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ABSTRACT: We report steady-state voltammetry of outer-sphere
redox species at back-gated ultrathin ZnO working electrodes in
order to determine electron transfer rate constants kgr as a
function of independently controlled gate bias, Vg We
demonstrate that kyr can be modulated as much as 30-fold by
application of V; < 8 V. The key to this demonstration was
integrating the ultrathin (S nm) ZnO on a high dielectric constant
(k) insulator, HfO, (30 nm), which was grown on a Pd metal gate.
The high-k HfO, dramatically decreased the required V; values
and increased the gate-induced charge in ZnO compared to
previous studies. Importantly, the enhanced gating power of the
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Pd/HfO,/ZnO stack meant it was possible to observe a nonmonotonic dependence of kp on Vi, which reflects the inherent density
of redox acceptor states in solution. This work adds to the growing body of literature demonstrating that electrochemical kinetics
(i.e.,, rate constants and overpotentials) at ultrathin working electrodes can be tuned by Vg, independent of the conventional

electrochemical working electrode potential.
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atomic layer deposition

B INTRODUCTION

In recent work, we and others have demonstrated that the
kinetics of electrochemical reactions at semiconductor working
electrodes can be manipulated reversibly using an independ-
ently controlled gate voltage (V;).' ™ The key idea is that an
ultrathin (<S5 nm) semiconductor working electrode is
incorporated into a metal/insulator/semiconductor (MIS)
stack such that application of a gate voltage between the
metal and the semiconductor results in simultaneous charge
accumulation and band-edge shifts on the front face of the
semiconductor exposed to electrolyte. Both the charge
accumulation and band-edge shifts modify the rates of electron
transfer from the semiconductor to outer-sphere redox couples
in the electrolyte.”*® These same effects can also modulate
the rate of inner-sphere electrocatalytic reactions (e.%.,
hydrogen evolution) on the semiconductor surface.””°
Importantly, back-side gate control of charge and band edge
position is accomplished independent of, and is cumulative
with, the normal electrochemical potential control achieved in
an electrochemical cell with a reference electrode. That is, the
gate voltage V; can be used to tune electron transfer rates and
electrochemical activity independently at a given working
electrode potential Vy.

So far, we have demonstrated these concepts on ultrathin
(<5 nm) ZnO and MoS, semiconductor working electro-
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des."””” We believe these experiments have utility in under-
standing fundamentals of electrochemical processes at semi-
conductor electrodes and may also prove useful in enhancing
the efficiency of critical electrocatalytic reactions, such as
hydrogen or oxygen evolution at metal oxides. We note there
are clear analogies between our gate-controlled field effect
approach and the work of others that employ poled
ferroelectric layers underneath thin film working electro-
des, 1718

A key challenge associated with our initial work was that the
Vg values required to achieve measurable effects were
extremely large, up to 100 V."” Note that this is not the
voltage applied to the frontside semiconductor/electrolyte
interface, which would necessarily cause electrochemical
breakdown; rather, it is the backside gate potential across the
MIS stack required to achieve a few hundred millielectronvolts
band edge shift at the semiconductor/electrolyte interface.
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Figure 1. (a) Schematic of the structure and electrical connections of the gate-tunable microfluidic electrochemical cell, with (b) the ultrathin ZnO
working electrode. (c) Sheet conductance change of ZnO electrode as a function of Vi, and (d) top view of the device structure.

Such a large voltage is inconvenient, and it is a direct
consequence of the low specific capacitance of our previous
working electrode MIS stacks. It is well-known that the specific
capacitance of a multilayer stack is given by C = key/t, where k
is the dielectric constant of the insulator, ¢, is the vacuum
permittivity, and ¢ is the dielectric thickness. Thus, the low
specific capacitance of our previous MIS design reflects both
the relatively small dielectric constant (k ~ 3.8) of the SiO,
gate dielectric layer and its large thickness (¢ = 300 nm). Here,
we have switched from 300 nm thick SiO, gate insulators to 30
nm thick HfO, insulator layers. HfO, is a well-known high-k
dielectric material (k ranges from 15 to 35),"7** and its
increased dielectric polarizability, coupled with a 10-fold
decrease in thickness, leads to an over 50-fold increase in the
gate capacitance of the MIS stack from 15 nF/cm? for 300 nm
Si0, to 800 nF/cm? with 30 nm of HfO,.

