<]
TUDelft

Delft University of Technology

Strong doping reduction on wafer-scale CVD graphene devices via AI203 ALD
encapsulation

Dockx, K.; Barnes, M. D.; Wehenkel, D. J.; van Rijn, R.; van der Zant, H. S.J.; Buscema, M.

DOI
10.1088/1361-6528/ad5dbb

Publication date
2024

Document Version
Final published version

Published in
Nanotechnology

Citation (APA)

Dockx, K., Barnes, M. D., Wehenkel, D. J., van Rijn, R., van der Zant, H. S. J., & Buscema, M. (2024).
Strong doping reduction on wafer-scale CVD graphene devices via Al_O_ ALD encapsulation.
Nanotechnology, 35(39), Article 395202. https://doi.org/10.1088/1361%528/ad5dbb

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/1361-6528/ad5dbb
https://doi.org/10.1088/1361-6528/ad5dbb

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Nanotechnology

PAPER You may also like

. . - Compositional effects o rid MoS.—
Strong doping reduction on wafer-scale CVD Blve yer On e AeroaanGe of
unipolar, low-power and multistate RRAM

graphene devices via AI203 ALD encapsulation device

Manikandan R and Gargi Raina

- Defect chemistry and physics in functional
. . . nanomaterials
To cite this article: K Dockx et al 2024 Nanotechnology 35 395202 Wentao Wang and Lipeng Xin

- Nanomaterials for diabetes: diagnosis
detection and deliver
Jaya Verma and Shakti Dahiya

View the article online for updates and enhancements.

PRIV

PACIFIC RIM MEETING

ON ELECTROCHEMICAL
AND SOLID STATE SCIENCE

HONOLULU,HI
October 6-11, 2024

Joint International Meeting of

The Electrochemical Society of Japan (ECS))
The Korean Electrochemical Society (KECS)
The Electrochemical Society (ECS)

Early Registration Deadline:
September 3, 2024

MAKE YOUR PLANS

NOW!

This content was downloaded from IP address 154.59.124.113 on 22/07/2024 at 13:49


https://doi.org/10.1088/1361-6528/ad5dbb
/article/10.1088/1361-6528/ad5db6
/article/10.1088/1361-6528/ad5db6
/article/10.1088/1361-6528/ad5db6
/article/10.1088/1361-6528/ad5db6
/article/10.1088/1361-6528/ad5db6
/article/10.1088/1361-6528/ad5dbc
/article/10.1088/1361-6528/ad5dbc
/article/10.1088/1361-6528/ad5db5
/article/10.1088/1361-6528/ad5db5
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssQW-U_pW0QPsIeLvoAJnXWy72ZzAtCdDEESe93C_-qOUbteTYP77klMg6uDYbccsrPQLLK75igHh0G_-4P1G3QIoBLyFK_m6dGCrofTgJB13ot7Z60POzo0wfmTtL3aCVsxRWc1Oqg2lEQm_tLzKpdqYgT3NJbJqtq5aQ4hkRyWvRVkg6iONQRoGDzsJLwEHZ1dE2XCmoDUUZcaowi64ZYZwBqjGkLisFCm1hSiEWjvfp3r2XMLv6x-UNz2ffdYjDh54ZmIXyMvu2hBZtJzA9zisMQ85ecco4GrBio3IoKUpg6583OevK6Z4-A-0xTHKOuIkJaK2LqxpxYbRbwozrPLafS&sig=Cg0ArKJSzPszajgLl5Cx&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration

10P Publishing

Nanotechnology

Nanotechnology 35 (2024) 395202 (8pp)

https://doi.org/10.1088/1361-6528/ad5dbb

Strong doping reduction on wafer-scale
CVD graphene devices via Al,O3 ALD

encapsulation

K Dockx'>*, M D Barnes', D J Wehenkel', R van Rijn', H S J van der Zant>*

and M Buscema'*

! Applied Nanolayers B.V., Feldmannweg 17, 2628 CT Delft, The Netherlands
2 Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The

Netherlands

E-mail: k.dockx @appliednanolayers.com, h.s.j.vanderzant@tudelft.nl and m.buscema@appliednanolayers.com

