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ABSTRACT

CdO has drawn much recent interest as a high-room-temperature-mobility oxide semiconductor with exciting potential for mid-infrared
photonics and plasmonics. Wide-range modulation of carrier density in CdO is of interest both for fundamental reasons (to explore transport
mechanisms in single samples) and for applications (in tunable photonic devices). Here, we thus apply ion-gel-based electrolyte gating to
ultrathin epitaxial CdO(001) films, using transport, x-ray diffraction, and atomic force microscopy to deduce a reversible electrostatic gate
response from —4 to +2 V, followed by rapid film degradation at higher gate voltage. Further advancing the mechanistic understanding
of electrolyte gating, these observations are explained in terms of low oxygen vacancy diffusivity and high acid etchability in CdO. Most
importantly, the 6-V-wide reversible electrostatic gating window is shown to enable ten-fold modulation of the Hall electron density, a striking
voltage-induced metal-insulator transition, and 15-fold variation of the electron mobility. Such modulations, which are limited only by
unintentional doping levels in ultrathin films, are of exceptional interest for voltage-tunable devices.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0116294

INTRODUCTION

Binary and complex oxides constitute some of the most excit-
ing emerging semiconductors and are under intense investigation
for ultra-wide-band-gap semiconductors, power electronic devices,
transparent conductors and devices, high room-temperature car-
rier mobilities, photonic applications, and so on." ° Rock-salt-
structure CdO is one such binary oxide semiconductor, which
has been understood to be an n-type transparent conductor for
many years,” '’ but is now under intense study for mid-infrared
photonics and plasmonics.'' ™"’ Intrinsic CdO is thought to pos-
sess a relatively small (indirect) bandgap,”””' but can be heav-
ily doped, inducing a large Moss-Burstein shift, and thus optical
gaps >3 eV.'"”'”% Electron doping has been achieved via oxy-
gen vacancies (Vo)™ and H""** (which are thought to be

responsible for the commonly observed high carrier densities in
nominally-undoped samples™''), as well as In**, Ga>*, Dy**, Y%,
F™,etc,!! 2171902027 Dopinog with such dopants is possible up to
free electron densities of 10°°-10%" ¢cm™, generating peak room-
temperature mobilities >500 cm® V™! s7! and conductivity >20
000 $ cm™'.! 118222027 Combined with low effective mass and
low optical loss, these parameters enable CdO to achieve exciting
photonic and plasmonic function in the difficult-to-access mid-
infrared.'"'* Specific device functions demonstrated include sur-
face plasmon resonances,' "> epsilon-near-zero modes, "' >’
ultrafast optical polarization switching,"* high harmonic gener-
ation,'® etc., with numerous potential applications."'* Impor-
tantly, well-controlled growth of CdO films enables these func-
tions at frequencies that are at least passively tunable via chemical
dOping.] 1-14,17,18,25
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For both fundamental and applied reasons, it would be
highly desirable to actively control and fine-tune the free elec-
tron density in CdO films, e.g., through voltage-based modulation.
Fundamentally, this could elucidate the essential transport mecha-
nisms in CdO films, including probing the mobility-electron density
relation''~"'"'%* in single samples, better understanding mobility-
limiting scattering mechanisms, ' '>'"'*** and potentially probing a
metal-insulator transition (CdO films are typically so heavily doped
that they exhibit metallic transport). From the applied perspec-
tive, wide-range electrical control over carrier density would add
an exciting additional dimension to the device potential of CdO,
possibly enabling highly desirable voltage-tuned photonic and plas-
monic devices.”” *’ Particularly given the heavy doping involved,
however, such voltage-based tuning is challenging w1th conventional
approaches such as standard field-effect transistors.”*

