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Abstract

Zinc oxide (ZnO) has recently attracted attention for its potential application to high speed electronics. In
this work, a high speed Schottky diode rectifier was fabricated based on a ZnO thin film deposited by
plasma-enhanced atomic layer deposition and a PtOx Schottky contact deposited by reactive radio-
frequency sputtering. The rectifier shows an ideality factor of 1.31, an effective barrier height of 0.79 eV,
a rectification ratio of 1.17x107, and cut-off frequency as high as 550 MHz. Low frequency noise
measurements reveal that the rectifier has a low interface-state density of 5.13 x 10*2 cm? eV, and the
noise is dominated by mechanism of random walk of electrons at the PtO,/ZnQ interface. The work shows

that the rectifier can be used for both noise sensitive and high frequency electronics applications.
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1. Introduction

Oxide semiconductors exhibit a wide range of interesting optical and electronic properties and have
drawn significant interest from the electronics industry [1, 2]. Schottky diodes based on oxide
semiconductor materials such as zinc oxide (ZnO) and indium gallium zinc oxide (IGZO) have rapidly
gained popularity as high speed rectifiers in recent years [3-7]. The cut-off frequency of a Schottky diode
rectifier is inversely proportional to the product of the series resistance (Rs) and junction capacitance (Cp)
[4, 7]. Two common approaches for improving the cut-off frequency are the use of semiconductor
materials with high mobility to minimize series resistance [7] and the use of smaller device layout to
reduce the junction capacitance [3, 4]. By optimizing Rs and Cp, oxide based rectifiers are capable of
operating well into the ultra-high frequency (UHF) band [3, 4]. Moreover, the use of a semiconductor

material with low carrier concentration is essential to avoid tunneling of charge carriers at the Schottky
contact. At low carrier concentration, gE_ /KT <1 and thermionic emission is the dominant current-

transport mechanism [8], where q is the electron charge, Eq is the tunneling parameter, k is Boltzmann's
constant, and T is the absolute temperature. The incorporation of metal cations such as Ga and In into
ZnO to form so-called IGZO serves to control the carrier concentration [9, 10]. In turn, this incorporation
can enhance the electrical properties of Schottky diodes fabricated in these materials [5]. As an alternative
approach, Jin et al. recently developed an effective deposition methodology to control ZnO carrier
concentration without extrinsic doping by the use of plasma-enhanced atomic layer deposition (PE-ALD)
[11]. It was found that controlling the ZnO carrier concentration required the PE-ALD process to be
conducted at a low temperature and with a relatively long oxygen plasma time. However, the low
temperature PE-ALD process results in low mobility of ZnO films [12]. One possible way to overcome
this problem is post-thermal annealing, which serves to improve the crystallinity and mobility of the ZnO
film [13]. Defect states at the metal-semiconductor interface influence the Schottky barrier height and
hence influence the performance of the diodes [14, 15]. Oxidized metal Schottky contacts, such as silver

oxide (AgxO) and platinum oxide (PtOyx), have been widely used to reduce the interface defect states



between ZnO and Schottky contacts to achieve good rectification properties [16]. The ZnO Schottky
contacts which use AgxO films can result in ideality factors very close to unity [15], but they can
decompose at 200 °C in air [17]. In contrast, PtOy films are thermally stable up to 500 °C in air [18]. In the
last few decades, the low-frequency noise (LFN) properties of Schottky diodes have been widely
investigated [19-23]. To date, LFN properties of Schottky diodes based on ZnO nanorods have been
reported [24]. However, characterization of the LFN of ultra-fast Schottky diodes based on PE-ALD ZnO
thin films has remained unexplored.

Here, we report the use of ZnO Schottky diode as a high speed rectifier. The diode is based on a ZnO thin
film deposited by PE-ALD, and a PtOy Schottky contact deposited by reactive radio-frequency sputtering.
Prior to measurements, the diode was annealed at 300 °C in air for 1 hour to improve the mobility and
crystallinity of the ZnO film (see Supplementary Information). Firstly, the current-voltage (I-V) and
capacitance-voltage (C-V) characteristics of the diode were measured and analyzed. Secondly, high

frequency measurements were carried out. Finally, the LFN properties of the diode were investigated.

2. Experiments

2.1. Device Fabrication

The diodes were fabricated on Corning 7059 glass substrate. Standard photolithography was used to
pattern the metal contacts. A Moorfield nanoPVD sputter system was used for the metal deposition.
Figure 1a shows the schematic of the Schottky diode used in this study. A 70 nm thick Ti electrode was
deposited on the glass substrate by radio frequency (RF) sputtering at 73 W, with pure Ar at a chamber
pressure of 3.5x10° mbar. The samples were then loaded into an Oxford Instruments Plasma OPAL
reactor to deposit 90 nm PE-ALD ZnO thin film. ZnO film was deposited at 80 °C with an O, plasma time
of 50 s [11]. ZnO mesa isolation was then performed using photolithography and acetic acid etching
solution to define the active device area. The etch rate of ZnO strongly depends on the acetic acid

concentration. If the acetic acid concentration is too high, there is poor etch controllability and



reproducibility. On the other hand, low concentrations result in rough edges. We have conducted etch
studies and found that 1% acetic acid etching solution gives an optimal etch rate of 2.5 nm/s. The total
etch time was 36s. After the active area was defined, 60 nm PtOx was deposited by reactive RF sputtering
in Ar/O, with a flow rate of 1 /1 sccm using the Pt target (99.95%) and RF power of 73 W. Subsequently,
an additional 10 nm Pt capping layer was deposited on PtOy by RF sputtering. The overlapping region
between Ti ohmic contact and PtOx Schottky contact determines the effective area of the diode, which is
600 um?. Finally, the devices were annealed at 300 °C in air for 1 hour to improve the mobility of the

Zn0.