Received 3 May 2024, revised 30 May 2024
Accepted for publication 2 July 2024
Published 11 July 2024

Abstract

®

CrossMark

We present the electrical characterization of wafer-scale graphene devices fabricated with an
industrially-relevant, contact-first integration scheme combined with Al,O3 encapsulation via
atomic layer deposition. All the devices show a statistically significant reduction in the Dirac
point position, Vcpp, from around +47 V to between —5 and 5 V (on 285 nm SiO,), while
maintaining the mobility values. The data and methods presented are relevant for further
integration of graphene devices, specifically sensors, at the back-end-of-line of a standard

CMOS flow.

Supplementary material for this article is available online

Keywords: graphene, atomic layer deposition, electronics

1. Introduction

Two-dimensional materials are the subject of a large volume
of research in recent years [1-3]. The interest in these
materials stems from their peculiar properties, especially
at the single-layer level [4, 5]. Since its discovery, [6]
graphene has attracted the largest research effort to date and
holds promise for sensor applications, where devices with
micron-sized graphene channels are used to sense gas, [7,
8] (bio)molecules, [9] photons, [10-12] magnetic fields, [13—
15] pressure [16], or sound [17, 18]. From an industrial per-
spective, graphene-based sensors are best integrated at the
back-end-of-line of a CMOS fabrication flow: the underly-
ing CMOS circuitry can be used to multiplex, amplify and

* Authors to whom any correspondence should be addressed.

digitize the signal coming from the graphene device [11, 19—
21]. This entails that graphene needs to be transferred onto
already-present metal electrodes. Bottom contacts are, at first
glance, easier to integrate industrially and can provide benefits
over top contacts [22]. Encapsulation and contact passivation
are also common steps of the fabrication flow for sensors [20].

The effect of encapsulation of graphene via atomic layer
deposition (ALD) has been the subject of many reports [23—
27]. However, several of these reports focus on single or few
devices fabricated via mechanical exfoliation or a handful
of devices fabricated with chemical vapor deposition (CVD)
grown graphene. Only a few reports consider wafer-scale
fabrication of encapsulated graphene field-effect transistors
(gFETs) [28-30]. Mzali et al [28] have fabricated and meas-
ured about 500 gFETSs (contact-last integration scheme). They
show the importance of protecting the graphene layer dur-
ing the fabrication process with a thin aluminum layer and

© 2024 0P Publishing Ltd
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then fully passivating the devices with Al,O; after contact
deposition and lift-off. Smith et al [29, 30] report on the fab-
rication and electrical characterization of double-gated, bot-
tom contacted, graphene devices on a wafer scale. Double-
gated gFETS are not suited for sensing applications where the
graphene channel needs to be exposed to the stimulus (e.g.
photons, charged particles) or where the presence of a metal-
lic electrodes above the channel may alter the signal (e.g. Hall
SEensors).

In this article, we present wafer-scale data on 2000
graphene devices fabricated with a contact-first approach
and encapsulated with ALD. We show that ALD deposition
strongly reduces the doping of the whole wafer-scale set of
devices, while preserving mobility values. The ability to trans-
fer on already-present metal contacts, the reduction in doping
and the negligible change in mobility are desirable and neces-
sary properties for integration of graphene at industrially rel-
evant scales.

2. Materials and methods

Graphene is grown in a home-built CVD reactor and dry
transferred onto the target wafer. Both the growth and trans-
fer processes are proprietary and will not be disclosed. For
the fabrication of the CVD graphene field-effect transistors
(gFETs), we follow a contact-first integration scheme, briefly:
the source and drain electrodes are pre-patterned on a SiO,/Si
wafer before the graphene is transferred onto them. Then, the
graphene is patterned into channels and finally, the ALD layer
is deposited through a thermal process. This flow is very sim-
ilar to the one used by Mzali et al [28] and by Smith et al
[29, 30], without the top gate. In detail, the fabrication begins
by growing a layer of dry, thermal SiO, with 285 nm thick-
ness in a CMOS-compatible furnace. An array of devices
is patterned on the wafer using maskless optical lithography
(uMLA 150, Heidelberg Instruments) and standard photo-
lithography resists.