Electrolyte gating is potentially ideal for wide-range voltage-
based tuning of carrier density in CdO and has been applied to a
host of other oxides,“’l'\ including oxide semiconductors. The lat-
ter include ZnO,”"*** In,03,%° In-Sn-0,”” BaSn03, "’ SrSn03,"
B-Gay03,*! etc., typically in thin-film form, deposited and processed
by various methods. The central device in such electrolyte gating is
the electric double layer transistor (EDLT’"*?), in which the oxide is
interfaced with a high-ionic-mobility electrolyte, often an ionic lig-
uid or ion gel. (The latter are essentially ionic liquids embedded in
polymer matrices, providing high room-temperature ionic mobility
in a processable solid-state platform.””**"’) The essential concept
is that when a gate voltage (V) is applied across the electrolyte,
cations or anions in the liquid/gel (depending on the V polarity) are
driven to the interface with the oxide, which they cannot penetrate.
A layer of cations or anions thus accumulates in the electrolyte at the
interface with the oxide, generating a large electric field. This field
is then screened via the induction of a high density of electrons or
holes on the oxide side of the interface (to a depth controlled by the
electrostatic screening length’ "%**), forming a layer of ions and
induced carriers known as an electric double layer (EDL). The power
of the EDLT lies in the nanoscopic thickness of this EDL, which
leads to giant specific capacitances (10s of uF cm™2), decoupled from
the electrolyte thickness.”""* At just a few volts, these capacitances
induce electron/hole densities up to 10" cm™2, orders of magnitude
above standard field-effect transistors.””* Applied to oxide semi-
conductors, this has enabled exceptionally broad modulation of free
electron densities, elucidation of mobility-limiting scattering mech-
anisms by widely varying the electron density in single films, strong
mobility enhancements due to screening of charged defects, and
voltage-driven insulator-metal transitions.” "> *" This is achieved
at low power, due to the very small gate current densities in EDLTs,
generating much device potential.””

It must be emphasized, however, that the true operating mech-
anisms of electrolyte-gate transistors are not necessarily based
solely on simple electrostatics. In some oxides, for example, the
large electric field generated by the EDL also actuates electro-
chemistry, particularly, though not excluswely, 2429 via oxygen
vacancy (Vo) formation/annihilation.”"”*>*" " Positive Vg, for
example, can remove oxide ions from oxides, doping them elec-
trochemically via Vo.”"*>*°" Remarkably, these Vo can often
be refilled at negative Vy, leading to reversible, non-volatile, elec-
trochemical gate effects, electrolysis of residual H,O providing the
oxygen for reoxidation.””***° Other oxides, however, exhibit an
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electrolyte gate response that is predominantly, or even exclusively,
due to simple EDL charging.”'”’ The relative contributions from
these electrochemical and electrostatic gating mechanisms have
been deconvoluted via transport measurements of Volatility and
reversibility,”"""* measurement in O,-rich atmospheres,” " and by
applying various opemndo probes, particularly scattering-">""""
and spectroscopy-based.”””” Great strides have thus been made in
mechanistic understanding, culminating in the recent publication of
the first hypothesis regarding the key factors that dictate electrostatic
vs electrochemical response to electrolyte gating in a given mate-
rial.*” Within this framework, the ambient-temperature diffusivity
of the lowest-energy defects, often Vo in oxides, controls this pro-
cess.”” When these diffusion coefficients are negligible, for example,
regardless of the defect formation energy, simple electrostatic gating
mechanisms tend to prevail, due to the inability to proliferate Vo
over non-negligible distances into oxide films.*

In light of the above, here, we apply ion-gel-based electrolyte
gating to epitaxial CdO(001) films for the first time, seeking to
deduce the active gating mechanisms, rationalize those mechanisms,
and thus achieve highly-desired wide-range active modulation of
free electron density and transport. Initial studies on relatively-thick
(15-17 nm) films first combine transport measurements with pre-
and post-gating characterization via high-resolution x-ray diffrac-
tion (HRXRD) and atomic force microscopy (AFM) to establish
mechanisms (i.e., electrostatic vs electrochemical). Reversible elec-
trostatic gating is deduced over a wide window (-4 V < Vg <42 V),
followed by the rapid onset of film degradation above +2 V, con-
firmed by HRXRD and AFM. These results are interpreted in terms
of low-ambient-temperature Vo diffusivity in the CdO rock-salt
structure, resulting in electrostatic response to electrolyte gating,
limited only by the low acid-etch stability of CdO, which leads to sur-
face degradation above +2 V. CdO thus provides another interesting
test-case that advances the mechanistic understanding of electrolyte
gating. Most importantly, the -4 V < Vg < +2 V reversible electro-
static gating window is then shown to enable wide-range modulation
of electron density and transport in EDLTs based on ultrathin
(3.2 nm) CdO. Ten-fold variation in electron density is achieved,
inducing a striking metal-insulator transition, 15-fold modulation
of electron mobility, and a number of additional findings. These
results advance the understanding of electrolyte gating mechanisms,
improve the knowledge of transport in CdO, and open the door
to voltage-tunable CdO-based devices, particularly in mid-infrared
photonics and plasmonics.