The capacitance boost has two positive effects on our
experiments that we describe here. First, we are able to achieve
strong modulation of heterogeneous electron transfer rates
between ZnO and redox couples in solution for gate voltages
Vg < 8 V, which is a much more convenient voltage range.
Second, we achieve substantially larger changes in heteroge-
neous electron transfer rate constants kyr than we have
obtained previously.* This is again a direct consequence of the
overall higher gating power accessible with HfO,. In fact, we
show here nonmonotonic dependence of kyr on Vi for a
simple outer-sphere electron transfer reaction, which we argue
reflects the inherent density of redox states in solution and our
ability to move the ZnO conduction band edge relative to
these states, as will be described.

The new device design is shown in Figure 1. As in our
previous work, the patterned S nm ZnO film with back-side
gate and front-side source/drain contacts is coupled to a
microfluidic cell with flowing electrolyte to facilitate steady-
state electrochemical measurements (Figure 1a,b). To fabricate
the MIS stack, we have employed a Pd gate electrode covered
with 30 nm of HfO, underneath the ZnO (Figure 1d). As
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explained above, the HfO, material gives larger gate
capacitance. The implications of this are evident in Figure
Ic, which displays the ZnO lateral sheet conductance o, as a
function of Vg between —2 and +10 V. It is clear that strong
gate modulation of the in-plane conductance (7 orders of
magnitude) is possible with only 10 V. The Figure lc results
will be discussed thoroughly in the Results and Discussion
section.

The patterned Pd metal itself also has important
advantages,23 namely, (1) we are able to grow very uniform,
high-quality HfO, films on Pd metal by plasma enhanced
atomic layer deposition (PEALD) (we were not successful for
several other metals like Au), and (2) the Pd dimensions are
matched to the ZnO channel dimensions, meaning the gate
does not have significant areal overlap with the source and
drain leads. This makes the Pd gate less susceptible to shorts
and leaks than the large, substrate-sized Si gate we used
previously. The Pd/HfO, architecture was critical to the
success of the whole device structure.

With these design considerations in mind, the main focus of
our contribution here is to demonstrate that this new electrode
architecture has significant advantages for field effect
modulated electrochemistry.

B EXPERIMENTAL SECTION

Materials Characterization. Thicknesses of atomic layer
deposition (ALD)-grown films were measured by ellipsometry
(Film-Sense, FS-1, multiwavelength). The thickness was mapped
across the wafer for uniformity and fitted with a Cauchy model. The
thickness and roughness of the 2D ZnO film were also measured by
atomic force microscopy (AFM) (Bruker Instruments Nanoscope V
Multimode), with probes from Mikromasch USA (NSC36/Al BS,
resonant frequency 65 kHz, k = 0.6 N/m, tip radius ~8 nm). The
thickness of Pd was measured by a surface profiler (KLA-Tencor P16/
P7). The measurement was done with a scan speed of SO um/s,
sampling rate of 500 Hz, and applied force equal to 2 mg. X-ray
photoelectron spectroscopy (XPS) measurements were performed
with a PHI Versa Probe III system, using an Al Ka X-ray source. The
binding energy was calibrated to the C,; peak at 284.6 eV. X-ray
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Figure 2. (a) Sheet conductance of the ZnO electrode versus Vi in electrolyte (0.1 M TBAP in ACN). The Vi sweep rate is 20 mV/s. A drain to
source voltage (Vp) of S mV is applied in the measurement. (b) Displacement current (Iy; vs Vi) taken in the electrolyte under different back gate
voltages (V;), with Viy sweep rate 420 mV/s. (c) Charge density in ZnO, where the shaded area in the inset figure shows the calculation of total
charge injected by Viy and Vi (d) Vg vs Vyy relationship at a fixed electron density n, = 2 X 10'> cm™ Regions of higher (red) and lower (blue)

density are indicated.

diffraction (XRD) was measured with a Bruker D8 Discover 2D
diffractometer with a Co Ka source (4=0.179 nm).