Once the resist is patterned, metals are evaporated in a high-
vacuum evaporator (Temescal). Lift-off is carried out in stand-
ard warm solvents (e.g. acetone or NMP) with gentle sonica-
tion. After transfer, graphene device channels are defined by
standard photolithography and O, reactive ion etching (RIE).
At this stage, the wafer is characterized with optical micro-
scopy and electrical measurements. Following this inspection,
an Al,O3 ALD layer of approximately 40 nm is grown on the
wafer with a standard TMA-based thermal process leveraging
an evaporated metal seed less than 5 nm thick, as described in
various references (see [23, 28-30]). The thickness is chosen
to maximize the certainty of a closed layer (see AFM data in
supplementary information figure S5) and optimize the usage
of the ALD tool. After deposition, the ALD layer is chemic-
ally removed (through a lithographically defined mask) at the
pads for electrical contact. After this step, the wafer is once
more electrically characterized.

Optical inspection is carried out on an automated 200 mm-
wafer-capable microscope (Zeiss); a full-wafer map can be

seen in figure S1, alongside two die-level images, before
and after ALD. Wafer-scale electrical measurements are per-
formed in a dry nitrogen environment on a Cascade Microtech
Summit 1200-Series Probe Station with an Agilent 4156C
Precision Semiconductor Parameter Analyzer. The dry Nj
environment allows us to run measurements before and after
encapsulation in the same conditions and to focus solely on
the electrical effects of the ALD process, as we eliminate the
potential effects of water vapor and oxygen. The electrical
measurement circuit is drawn in the inset of figure 1(b).

3. Results and discussion

We have studied the effect of Al,O3 encapsulation on the elec-
trical properties of CVD grown gFETs on a wafer scale. To
collect statistically relevant data, we fabricate more than 2000
devices on a wafer, following the procedures highlighted in the
Materials and Methods section. Figure 1(a) shows the array of
devices after the fabrication flow has been completed. The 4-
inch wafer is subdivided in 240 identical dies, each contains 10
gFETs of 5 different geometries. These dies are indexed in the
x and y direction according to arrows in the inset of figure 1(a).
The device cross section and measurement circuit schematic
are sketched in the inset figure 1(b). The highly-doped Si wafer
body serves as global back-gate (gate voltage, V), while the
source and drain electrodes allow for current injection () and
bias voltage measurement (V). The array of devices covers a
large part of the graphene wafer and thus allows for referen-
cing of the location information with the measured graphene
or device properties. The inset in figure 1(a) shows a zoomed
in micrograph of a single die after encapsulation. The devices
have a common-drain layout and the geometry of the graphene
channels varies from top to bottom: the lengths and widths of
graphene channels range from 50 to 300 m and 30 to 150 ym
respectively, see table S1 for the exact channel geometries.
The common-drain geometry allows for flexibility during the
subsequent packaging steps and the various channel geomet-
ries are intended to elucidate geometry-related effects in the
electrical properties.