EXPERIMENTAL DETAILS

Nominally-undoped CdO(001) films were deposited with
thicknesses from 3 to 17 nm (the thickness being determined by
grazing-incidence x-ray reflectivity), on 2 in.-diameter r-plane
sapphire [Al,O3(1102)] wafers, by reactive high-power impulse
magnetron sputtering (HiPIMS). Following prior work, *'*'>!71%>¢
HiPIMS was done from a pure (99.9999%) Cd target, at 200-400 °C
substrate temperature (lower temperatures were used for improved
coalescence of the thinnest films), in 10 mTorr total pressure,
with a 6:4 molar ratio of Ar/O,. Films were then post-annealed for
30 min in 1 atm of O, at 635 °C to minimize Vo densities. Consistent
with prior work, 1213151721956 qibstantial Vo concentrations remain,
resulting in unintentionally n-doped films (as noted above, Vo are

APL Mater. 10, 121106 (2022); doi: 10.1063/5.0116294
© Author(s) 2022

10, 121106-2

Jpd-auluoLT901L21/L ¥806791L/¥6291 L 0°G/£901 0L /10p/spd-ajone/wde/die/Bio die'sqndy/:dpy woy papeojumog


https://scitation.org/journal/apm

APL Materials ARTICLE

understood to be shallow donors in CdO*'"*" and dangling bonds

at the CdO surface also generate donor states”). This is illustrated
in Fig. S1 in the supplementary material, which shows the resistivity,
Hall mobility, and Hall electron density of 3.2- and 15-nm-thick
films. The unintentional doping is quite heavy (1-2 x 10*” cm™,
in fact, degenerate), the resulting 300 K mobilities and resistivi-
ties being 65-235 cm”® V™! 57! and 0.38-0.24 mQ cm (Fig. S1).
Al O3/CdO wafers were then diamond scribed into ~5 x 10 mm?
pieces for EDLT fabrication, as shown in Fig. 1(a). As in our prior
work on other materials,”"”*******" Ar-jon milling was employed
in conjunction with a steel mask to pattern 2.5 x 2.5 mm* CdO
channels, followed by deposition of Ti(or Mg)(20 nm)/Au(60 nm)
four-wire contact and side-gate electrodes by room-temperature
sputtering through a second mask [Fig. 1(a)]. EDLTs were then
completed by laminating ~50 ym-thick “cut-and-stick” solid-state
ion gels on the devices, covering the channel, and connecting to
the side-gate electrodes [Fig. 1(a)]. The ion gels were composed
of 4:1-mass-ratio ionic liquid [1-ethyl-3-methylimidazolium
bis(triflouromethylsulfonyl)amide =~ (EMI-TESI)] to  polymer
[poly(vinylidene fluoride-co-hexafluoropropylene) (PVDEF-HFP)],
prepared via spin coating on sacrificial substrates.

A first set of transport experiments, to establish gating mech-
anisms, employed EDLTSs based on relatively thick (~17 nm) CdO,
at 300 K, in vacuum (<10° Torr), by either sweeping (at 5 mV/s)
or stepping the gate voltage, V. For stepped-voltage experiments,
Vg was applied for 20 min, followed by returning V, to zero
for 20 min, then repeating at successively larger or smaller V.
DC measurements were made of the four-wire channel resistance,
R (with a 50 mV source-drain voltage), and the gate current, Iy. Both
before and after gating, structural characterization was performed
via HRXRD on a Rigaku SmartLab XE (using Cu Ka radiation)
and via contact-mode AFM in a Bruker Nanoscope V Multimode
8. For these characterizations, the overlying ion gels were removed
with acetone. A second set of temperature (T)-dependent gating
experiments was performed on EDLTs based on 3.2 nm-thick CdO
films, in a Quantum Design Physical Property Measurement Sys-
tem, from 2 to 300 K in magnetic fields to 90 kOe. For these
measurements, V, was applied for 30 min at 275 K, the sam-
ple was cooled to low T, and the resistance and Hall effect data
were taken on warming. V; was applied (and I; measured) using a
Keithley 2400 source-measure unit, and four-wire van der Pauw
sheet resistance (Rs) measurements (DC) were made using a
Keithley 2400 source-measure unit or a Keithley 220 current source
with a Keithley 2002 voltmeter. Excitation levels were selected to
avoid self-heating and/or non-Ohmicity.