Device Fabrication. Figure S6 fully describes the fabrication
process of the FET device and the integration of the microfluidic
channel. Briefly, 20 nm palladium (Pd) was first deposited on the
Si0,/p-Si substrate by electron beam evaporation (Evaporator CHA,
SEC 600) as the gate electrode. The substrate was prepatterned using
photolithography, so a local-gate structure was achieved after lift-off.
The smaller areas of local gates can help reduce leakage current when
applying a gate voltage and prevent the device from breaking down.
Next, 30 nm HfO, was grown by plasma-enhanced ALD (PEALD)
(Fiji G2) as the dielectric. The PEALD process involves 230 cycles at
150 °C with alternating pulses of tetrakis(dimethylamido)hafnium
(TDMAH, 250 ms) and O, plasma (300 W, 6 s), with N, purge in
between. ZnO was then deposited right after the deposition of HfO,
to eliminate possible contamination of the interface. Five nanometers
of ZnO was deposited by ALD (Kurt J Lesker) at 200 °C for S0
cycles, pulsing precursors diethylzinc (DEZ) (20 ms) and H,O (20
ms). Next, ZnO was patterned and etched by wet-etching,' and HfO,
was etched by plasma etching (Oxford Etcher, 180-ICP) using 20:5
sccm of BCl;/Ar, RF power 100 W, 2 mTorr, for 15 s. Then, 5/30/5
nm of Ti/Au/Ti was deposited by electron beam evaporation,
followed by a deposition of 70 nm SiO, to passivate the Au top
electrode. After fabrication of the FET, a PDMS microfluidic channel
was fabricated and bonded onto the device. The flow channel has a
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width of 200 ym and a height of SO ym. The detailed process for
building the PDMS channel was reported in prior work.”

Electrochemical Measurement. The instrument setup for
electrochemical measurement is illustrated in Figure la. The
electrolyte used in this study is 0.1 M tetrabutylammonium
hexafluorophosphate (TBAP) in acetonitrile (ACN). All solutions
were purged with N, for 30 min before measurement. The three-
electrode system here consists of the Ag/Ag" reference electrode
(RE) for nonaqueous solution, platinum (Pt) wire counter electrode
(CE, d = 0.5 mm), and 2D ZnO as the working electrode (WE). The
RE was placed in a Luggin capillary filled with electrolyte, with the tip
of the capillary inserted into the flow channel from the outlet side, to
minimize potential drop between RE and WE. The device has an inlet
where a syringe pump pumps solution into the channel; flow occurs
across the working electrode to the outlet. This setup allows for the
measurement under controlled flow rates. The electronic measure-
ments, including the transfer performance, displacement current
measurement, and the steady-state current measurements were
performed with a series of Keithley source meters on a probe station.
The detailed models and connections can be found in our previous
report.1
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B RESULTS AND DISCUSSION

We begin this section with a discussion of the field effect
conductance results for gated ZnO shown in Figure 1c and
then move to electrochemistry.

Field Effect Modulation of the ZnO Sheet Con-
ductance, 6,. The Pd(20 nm)/HfO,(30 nm)/ZnO(S nm)
stack with front-side Au source and drain contacts on the ZnO
constitutes a field effect transistor (FET) architecture. Note
that the thickness, surface morphology, and chemical
composition of the ZnO, HfO,, and Pd films were
characterized as shown in Figures S1—S5. Uniform thin films
of ZnO and HfO, can be grown with small roughness and
accurate thickness control, and XPS (Figure S2a) confirms the
composition.“’25

The FET architecture can be used to probe the ZnO sheet
conductance (o,) as a function of V; and to establish that good
field effect control is operative. Inspection of Figure Ic
demonstrates that the ZnO sheet exhibits n-channel con-
duction (as opposed to p-channel conduction) as the device
turns ON when V; sweeps positive. We conclude electrons are
accumulated in response to the back gate field. Importantly,
the ON-to-OFF o, ratio is nearly 107, an excellent value
reflecting a strong field effect, and the threshold voltage Vi
(defined on the linear plot) is ~3 V, much lower than we
reported previously with the SiO,-based MIS stack." The low
Vr value and the absence of significant hysteresis in o, on
forward and reverse Vi sweeps indicates that there is minimal
electron trapping in the ZnO film. The field effect electron
mobility (4.) is estimated to be ~14 cm® V™' s7', a good value,
which is extracted from the slope (do,/dVy) of the sheet
conductance — Vg trace according to,

L

_dL B
WV,C, dV

A

dg, 1

Ce

7!
¢ (1)

where L and W are length and width of the channel, I, is the
source-to-drain current, Vp, is the source to drain bias (100
mV), o, is the sheet conductance of the ZnO channel, and Cg
is the specific capacitance of the MIS stack.”®

To measure Cg, we recorded gate displacement currents
(I, capacitive charging currents) of the Pd/HfO,/ZnO stack
in response to Vg sweeps. From Ig vs V; sweep rate plots
(Figure S8 in the Supporting Information), we extract Cq =
800 nF/cm? over 50 times higher than our previously used
MIS stack."* The dielectric constant of the HfO, film was
calculated to be ~27, which is consistent with the reported
values.””

