and nitride, (d) C, (e) Ti, (f) O, and (g) Al elements. (h) Overlapping EDS map of all

elements.

overlap with the Ti interlayer. In our experiment, we did not investi-
gate the mechanism of O and C incorporation and the nature of their
interactions with Ti. However, we suspect that the incorporation of
these impurities occurs during the Ti deposition due to its known high
reactivity with C and O.”* " While we do not know how these impuri-
ties affect the junction transparency, we conjecture that they may be a
limiting factor in improving the performance of our graphene JJ devi-
ces. Therefore, a future research direction is to investigate the effect of
alternative interlayers that are less susceptible to the unintentional
incorporation of C and O impurities.

In conclusion, the results reported here illustrate the noticeable
role of the edge contact etch in our fabrication process on the transpar-
ency of the superconducting Al-graphene junction. Specifically, we
found that promoting the chemical component of the etch process was
beneficial in improving the device performance. With this modification,
the normalized IR, of our devices surpassed that of state-of-the-art
counterparts with large A (Refs. 2, 10, 12-14, 21, and 36) while match-
ing the second-to-champion devices with Al (Ref. 22; see the supple-
mentary material, Fig. S4). Furthermore, our HRTEM study revealed
the presence of C and O impurities in the Ti interlayer. We conjecture
that further improvement of junction transparency may require strate-
gies for achieving an impurity—free metal interlayer. Finally, many stud-
ies have contributed to the persistent development of the edge contact
fabrication processf’z’—‘ ' and this work adds an advance in this direction
for improving the superconductor-graphene junction.

See the supplementary material for additional data for the elec-
tronic and materials characteristics of the graphene JJ devices.
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