RESULTS AND DISCUSSION

As already noted, Fig. 1(a) shows a schematic of our CdO-based
EDLTs. The first experiments with these focused on determining
the active gating mechanisms. Following an approach established in
our prior work, including on several oxides,””*"** Figs. 1(b)-1(e)
show the results of stepped- V¢ measurements. In this approach, pro-
gressively decreasing [Fig. 1(b)] and increasing [Fig. 1(d)] stepped
gate voltages are applied, on a 20-min-on/20-min-off cycle. The
response of the CdO channel resistance is then tracked through
the time (t) dependence of R/Ro, where R is the channel resis-
tance and Ry is its ¢ = 0 (initial) value. As shown in Figs. 1(b)

scitation.org/journal/apm

and 1(c), the response at negative Vg is near ideal. Specifically,
progressively larger negative V induces progressively larger R/Ro,
consistent with simple electrostatic depletion of these initially n-type
CdO films. As an aside, we note that while the V response here
is on minute time scales, this is due to the side-gate architecture
[Fig. 1(a)], rather than an intrinsic limitation of EDLTs.””" This
device design enables rapid, high-throughput fabrication and explo-
ration of new materials, particularly with cut-and-stick ion gels (as
well as operando characterization'”*””">" >, but puts macroscopic
distances between the channel and side gate electrodes, slowing
the operation.”””” More importantly, Fig. 1(c) shows that R/Ry
returns to close to 1.0 after each V;; removal (within 20% in the
worst case), strongly supporting a volatile, reversible gating mech-
anism, consistent with simple EDL charging.” """ This is
reinforced by Fig. 1(f), which shows the V; dependence of Ron/Ro
and Rof/Ro, where Ron and R are the magnitudes of R after the full
20 min durations of the “on” and “off” V cycles. These ratios thus
probe the “gate effect” and “nonvolatility,” respectively.” """ As
can be seen in Fig. 1(f), negative gate biases result in increasingly
large Ron/Ry, i.e., increasing gate effects, but with negligible R/Ro,
i.e., little nonvolatility (Rog/Ro is within 20% of unity). The negative
Vg results in Figs. 1(b), 1(c), and 1(f) thus evidence an essen-
tially entirely non-volatile, reversible gate effect, consistent with an
electrostatic mechanism.

Continuing to positive Vg, Figs. 1(d)-1(f) show that the above
trends initially continue, at least up to ~1 V. Specifically, R/R falls
beneath 1, with small R.g/Ro, consistent with reversible, volatile,
electron accumulation. An abrupt and dramatic change in behav-
ior occurs at ~2 V and above, however, where Ron/Ro and R/Ro
both rapidly increase to positive values, i.e., large gate-induced resis-
tance changes that are essentially entirely nonvolatile. The I(Vy)
data in Fig. 1(g) (from a 5 mV s~ sweep) provide the first hint to
the origin of this behavior. This trace reveals the usual crossover
from low magnitudes of I, to larger, hysteretic I at the largest mag-
nitudes of both positive and negative V (due to the approach to
the edges of the ion gel electrochemical stability window),””"’ but
with a clear additional feature around +2.5 V. Such I peaks typically
indicate electrochemical activity in the gated film, ****
performed post-gating HRXRD and AFM characterization to probe
for irreversible changes in structure, chemistry, or morphology after
positive Vg application.

Figure 2(a) first shows specular wide-angle HRXRD, in an
angular range that captures both the AL,O3 1102 and CdO 002 reflec-
tions, before applying an ion gel (“no gel”) and after applying a gel
then gating to 0, 1, 2, and 3 V. These data were again taken on
2.5 x 2.5 mm?, 17 nm-thick films. The “no gel” case reveals only 00/
reflections (confirmed on wider scans), with the Laue fringes indicat-
ing relatively low roughness [AFM measurements discussed below
confirm a clear “step and terrace” morphology with root-mean-
square (RMS) roughness as low as ~1 nm]. The notable features with
increasing V are the slight downshift in the CdO 002 peak posi-
tion, the gradual dampening of Laue fringes, and the obvious peak
broadening, with the +3 V peak additionally exhibiting clear asym-
metry. Some of these features are illustrated more clearly in Figs. 2(b)
and 2(c), which show the V dependence of the resulting c-axis lat-
tice parameter and Scherrer length (A). The former is extracted from
the peak position, the latter from the width, via the Scherrer for-
mula. From Fig. 2(b), increasing positive gate voltages are found
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to induce non-trivial increases in ¢, approaching the relaxed bulk
value for CdO (horizontal red dashed line). As shown in Fig. S2 in
the supplementary material, the 002 diffraction peak at +3 V can
alternatively be fitted as a superposition of two peaks, resulting in
the two lattice parameters shown as open diamonds in Fig. 2(b).
One lies very close to the relaxed bulk position and the other cor-
responds to a substantially increased lattice parameter. Correspond-
ingly, Fig. 2(c) reveals a gradual decrease in c-axis Scherrer length
with increasing positive V. Small associated changes in the CdO
002 rocking curve also occur [Fig. 1(a), inset]. These rocking curves
are composed of narrow (~0.07°-wide) and broad (~1.2°-wide)
components (typically associated with defect-poor and defect-rich
regions), with the broad component decreasing slightly in relative
intensity with V.