Charge Accumulation in ZnO as a Function of V and
V. Contacting the ZnO side of the MIS stack with electrolyte
in the microfluidic cell shown in Figure 1a allows for two-sided
gating of the ZnO film. The carrier density in the ZnO is a
function of both the back gate potential Vi and the
electrochemical potential Vyy (Figure 1a). This can be assessed
in two different ways. Figure 2a displays the ZnO sheet
conductance versus Vi, for different V; values. o, increases as
Vv becomes more negative, consistent with double layer
charging and electron accumulation in the ZnO working
electrode. For a fixed Vyy value, o, also increases as V5 becomes
more positive, as expected for normal capacitive charging
(Note that the sign conventions for Vi; and Viy are opposite to
each other such that V; > 0 and Vyy < 0 both correspond to
electron accumulation in ZnO). Clearly, o, is a function of
both V; and V4, which means that the accumulated electron

27,28
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sheet density in ZnO can be controlled by voltages on either
side of the film. Stated another way, the dielectric and double
layer capacitors on either side of the ZnO film are coupled in
series.

A similar conclusion can be made from Figure 2b, which
displays the electrochemical double layer charging current (L)
for back-gated ZnO in contact with electrolyte as a function of
Vi and V. As Viy sweeps negative (forward sweep), I,y makes
a sharp jump to a higher (more negative) value when the ZnO
channel opens, i.e., when it floods with electrons.”” On the
reverse (discharging) sweep, Iy steps to a lower (less positive)
value at approximately the same Vi, value. Vy potentials that
are positive of the step correspond to electron depletion in
ZnO; potentials negative of the step are in the electron
accumulation regime. The step in I, represents the device
threshold, the point at which the ZnO conduction band edge
has approximately aligned with the Fermi level of the source
and drain contacts, allowing electrons to flood the film. It is
clear from Figure 2b that the step position depends on V; the
more positive V; is, the more positive Vi becomes at the step.
This is anticipated because the electric field resulting from
positive Vg values pulls the ZnO conduction band edge down
in energy (the field effect), decreasing the negative electro-
chemical potential Viy necessary to reach the threshold.””*’
Thus, the threshold for electron accumulation is systematically
dependent on both Vg and Vy,.

Importantly, the Iy—Viy plots in Figure 2b can be integrated
to determine the accumulated electron density in ZnO
according to eq 2:”

g _ /(IW,ON - IW,OFF)de

eA oA
dt

S

)

where g is the electron number density in the ZnO, Q is the
total charge, Iyyon — Iworr is the charging current measured
on the ZnO electrode, where Iy opp (the OFF-state current) is
the baseline, /(I on — Iworr)dViy corresponds to the shaded
area in the inset to Figure 2¢, dVyy/dt is the Vyy sweep rate, e is
the electron charge, and A is the exposed area of ZnO
electrode. The resulting electron density n, is plotted in Figure
2c¢ as a function of Vi and V. Notably, the electron density in
ZnO can reach the very large value of 10" cm™ by this
double-gating approach at Vg = +8 V (vs ground) and Vy, =
—1Vvs Ag/Ag". In our previous experiments we achieved only
5 X 10" cm™." This shows the large tunability of electron
occupation in ZnO that can be achieved using a high-k MIS
stack and double layer charging in tandem. Additionally, we
will use the n, data in Figure 2b in a later section to extract
electron transfer rate constants kgp from electrochemical
reaction rates.