Two-terminal electrical measurements are performed
before and after Al,O3 encapsulation. A gFET is charac-
terized by measuring its output (Vi vs. I at constant V)
and transfer curve (Vyq vs V, at constant /). A linear output
characteristic indicates relatively clean contact of the Ti/Au
leads to the graphene channel, with only small (or negligible)
energy barriers, at least at room temperature. From the transfer
curve, usually plotted as Ryg = % for varying V,, we extract
the residual doping and the field effect mobility of the device.
We use a simple parallel-plate capacitor model and define gate
capacitance per unit area as Cy = E‘;:‘ where ¢ is the vacuum
permittivity and e, is the relative permittivity of the gate mater-
ial (Si0,) and ¢, is the thickness of the SiO, gate oxide. The
residual doping is expressed using one of two parameters:
(1) Venp, the gate voltage at which the charge neutrality point
(cnp) is located or (ii) ng, the carrier concentration at zero
gate voltage in cm™~2, assuming ng = 0 cm ™2 at the Venp- The
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Figure 1. (a) Image of the device array after ALD encapsulation with Al,O3, obtained by stitching several images taken at 2.5x
magnification. The x and y arrows indicate the frame of reference for device indexing. Inset: Zoom in on a die-level micrographs after Al,O3
ALD. The die design, entailing both a common-drain and varying channel dimensions, is clearly visible. The difference in the yellow shade
is due the ALD encapsulation layer being removed for electrical contact. The red box highlights the device whose electrical behavior is
shown in panels B, C and D. Scalebar is 500 pum. (b, ¢ and (d) Electrical measurements of the highlighted device before (blue traces) and
after A1O3 ALD encapsulation (red traces).(b) Two-terminal output characteristic (Viq vs. Is); both traces measured at Vo = 0 V by
sweeping /s while measuring V4. Inset: Schematic of gFET cross-section and electrical circuit used for measurements. A contact-first
integration-scheme is followed: the contacts are patterned first, then graphene is transferred (dry process) and lastly, the device channel is
defined. A constant current, s, is applied to the device while the source-drain voltage, V4, is monitored as a function of gate voltage, V. (c)
Two-terminal resistance versus applied gate voltage (Rsq vs. V, measured at Iy = 10 pA). AVepp is the difference in the gate voltage at the
maximum Ryq (i.e. Venp) before and after the ALD process. Data in log scale. (d) Transconductance mobility versus gate voltage shifted by

AVenp. Inset: zoom-in near the DTM mobility peaks.

electron and hole field-effect mobilities are extracted from the
transconductance (direct transconductance method—DTM),
gm [31]:

L 9y L
WVCy OV, WViCy

HTC = 8m (1)
where L and W are the length and width of the graphene
strip. The transconductance mobility equals zero at the Dirac

point; this is because % = 0. As the doping increases (i.e. the
g

gate voltage moves away from Ve, with |V, — Vepp| > 0), the
mobility increases and reaches a maximum on either side of
the charge neutrality point before decreasing again at progress-
ively higher doping. The local maxima (briefly called ‘DTM
peaks’) coincide with the inflection points of the transfer char-
acteristic (where 2—2‘,[;21 =0). In the following, we quote the

mobilities in the electron (,LLCDTM) and hole ([LETM) regime cal-
culated at the DTM peaks.

Figures 1(b)—(d) show data from the highlighted gFET
before and after Al,O3 encapsulation. Figure 1(b) displays
the corresponding output characteristics. Both curves in this
figure show a linear behavior, indicating that the intrinsic
nature of the graphene to metal contacts is not affected by
the encapsulation procedure, at least within the bias window
used in this study. The ALD encapsulation clearly increases
the two-terminal resistance of the device at zero gate bias (see
the transfer characteristics in figure 1(c). This jump in res-
istance at zero gate bias is due to a large shift after encap-
sulation in V¢, of about —46 V. Before encapsulation, the
gFET had a residual hole doping of ny = +3.3 x 10'> cm™2
which reduced by more than an order of magnitude to a resid-
ual electron doping of ng = —1.5 x 10'" cm~? after encapsu-
lation. The large hole doping after device fabrication is a well
known issue in graphene device integration and it is likely due
photoresist residues [28, 32]. The resistance at Vg = V¢ also
slightly increases after encapsulation. This small increase is
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indicative of negligible damage to the graphene lattice after
the ALD process.

Looking at the high doping regime, one can note that the
resistance in the hole regime increases after encapsulation
whereas it reduces in the electron regime. We also measure the
hysteresis (i.e. difference in V., for upward and downward
gate sweep) of the transfer characteristics (see figure S3a in
the supplementary information). The hysteresis values are low
both before and after the ALD process, indicating a negligible
amount of mobile charges (possibly induced by adsorbates) in
both the thermally grown SiO; and the deposited ALD layer
in close proximity to the graphene layer.