The contact-mode AFM scans shown in Figs. 2(d)-2(g) provide
critical additional insight. Figure 2(d) first estabhshes low rough-
ness (RMS values are shown in each panel) and a “terrace and
step” morphology in as-grown films. Quantitative analysis suggests
>1 nm-high steps, consistent with the typically observed surface
morphology of r-Al, O3 substrates. Equivalent AFM scans after gat-
1ng at -3 V [Fig. 2(e)] and +2.5 V [Fig. 2(f)] indicate that this

“terrace and step” morphology is essentially preserved, but with
clear additional ~50 nm-sized surface features. The latter have been
previously observed after ion gel gating of oxide films and are sim-
ply due to the residual ion gel not fully removed after gating, as
confirmed by x-ray photoelectron spectroscopy detection of, e.g.,
fluorine.”” The increased RMS roughnesses of ~3 to 4 nm derive
from these features. Aside from this incomplete ion gel removal,
the images in Figs. 2(e) and 2(f) evidence no major change in
the surface morphology of the CdO itself. This situation changes

acquired at 300 K.

conspicuously after gating to +3 V, however, Fig. 2(g) revealing
major alterations in surface morphology, including the emergence
of clear pitting. The pits range in depth from 10 to 15 nm, approach-
ing the as-grown film thickness, and the RMS surface roughness thus
increases dramatically, to >6 nm.

Piecing together the positive-Vy results from HRXRD and
AFM, we conclude a gradual relaxation toward the bulk lattice para-
meter [Fig. 2(a)], that some portion of the film has substantially
increased lattice parameter at the highest Vg [Figs. 2(a) and S2],
progressively decreased out-of-plane Scherrer length [Fig. 2(c)], and
the abrupt onset of surface pitting at the highest Vi [Fig. 2(g)]. We
believe that these results can be simply and consistently interpreted
in terms of etching of the CdO film at sufficiently large positive Vg,
ultimately leading to etch pits and abrupt surface degradation. Suffi-
ciently large positive gate voltages are known to lead to etching and
eventual formation of etch pits in electrolyte-gated materials, two
examples being La;_,SryCoO;_s°” and FeSe.” In La;_SryCoOs_s;
for example, etch pits can form at large positive Vg, at an areal
density consistent with threading dislocation densities at the sub-
strate surface,” suggesting that the pits form at dislocation cores,
as in acid etching of bulk oxides.”” Notably, the acid etch rate
of CdO is notoriously high, with rapid etching occurring even in
dilute acid.”" Obviously important in this context is that positive-Vy
gating in EDLTs of this type is widely thought to 1nduce elec-
trolysis of residual H,O in ionic liquids and gels,”””*">"" thereby
generating H*. We propose that such an environment at the elec-
trolyte/oxide interface essentially induces acidic conditions at the
CdO film surface, leading to etching {thus decreasing the film thick-
ness and, therefore, the Scherrer length [see Fig. 2(c)]}, eventual etch
pit formation [Fig. 2(g)], the onset of strain relaxat1on [Fig. 2(b)],
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and likely highly O-deficient regions (or possibly H-doped
regions) with expanded lattice parameters [Figs. 2(b) and S2]. Some
contribution to the decrease in Scherrer length in Fig. 2(c) could
thus also arise from microstrain (i.e., lattice parameter inhomogene-
ity) effects. These various sources of film degradation in fact lead to
channel resistance increases [Figs. 1(e) and 1(f)], limiting the useful
bias window in these CdO EDLTsto -4 V < Vg < +2 V.