To visualize the systematic relationship between V, V4, and
carrier density in ZnO, we plot Vg vs Vi at fixed n, = 2 X 10"
cm ™2 (where the ZnO channel fully opens) (Figure 2d). This
graph is illuminating in several ways. First, the clear straight-
line relationship in Figure 2d means that the two series-
coupled capacitors Cg and Cyy (the double layer capacitor) are
behaving ideally, that is, their capacitances are fixed and do not
vary with voltage. This conclusion follows by noting that a
charge balance on ZnO predicts that at fixed n, CGAV; =
CwAVy, and thus the slope of the V;—Vyy plot is AV/AVy, =
Cw/Cg, which is also a fixed value if the capacitances are fixed.
Thus, from the extracted slope of 7.1 in Figure 2d and the
previously determined Cg value of 800 nF/cm* = 0.8 uF/cm?,

https://doi.org/10.1021/acsami.2c18549
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Figure 3. Steady state voltammograms at ZnO under different gate voltages (V) for (a) 0.5 mM TCNQ and (b) 0.5 mM TBBQ in 0.1 M TBAP/
ACN, respectively, with the flow rate at 10 yL/min. The V;y sweep rate is 20 mV/s. (c and d) Mass transport corrected reaction current density
(jwi) vs Viy under different Vi; for 0.5 mM TCNQ and 0.5 mM TBBQ, respectively. (e and f) Overpotential () (filled symbols) and in-plane
polarization (open symbols) at different Vi and Iy values for TCNQ and TBBQ voltammetry, respectively.

we determine Cy, = 6 uF/cm?, which is reasonable for a double
layer capacitor. From this, we also see that, while the double
layer capacitance Cyy is indeed dominant, that the back gate
capacitance Cg is of comparable magnitude (~1 yF/cm?).
Steady-State Voltammetry of Redox Couples As a
Function of V, V. Steady-state voltammetry at gated ZnO
was carried out in the microfluidic cell shown in Figure 1a with
two well-known redox molecules, TCNQ and TBBQ,
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separately.”’ > These redox species were chosen because of
the proximity of their formal potentials (U° (TCNQY") =
—0.09 V vs Ag/Ag* and U°(TBBQ" ") = —0.28 V vs Ag/Ag"))
to the estimated conduction band edge potential for ZnO.
Further, their difference in U° values turns out to be important
to the observed kinetics, as we will see.

Prior to performing voltammetry at ZnO, we established
steady-state conditions for the Figure la setup using Au band

https://doi.org/10.1021/acsami.2c18549
ACS Appl. Mater. Interfaces 2023, 15, 9554—9562


https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) _ v | (b) 1
= Ys=-2V 1CNQ ! = Ve=-2V TBBQ A
14 1 14 A v
e 0OV v e 0OV N A
A 2V y 71! A 2V A v
< v A N N v 4V A ; v e ?
mw 6V v v R A 1 mm s BV N ; v o o @ [
g 8v v A : g 8Vv AV 0 © . ° :
0 A © AV
- v A + - AV . o ° 1
2015 v Y 4 o S M * :
~ A ~— 13 L J
E v ! 4 o : o v ® o * :
x A ° ] & x< & [ ]
v ’ A * ¢ n " . " : 0.1 e ¢ L :
A ) & . [ ] . "
0.01 T T T T T T T T
-0.3 -04 -0.5 -0.6 -0.4 -0.5 -0.6 -0.7
(c) V,, (V vs Ag/Ag®) (d) V,, (V vs Ag/Ag®)
€16 16
TCNQat V,=-0.6 V TBBQat V,,=-0.7 V
1.2- . 1.2- _
— . u — LI ~
- . < ’ \
m(l) // mfl) P LN
\
5 081 s 5 0.1 / \
2 ’ * / \
o ’ o / -
T ’ < / .
5 0.4 » 0.4 %
~ ’ & ,/
/, e
-4 '3
0.0- = 0.0-
-4 -2 0 2 4 6 8 10 -4 -2 0 2 4 6 8 10
Vs (V) Vs (V)

Figure 4. Charge transfer rate constant (kgr) plotted vs Vi at different V; values for (a) TCNQ and (b) TBBQ voltammetry, calculated from the

data in Figure 3. (c and d) Plot of kg vs Vg at Viy
ab).