Figure 1(d) shows the transconductance mobility before
and after ALD. Note, that a simple parallel plate capacitor
model has been used to calculate the gate capacitance both
for the pre- and post-encapsulation data. The inset highlights
the data around the DTM peaks for both the hole and electron
regime and clearly reveals how close the values are before and
after ALD encapsulation (less than 15% change), corrobor-
ating the idea that the encapsulation process induces limited
damage in the graphene lattice. Moreover, it is possible to see
that before encapsulation the peak DTM mobility for holes is
higher compared to the one for electrons and the reverse is true
after encapsulation.

Following the DTM mobility traces towards higher dop-
ing values shows that the ALD encapsulation reduces the
hole mobility, while not affecting the electron mobility. More
generally, the pre-ALD data in figure 1 depicts the expec-
ted asymmetry between the electron (higher Ry) and hole
regime (lower Ryq), consistent with literature findings [33-36].
However, the after-ALD data presented in figures 1(c) and (d)
(and later in figure 4) shows the reverse effect: higher conduct-
ivity and mobility in the electron regime.

The measured changes in Vi, resistance and mobility
between holes and electrons doping regimes can all be related
to the interaction between the dielectric environment and the
contact regions. Considering the dielectric environment, a pos-
sible cause is the specific alignment of the defect band in the
Al,Oj5 layer with respect to the graphene Fermi level [37]. One
possible cause is surface reactions between the ALD oxid-
ant (e.g. HO) and the graphene surface (or the residues on
its surface) [32]. Another possible cause can be related to the
simple desorption of contaminants from the graphene surface
at the ALD process temperature. A more specific, surface-
sensitive, investigation will be required to clearly distinguish
between these possible mechanisms, effecting the dielectric
environment of the graphene. Looking at the contact regions,
two main effects usually occur: band bending and Fermi-
level pinning. Band bending is the result of charge transfer at
the graphene/metal interface driven by the mismatch between
metal work function and graphene Fermi energy. Fermi-level
pinning describes the insensitivity of the graphene Fermi-level
to the gate electric field (near the contact region) [33-36, 38].

The two effects described above are known to induce p-
n junctions near the contact, leading to an asymmetry in the
measured 2-terminal resistance between the hole and electron
doping regime. The measured output characteristics are still
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Figure 2. Die-level characterization. (a) V¢np against device length
before ALD, (b) Venp against device length after ALD encapsulation.
Insets: false color map of the Veyp for a die before ALD (inset of
panel (a) and after ALD (inset of panel (b). The squares represent
the five pairs of devices a depicted in the inset of figure 1(a).

linear and the mobility values shift only slightly, therefore the
p-n junctions at the contact regions represent a small energy
barrier. The data shown in figures 1(c) and (d) indicates that
the ALD encapsulation strongly reduces doping. In turn, the
doping reduction alters the band alignment, leading to a par-
tial reversal of the direction of the p-n junction at the contacts
(see figure S2) and, therefore, higher mobility in the electron
regime. Further studies to separate the relative effect of the
ALD encapsulation on the intrinsic graphene channel conduct-
ivity and on the contact region need to rely on multi-terminal
measurements.

Taking advantage of our reliable wafer-scale transfer, we
have fabricated 240 dies with several device geometries,
enabling us to investigate the relationship between device geo-
metry and the ALD process. From the single devices shown in
figure 1, we move on to characterize the single die, looking at
the Veyp in particular. Figure 2 displays the V., values against
the length of the graphene channels in a single die: figure 2(a)
shows V., before ALD encapsulation and figure 2(b) after the
ALD process. Both insets show die-level false color maps of
Venp extracted from each graphene device composing the die.
After ALD encapsulation, all the devices in the single die, irre-
spective of the channel geometry, show a strong reduction in
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Figure 3. Wafer-scale electrical measurement results of the doping of the gFET devices: (a), (b) false-color images where the x- and y-axis
correspond to the device position on the wafer and the color indicates the measured Veqp value before ALD (a) and after ALD (b). The black
line at y =35 mm in panel (b) indicates the limit of the devices measured before ALD. The colorscale in panels A and B is cropped between
2.5% and 97.5% of the full distribution to avoid saturation and clearly display the pattern on the wafer.(c) Histogram showing the Veyp
values before ALD (blue) and after ALD (red) with the corresponding average (M), median () and standard deviation (o) values. (d)

Cumulative histogram of Venp values after A1 O3z ALD.