The origin of the simple electrostatic gating mechanism in the
-4V < Vg < +2V window is also of interest. We propose that this is
yet further evidence for the recent claim that, in inorganic materials,
predominantly electrostatic electrolyte gating mechanisms tend to
arise in cases where the ambient-temperature diffusivities (D) of the
lowest formation energy point defects are negligible.”* In CdO, on
the basis of results in this paper (e.g., Fig. S1) and prior work,”""”'
Vo are likely the most relevant defects in this context. Based both on
the close-packed rock-salt CdO structure (which would be expected
to generate large energy barriers for oxygen migration) and prior
data,”” low diffusivity of Vo is expected in CdO films. Based on
the data of Haul and Just, for example, on bulk CdO crystals,"2
extrapolation down to 500 °C already yields Dy, ~ 1072 cm? s7,
a very low diffusion coefficient (smaller, in fact, than in BaSnOs3,
an exemplar for electrostatic response to electrolyte gating®™);

responding rocking curves (RCs) (logy-
scale, normalized) through the CdO 002
peak for each Vj in (a). (b) Out-of-plane
lattice parameter (c) vs Vg. The hori-
zontal red dashed line corresponds to
bulk CdO, and the open diamonds at
3V are the results of a multi-peak fit to
the 3 V curve in (a) (see Fig. S2 in the
supplementary material for more details).
(c) Out-of-plane Scherrer length vs V.
In (b) and (c), values before gating are
labeled “no gel.” (d)-(g) Contact-mode
atomic force microscopy images (2 x 2

Aftein3 V. % 5.

um?) before gating (d), after -3 V (e),
after +2.5 V (f), and after +3 V (g). Sur-
face height color scales are shown to the
right of each image, and the extracted
surface roughness (orys) is shown in
each image. All data are for 17 nm-thick
CdO films from the same wafer.

x -

extrapolation to room temperature would yield yet smaller Dy,.
Within the recently published framework,”’ this will lead to a truly
negligible diffusion length for Vo (Ivo = (Dvo H)Y? « 1 A) under our
gating conditions (300 K, minute time scales), making it essentially
impossible to proliferate any gate-induced interfacial Vo to non-
negligible depths, regardless of the Vo formation energy. This favors
electrostatic over electrochemical gating mechanisms,” exactly as
we observe in the -4 V < Vg < +2 V window. CdO is thus a rather
unique case in this context, where such an electrostatic gate response
is abruptly cut off at relatively low positive V by high acid etch-
ability.”! As a final comment on gating mechanisms, we note that
H is also understood to be a shallow donor in CdO”"**** and can
be incorporated by annealing in H, at ~300 °C.”**’ We thus cannot
rule out that this also plays some role in the electrolyte gating of CdO
in the -4 V < V¢ < +2 V window, although the time scales asso-
ciated with the volatility and reversibility in Figs. 1(a)-1(e) would
require extraordinary H ingress/egress rates, likely inconsistent
with the elevated temperatures required to thermally dope H into
CdoO films.”**

With an appreciation and understanding of the CdO elec-
trolyte gating mechanisms in hand, Fig. 3 focuses solely on the
-4V < Vg < +2V reversible window, switching to ultrathin (3.2 nm)
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CdO films. The low thickness is employed here to ensure a vol-
umetric electrostatic gate effect, through the majority of the film
thickness, thereby maximizing gate-induced changes in trans-
port and eliminating current shunting via underlying ungated
(Vo-doped) regions. This requires thicknesses of the order of
the Thomas-Fermi electrostatic screening length, which we esti-
mate, at the initial three-dimensional (3D) free electron den-
sities of ~10° cm™ in Fig. S1, to be ~2 nm. Significantly,
and as mentioned below, this reduction in film thickness from
17 to 3.2 nm increases the doping level slightly and decreases the
room-temperature and low-temperature mobilities from 235 and
343 cm® V™! 57! to 65 and 80 cm® V™' 57!, respectively (Fig.
S1). Figure 3(a) first shows Vg-dependent measurements of the T
dependence of the CdO sheet resistance, Ry (left axis), or alterna-
tively the resistivity, p (right axis). The latter is estimated using
the full 3.2 nm film thickness. The ungated CdO film [“no gel,”
the dashed line in Fig. 3(a)] exhibits Ry =~ 10° Q, with notably
weak T dependence, unambiguously indicating the metallic char-
acter. This is confirmed in Fig. S3(a), which reveals clearly finite
conductivity as T — 0 before gating. Applying an ion gel but
maintaining V = 0 [the gray curve in Fig. 3(a)] results in minor
changes in Ry(T), likely due to a chemical-affinity-driven imbal-
ance of ion-gel cations and anions at the interface with CdO. A
positive gate voltage of 1 V (pink curve) then induces a decrease
in Rs(T), consistent with accumulation of additional electrons in
the CdO. This positive-voltage Rs decrease is limited to only ~two-
fold, however, due to the quite heavy initial (Vo) doping and the
fact that +2 V [the red curve in Fig. 3(a)] already induces slight
degradation.