—0.6 and —0.7 V vs Ag/Ag", respectively, for TCNQ and TBBQ (see vertical dashed lines in

working electrodes (see Figure S10), as we have reported
previously.*°

The steady state voltammograms at ZnO for 0.5 mM TCNQ
and TBBQ_in flowing electrolyte (0.1 M TBAP/ACN, 10 uL/
min) are shown in Figure 3a,b, respectively. Figure S9 in the
Supporting Information displays the corresponding forward
and reverse sweeps. It is clear in both Figure 3a and b that the
reaction current Ly is strongly dependent on Vi, which means
the reduction processes are both limited by reaction kinetics
and mass transport. The plateauing of I, indicative of the fully
mass transport limited regime, is not observed.>®®” Further, a
significant overpotential is required to achieve appreciable
reaction rates, which is to be expected for electron transfer at a
semiconductor electrode where the formal potentials of the
redox species are above the Fermi level E; of the semi-
conductor.”®*” Tt is also evident that there is a strong Vg
dependence on I for both reduction reactions. Generally
speaking, positive values of V; strongly increase the reaction
current at a fixed Vyy value. This trend weakens at the highest
V¢ values where increases in Iy get progressively smaller with
increments in V. The V; dependence will be discussed below.

The reaction current can be corrected for mass transport
effects following the Kouteckj—Levich equation:***’
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-1

1 1

Fu

Tk = .
]w,lim (3)
where j,, is the reaction current density without mass-
transport effects, j, is the current density actually measured on
the ZnO electrode, j, i, is the fully mass transport limited
current density, which we measured on Au band electrodes.
The j, values are plotted in Figure 3¢c,d on a semilog scale. It
is striking that j, ) for either TCNQ or TBBQ reduction at Vyy
—0.6 Vvs Ag/Ag+ can be modulated by well over 2 orders of
magnitude by varying V between —2 and +8 V. The j,; values
also increase approximately exponentially with Vyy, as expected.
We can also assess the effect of V by examining the
electrode overpotential # = Viy — U° necessary to achieve
specific Ly values. Figure 3c plots 17 vs Vg at Iy = S, 20, and 35
nA (the black dashed lines in Figure 3a,b correspond to Iy = §
nA). One can see that 77 at Iy = 5 nA decreases by ~250 mV
for TCNQ reduction (Figure 3e) and by ~150 mV for TBBQ
(Figure 3f) over the full V range. Thus, significant changes in
n are possible by applying a back gate voltage. Critically, we
have also overlaid the in-plane polarizations on Figure 3e,f
plots. By “in-plane polarization”, we mean the potential due to
ohmic drop in the ZnO film. One can see that for Vg > 2 Vin-
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plane polarization is substantially smaller than 7, meaning the
changes in 7 reflect real changes in electrode kinetics, not just
resistive losses in the ZnO films due to lateral in-plane electron
transport.

Electron Transfer Rates As a Function of Vg V.
Moving to kinetics, we extract the charge transfer rate
constants kg using eq 4,40

iw,k = ETensC::(

(4)

which relates the reaction current density j,, to kgr, the
accumulated electron density in the ZnO electrode n,, and the
bulk concentration of reactants C,.* (TCNQ or TBBQ) in the
electrolyte (e is the electron charge). Note that this equation
assumes j,j only reflects reduction current and no anodic
current, which is reasonable because C,/C,q >1 in our
system. From Figure 2, we have #, as a function of both Vg and
V. With sy in hand and C,* known from the experimental
conditions, we have calculated kg using eq 4 for both TCNQ
and TBBQ reduction reactions, respectively (Figure 4a,b).
Inspection shows that kg is a strong function of both Vi and
V. The dependence on working electrode potential Vi is
expected, but the dependence on Vg both confirms our prior
report and shows that we can achieve up to a 30X increase in
kg (Figure 4a), far surpassing our previous results.”* We will
return to this point shortly.

To clarify the influence of Vi, we have plotted kg vs Vg at
fixed values of Vyy = —0.6 and —0.7 V for TCNQ and TBBQ_
reduction in Figure 4c,d, respectively (see vertical dashed lines
in Figure 4a,b). In Figure 4c, we observe an essentially
monotonic dependence of kgp on Vg with kg increasing by
~30X from V; = —2 to +8 V. For TBBQ_on the other hand,
the kg vs Vi relationship has a distinct maximum. kgp peaks at
about V; = +3 V and then decreases with further increases in
Ve.