Venp» confirming the behavior of the single device depicted in
figure 1. Looking in more detail, there is a trend of increas-
ing Vepp for increasing device length which is stronger before
ALD encapsulation. As the geometry of the devices varies
from the bottom to the top of the die, as indicated in table
S1, the increase in Vpp, is likely linked to the geometry of the
graphene channel. The variation of V¢, with graphene channel
length has been reported before in literature [39, 40] and it has
been ascribed to effects at the contacts regions, either doping
or changes in the contact transfer length, consistent with the
explanation of the behavior of the single device. Thus, for all
the devices in a single die, the ALD process strongly reduces
Venp and weakens its dependency with device length, homo-
genizing device performance; both are beneficial characterist-
ics from an application perspective.

The wafer scale transfer, fabrication process and measure-
ments allow us to confidently prove that the effects shown in
figures 1 and 2 for a single device and die are representative
for the full wafer-scale dataset. Figure 3 portrays the beha-
vior of the charge neutrality point of all measured devices on
one wafer. Figures 3(a) (before encapsulation) and (b) (after
encapsulation) show false color maps of the wafer-level col-
lection of the Ve, on each die arranged with respect to the x
and y indices shown in figure 1(a).

The absence of a data-point on the color maps indicates that
the device is broken (i.e. the measured Ry > 100 k€2). Due
to limited measurement time, data points above y =35 mm in

figure 3(a) are absent and these are not taken into account in
the analysis. When comparing the data from the same devices
before and after encapsulation, we find that the device yield
decreased only slightly: from 97.7% prior to encapsulation
to 93.0% after encapsulation. The small decrease in yield of
working devices corroborates that ALD encapsulation intro-
duces a negligible amount of defects in the graphene channel.

The overall wafer-scale pattern of V., appears consistent
before and after the ALD process: the bottom right region
(x> 54, y<10) shows the overall lowest V.np, the center
region (36 <x <54, 10 <y < 35) shows the highest Ve
whereas the top-left region (3 <x <20, y>15) shows the
lowest doping. The measured wafer-scale pattern is likely due
to slight in-homogeneity in the various processes composing
the whole device fabrication chain: from slight differences in
the graphene grain sizes (growth), to slight differences in strain
introduced by the transfer process, to the variability in the
density of residues on the graphene channel due to the fabric-
ation steps. The interplay between these processes is a fascin-
ating research topic, outside of the scope of this publication.
The overall significance of the pattern can be better visualized
by looking at the numerical spread in the distributions of Vpp,
presented in the following paragraphs.

‘We now turn to the statistical distribution and properties of
Venp- Figure 3(c) plots the histograms of the doping distribu-
tion before (blue) and after (red) encapsulation. These distri-
butions are calculated from the full dataset, without selecting
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on geometry or device location. Before encapsulation, the Veyp
distribution is centered around Ve,p, = +47.1 5.2 V whereas
after encapsulation it shifts to Ve, = —1.64+4.4 V. Note,
that the value of the standard deviation after encapsulation is
effected by the very small tail of points with Vi, < —10 V.
Thus, after encapsulation, the V., distribution shifts to consid-
erably lower gate voltages, close to zero, and sharpens around
the median value.

To verify the statistical significance of the shift, we use the
3-sigma approach to calculate the left (right) edge of the dis-
tribution before (after) encapsulation. The left edge of the Veyp
distribution before encapsulation is 31.5 V and the right edge
after encapsulation is 11.6 V. The calculated edges are well
separated, confirming that the distributions are statistically dif-
ferent: all the measured devices show a statistically significant
reduction in V., after encapsulation.

In figure 3(d), a cumulative histogram of the V., distribu-
tion after Al,O3 encapsulation is shown. As indicated by the
grey lines at 0.2 and 1 cumulative counts, the majority of Veyp
values is situated around zero. Specifically, the Dirac point of
90.1% of devices is situated between —5 and +5 V after encap-
sulation, further highlighting the narrow distribution after the
ALD process. Before the ALD process, less than 70% of the
devices has their Ve, in a narrow 10 V range (see figure S4).
The ALD process clearly shifts and narrows the entire Veyp
distribution around 0 V which is beneficial from an applica-
tion perspective, where the supply voltages are likely limited
to+x33Vor+5V.