Consistent with the thickness being of the order of the screen-
ing length, negative V; applications [blue curves in Fig. 3(a)] lead
to a rapid increase in R, and progressively more insulating Ry(T).
Vg < -2V, in fact, induces Ry > hie* ~ 26 kQ [Fig. 3(a)], neg-
ative dR,/dT [Fig. 3(a)], and near-zero T — 0 extrapolation of
the conductivity [Fig. S3(a)]. These observations clearly illustrate
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a Vg-driven metal-insulator transition due to electrostatic deple-
tion, with the -3 V curve in Fig. 3(a) indicating unambiguous
insulating behavior, which is rarely, if ever, reported in CdO. The
behavior at this stage is Arrhenius like [see Fig. S3(b)], with an acti-
vation energy in the 0.4-0.5 eV range, which is, again, notably large
for CdO,"" 719?27 certainly evidencing insulating character at
-3 V. As shown in Fig. $4, at 225 K, the lowest T' to which all V,
curves in Fig. 3(a) could be measured, the V,-driven modulation of
R across this metal-insulator transition in CdO thus reaches almost
five orders of magnitude. As a final comment on Fig. 3(a), we note
that the rather chaotic behavior of Ry(T) at higher temperatures is
well-known in EDLTs,”*”**""" deriving from phenomena associ-
ated with the melting point/glass transition temperature of the ionic
liquids/gels.

The EDLTs used for Fig. 3(a) were also used for Vg-dependent
measurements of the Hall effect, at illustrative temperatures of
20 and 150 K. The Hall voltage was found to be simply linear in
the magnetic field (to £90 kOe) at all Vg and T at which the Hall
effect could be measured, the safe assumption of a single domi-
nant carrier type leading to the electron densities and mobilities
shown in Figs. 3(b) and 3(c). For convenience, and by analogy
to Figs. 3(a), Fig. 3(b) shows both the 2D Hall electron den-
sity (n2p, left axis) and 3D Hall electron density (u, right axis),
the latter calculated using the full film thickness (3.2 nm). The
reversible electrostatic gating window is found to enable modu-
lation of n,p between 2 x 10" and 2 x 10" cm™2, i.e., over an
order of magnitude. This O(10"* ¢cm™) extent of 2D charge car-
rier density modulation is typical of oxide-semiconductor-based
EDLTs.”" """ More quantitatively, Fig. S5 shows the data of
Fig. 3(b) on alinear scale, along with fits to nop = ng + (%)Vg, where
no is the initial 2D Hall electron density and (C/A) is the spe-
cific capacitance. This yields (C/A) = 4-9 uF cm ™2, increasing with
increasing V (Fig. S5), likely reflecting the increasing density-of-
states at the Fermi level across the insulator-metal transition.”" "%’
The highest values, near 10 uF cm™>, are typical of the effective
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capacitances in semiconductor-based EDLTs, yet fur-
ther supporting a simple EDL charging mechanism. We addition-
ally note that the Hall electron densities in Fig. 3(b) are essen-
tially T-independent (i.e., the 20 and 150 K points overlap) in the
-1.5V < Vg < +2 V interval, indicating degenerate transport in that
range, consistent with the metallic or close-to-metallic nature of the
transport in this V range in Fig. 3(a). At smaller (i.e., more neg-
ative) Vg, 20 K values of the Hall electron density are not plotted
in Fig. 3(b) as they could not be acquired due to carrier freeze-
out/non-degenerate transport, consistent with Rg(T) rising above
hie* ~ 26 kQ in Fig. 3(a). At =3 V, Hall effect data could not be
recorded even at 150 K, consistent with the highly-insulating Rs(T)
in Fig. 3(a) [and Fig. S3(b)].