The striking difference in the kgt vs Vi behavior for TCNQ
and TBBQ reductions can be explained by the Gerischer
model describing charge transfer between semiconductor
electrodes and outer-sphere redox couples.”*”*"** Figure §

(a)
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P P i
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Figure 5. (a) Energy diagram showing the formal potentials (U°) of
TBBQ”~ and TCNQY~ relative to the ZnO energy levels. (b)
Charge transfer process between ZnO electrode and the TBBQ
LUMO at Vg =0V and Vg > 0. Ep is the Fermi level of ZnO, and §, is
the initial conduction band (CB) offset from Ej.

shows a schematic of the heterogeneous charge transfer
process in terms of electrode energy bands and the empty
density of states for redox acceptor species in solution. We
assume that band bending in the S nm ZnO film is negligible.
In Figure Sb, &, is the initial offset of the conduction band edge
from the Fermi level (Ep). When a positive gate bias (Vg > 0)
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is applied, the conduction band edge decreases with respect to
Eg due to the field effect and electrons accumulate in the band.
Here, § represents the new offset at Vi; > 0 where § < §,. In
previous work we have shown that the band edge shift Ad = J
— O can be determined from the following relationship,
assuming there are no in-gap traps states near EF:1

5]
0
Vo Vi (s)

Cq (6) is the quantum capacitance of the semiconductor

described by

—€ —e€

Cyw
1+ 2
CG

- Cy
L+t

~

Co®)

G

dQ(s)
ds (6)

Cq () represents the density of states of the ZnO electrode
(in the unit of capacitance). Assuming there are no in-gap trap
states in ZnO, Cq (8) is negligible because Ej lies within the
bandgap. Accordingly, A§ is estimated to be as large as 1.2 eV
when varying Vi between —2 and +8 V. This is a very large
value, and it is made possible by the exceptional gate
capacitance Cg; that we obtained using a thin HfO, dielectric.

Correspondingly, when a reduction reaction occurs,
electrons in the semiconductor conduction band transfer into
the empty states of the redox acceptor in an electron tunneling
process. The charge transfer rate is proportional to the overlap
between the filled electrode states and empty redox states. The
position and distribution of the redox density of states (DOS)
are determined by the formal potential (U°) and solvent
reorganization energy (1) of the redox couple.29 AtVg=0V,
the charge transfer rate is relatively weak because of poor
overlap of the occupied ZnO conduction band states with the
empty redox states. However, as the conduction band edge is
lowered when applying a positive Vg, the energy state overlap
increases, and heterogeneous charge transfer is thus enhanced.
This occurs for both the TCNQ and TBBQ cases. If much
higher V; is applied, the conduction band edge can be pushed
far lower and it is possible that the charge transfer rate then
decreases again because of poor overlap, as shown in Figure Sb.

Our interpretation is thus that in the case of TCNQ
reduction, because ¢U° lies deeper in the bandgap, we are not
able to push the conduction band edge down sufficiently to see
kgr increase, peak, and then decrease. That is, we probe only
the upper side of the redox DOS. For TBBQ on the other
hand, whose eU° is closer to the ZnO conduction band edge,
we propose that the conduction band edge is tuned through
the TBBQ density of states and that the kg vs Vg behavior
essentially represents a convolution of the filled electrode
states with the envelope of empty redox states in solution. This
has been made possible by the action of the back gate
potential.

Cq(6) =e

B CONCLUSION

In summary, we have achieved a substantial modulation of
electrochemical charge transfer rates at ultrathin ZnO
electrodes by applying independent back gate biases, V; < 8
V. The key innovation here was incorporation of a high-k gate
dielectric into the MIS working electrode stack, which lowered
the gate voltages and simultaneously increased gating
effectiveness as quantified by the ability to modulate ky by
up to a factor of 30. The mechanism of gate enhancement is
the transverse field effect, whereby the electric field produced

https://doi.org/10.1021/acsami.2c18549
ACS Appl. Mater. Interfaces 2023, 15, 9554—9562


https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18549?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

by the back gate perpendicular to the semiconductor layer
pulls down the conduction and valence band edges in the
semiconductor, simultaneously allowing the layer to be flooded
with electrons. Both the band edge shift and the increased
carrier density are essential to changing the overall interfacial
charge transfer rate (Iy), but kg specifically reflects the
semiconductor band edge realignment. Simultaneously in this
work we have demonstrated the essentially ideal behavior of
the double layer and back gate capacitors; both are well-
coupled in series to the ZnO layer and both modulate charge
and band alignment with the redox couple. In future studies we
will apply the working electrode MIS stack described here to
control rates of electrocatalytic reactions.
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