With respect to the hysteresis in the V.., values, by per-
forming a similar analysis (see figure S3(b)), we see that ALD
process further reduces the already tiny hysteresis: before
ALD, the hysteresis is —1.81 £0.48 V whereas, after ALD,
it is —0.63 +=0.39 V. The hysteresis is therefore about three
times less pronounced after ALD process, at least in absolute
V, values.

The wafer-scale of the growth, transfer, fabrication and
measurement processes have allowed us to confidently
determine both the statistically relevant shift to lower V¢, and
the reduction in variance in device performance, irrespective
of the geometry of the graphene channel. The demonstrated
improved performance and higher consistency of the electrical
characteristics after the ALD process are important for the
industrial application of graphene devices. They ensure con-
sistent electrical behavior of the fabricated devices and the
possibility to explore both the hole and electron regime and,
therefore, finely adjust the operation point of the sensor, essen-
tial in the case of e.g. Hall sensors [13].

After analyzing the behavior of Vi,,, we now shift our
attention to the extracted DTM-mobilities. Figure 4 shows the
DTM peak mobilities before (blue) and after encapsulation
(red) in both the hole (figure 4(a)) and electron (figure 4(b))
regimes. The histograms highlight the opposite effect of the
ALD encapsulation on the mobility values: in the hole (elec-
tron) regime, the encapsulation process results in a small
reduction (increase) of the average and median mobility.
These observations are also captured by the behavior of the
single gFET device already depicted in figure 1.
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Figure 4. (a) Histograms of the peak value of the hole
DTM-mobility before (blue) and after (red) Al,O3 ALD
encapsulation. (b) Histograms of the peak value of the electron
DTM-mobility before (blue) and after (red) ALD. For each
distribution, the corresponding average (M), median () and
standard deviation (o) values are indicated.

For the standard deviation the effect is also opposite: post-
encapsulation, the hole (electron) regime shows an increased
(reduced) standard deviation. Also noteworthy, the ALD-
encapsulation makes the distributions for both regimes skew
to lower mobility values; in other words, the low-value tails of
both distributions increase after the ALD process. This could
be an artifact due to the fact that more devices have been meas-
ured post-ALD, increasing the chance of measuring slightly
lower-performing devices. Another effect to consider is the
screening of charged impurities scattering that can be afforded
by the ALD layer.

Importantly, there is considerable overlap between the pre-
and post-ALD mobility values for both regimes: the mean
and median peak mobility values in both regimes change less
than 15% after Al,O3 encapsulation and are well within one
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standard deviation from each other. The large overlap indic-
ates that the ALD has limited effect on the mobility values, in
either regimes, and this negligible change in mobility indic-
ates very minimal damage to the graphene layer during the
ALD process.

4. Conclusions

In summary, we report on the study of the effect of ALD
encapsulation on wafer-scale two-terminal graphene FETs.
The devices have been fabricated with a contact-first integra-
tion scheme which is similar to the integration of graphene
on the back-end-of-line of the CMOS fabrication flow. Wafer-
scale electrical characterization shows that the ALD process
strongly reduces the V., of the fabricated devices and nar-
rows its distribution, allowing for exploring both the electron
and hole regime by applying gate voltages of just 5 V or less.
The DTM mobilities after ALD are within 15% of the ori-
ginal values before ALD, indicating that minimum (or pos-
sibly no) damage has been induced on the graphene channel
during the ALD process. Mobilities in the electron and hole
regimes change in opposite direction after the ALD encapsula-
tion, possibly hinting to the ALD process affecting the dielec-
tric environment nearest to the contact regions. The observed
low graphene doping on a wafer scale removes the need for
local gates on thin-high-k dielectrics. This enables access to
both the electron and hole regime in devices where it is not
possible to integrate local gates; the results thus clearly show-
case the benefit of ALD encapsulation for future device integ-
ration in e.g. commercial sensors based on a FET geometry.
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