The corresponding Hall mobility (4) in Fig. 3(c) is also
informative. Unsurprisingly, as +2 V is approached, y plummets,
responding to the onset of etching-induced film degradation; this
actually precedes slightly the detection of degradation via HRXRD
and AFM, highlighting the sensitivity of the ultrathin-film mobility
to this factor, which is duly reflected in R, [Figs. 3(a) and S4]. Aside
from this effect, y monotonically decreases as Vg is decreased toward
more negative values, i.e., with electron depletion [Fig. 3(c)]. This
corresponds to increasing y with increasing n, as frequently encoun-
tered in oxide semiconductors, and often ascribed to improved
screening of charged defects with increased carrier density.” *** '
This is commonly followed by a regime where y decreases at the
highest n, for example, due to ionized dopant scattering, resulting
in a mobility peak.” “***' Prior work on CdO films as a function
of conventional chemical doping revealed exactly this, u(n) peaking
in the 1010 cm™ range."" """ The fact that the electrolyte-
gated mobility in Fig. 3(c) continues to rise up to Vi = +1 V, where
the induced electron density reaches n ~ 5 x 10%° cm™3, limited
only by the onset of film degradation at positive Vg, is thus of
interest. This could be related to ion-gel-induced electron scattering
(across the electrolyte/oxide interface)” " being weaker than the
ionized impurity scattering in conventionally-doped films. More-
over, noteworthy in Fig. 3(c) is the T dependence of y. This inverts
from the 20 K data points being below the 150 K data points at
low p to the 20 K data points being at or above the 150 K data
points at high y, reflecting the expected crossover to phonon-limited
mobility. This crossover to phonon-limited y(T) with increasing
Vg (and thus, Hall density) in Fig. 3(c) is akin to the crossover
to phonon-limited mobility with increasing film thickness in
Fig. S1(b).

Notably, the overall mobility modulation in Fig. 3(c) is from
53 to 75 cm® V™' 57!, ie, a factor of 15. In totality, these ultrathin
CdO EDLTs thus achieve modulation of the 2D electron density,
mobility, and sheet resistance of factors of ~10, ~15, and almost
10°, respectively (Figs. 3 and S4). While these values are already
encouraging, and are particularly interesting in terms of poten-
tial voltage-tunability of photonic and plasmonic devices,'"*'"'*
it should be stressed that further improvements are possible. Specif-
ically, the only factors limiting the extents of these modulations are
the quite heavy unintentional doping of the CdO films [Figs. S1,
3(a), and 3(b)] and the reduced electron mobility in the ultrathin
limit [Figs. S1 and 3(c)]. Improvements in these factors via fur-
ther refinement of deposition conditions, post-deposition treatment,
substrate/buffer layer usage, or carefully designed capping layers (to

scitation.org/journal/apm

mitigate surface accumulation effects” " and/or surface scattering),
would pave the way to yet stronger modulations of nzp, n, Rs, p, etc.,
of high interest for applications.

SUMMARY

Ton-gel-based electrolyte gating of epitaxial CdO(001) films has
been investigated. Initial relatively-thick-film results from transport,
x-ray diffraction, and atomic force microscopy provided clear evi-
dence for a wide window of reversible electrostatic gating, from
—4 to +2 V, ascribed to low ambient-temperature oxygen vacancy
diffusivity in the rock-salt structure of CdO. At higher gate voltages,
abrupt film degradation was observed, eventually resulting in film
etching. This was ascribed to the low acid etch resistance of CdO,
with large positive gate voltages leading to the accumulation of sub-
stantial concentrations of H' at the film surface, from electrolysis of
residual H,O in the ion gels. With these results in hand, reversible
electrostatic gating of ultrathin (3.2 nm-thick) CdO films in the -4 to
+2 V window was shown to induce a striking metal-insulator tran-
sition, ten-fold modulation of the free electron density (from deple-
tion to 2 x 10" cm™ to accumulation to 2 x 10" cm_z), and asso-
ciated 15-fold variation in electron mobility. These results further
advance the growing mechanistic understanding of electrolyte gat-
ing mechanisms, shed new light on transport mechanisms in CdO,
and pave the way to future low-power voltage-based modulation
of carrier density for CdO-based tunable photonic and plasmonic
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional transport data on
ungated CdO films, x-ray diffraction peak shape analysis after gating,
further analysis of gated transport data, and additional analysis of
gate-voltage-dependent sheet resistance and Hall electron density.
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