2.2 Device Characterization

The 1-V and C-V characteristics were measured using a semiconductor parameter analyzer (Agilent
B1500) and an impedance analyzer (Agilent E4980A) at 10 kHz, respectively. A coplanar probe was used
to deliver an RF signal, generated by a network analyser (Agilent E5061B), to the ZnO Schottky diodes
for high frequency characterization. The output voltage was measured using an Agilent 34401A
multimeter. The LFN was measured using a SR570 low noise current amplifier and a NI USB-6211 data

acquisition module at different biases in an isolated metal box which provides electromagnetic screening.
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Figure 1. a) Schematic diagram of the ZnO Schottky diode. b) I-V characteristic of the ZnO
Schottky diode. ¢) C-V and A%/C2-V characteristic of the ZnO Schottky diode. Vpi and Ngep values

are extracted from the gradient of the dashed line from the A%/C2-V plot.



3. Results and discussion

Figure 1b shows a typical I-V characteristic of a ZnO Schottky diode. An excellent rectifying
characteristic was obtained, with a rectification ratio of 1.17x107 at +1 V. The current transport through a

Schottky diode can be described by the thermionic emission model

| = Is{exp[%}—l} 1)

|, = AAT? exp(— %} @)

where |s is the saturation current, A is the effective area of the diode, A" is the effective Richardson
constant with a theoretical value of 32 A cm2 K2 for ZnO [25], ¢g is the effective barrier height, and n is
the ideality factor. Fitting the forward |-V curve with Equations 1 and 2 yields, n=1.31 and ¢g = 0.79 eV.
It should be noted that the relatively large value of n=1.31 can be explained by the contribution of
PtO,/ZnO interface states and contact inhomogeneity which gives rise to a statistical variation of barrier
heights across the diode [15, 25, 26] as a result of the nano-crystalline nature of the material (see
Supplementary Information). The diode series resistance, Rs was determined from a plot of dVv/dl vs V to
give a value 4.5 kQ [27] (see figure S3, Supplementary Information).

The C-V characteristic of the diode measured at 10 kHz is shown in figure 1c. At negative bias, the
capacitance remains almost constant, suggesting that the ZnO film is fully depleted. The small effective
area of the diode limits the depletion layer capacitance to 0.51 pF, which enables a high speed operation.

The built-in potential, Vii, and the net doping density, Neep, can be determined from a plot of A%C? vs V,

2
A_z - 2 Vii = ul -V, ®)
C £0&N gep q

using



where & is the permittivity of free space, and & is the dielectric constant of the semiconductor (8.5 for

Zn0) [11]. From the A%/C? vs V plot shown in figure 1c, Neep is determined to be 8.32 x10™ cm and Vpi

is found to be 0.24 V.
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Figure 2. a) Schematic diagram of the high-frequency measurement circuit. b) Output DC
voltages as a function of the input frequency at different input RF signal strengths. ¢) Output DC

voltages as a function of the input RF signal voltages at different frequencies.

The high-frequency measurement system is shown in figure 2a. The signal was generated by an Agilent
E5061B network analyzer and the output voltage across the load resistor, R. = 10 MQ, and load capacitor,
CL = 0.1 pF, was measured using an Agilent 34401A multimeter. Figure 2b shows the DC output voltage
versus frequency at different input RF signal strength. Input RF signals are expressed with root-mean-
square voltage (Vin-rms). For frequency values between 10 kHz and 100 MHz, the output remained nearly
constant at each input voltage. The slight rise in output peak observed at 200 MHz is most likely due to
impedance mismatch in the measurement system [28]. Figure 2c shows DC output voltage versus the
input RF signal voltage at different frequencies. When the input signal frequency was higher than 500
MHz, the output voltage starts to drop. It is seen that the diode rectifier can be operated with a cut-off
frequency (also known as -3 dB frequency) as high as 550 MHz, which covers the very high frequency

band (30 MHz to 300 MHz) and part of the UHF band (300 MHz to 3 GHz). This operating frequency



enables the PE-ALD ZnO Schottky diode to be considered as a promising high speed device for future

wireless transmission systems.
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Figure 3. a) Current noise spectra of the ZnO Schottky diode at different biases. b) Current and

voltage noises as a function of current at 5 Hz. c) Interface trap density as a function of current.

Low frequency noise is an important factor which limits the practical detection sensitivity and resolution
of Schottky diodes when used in microwave applications [29, 30]. Figure 3a shows the plot of current

noise (Si) as a function of frequency (f) measured under different bias conditions. At low frequencies, the

spectra are dominated by flicker noise, where S; o< f . In general, the 1/f component in the noise
spectra of Schottky diodes can come from a range of different noise sources, namely, fluctuations in the
occupancy of bulk traps [19], mobility and diffusivity fluctuation [31], random walk electrons at
interfaces [21], and series resistance [32]. An analysis of the dependencies of S; on | and total voltage
noise (Sy) on | can be used to ascertain which noise model describes the 1/f noise behavior of the ZnO

diode. These dependencies measured at f =5 Hz are shown in figure 3b. In figure 3b, S; « I? allows us

to exclude the mobility and diffusivity fluctuation model from consideration, since it exhibits S, o« | [23,

31]. Sv can be expressed as

dv )’
SV = Sl.dep(d_lj + Sl.series R52 4)



where Sy qp is the current noise originating in bulk traps or interface states, Si series=1%0/fNiotar is the current
noise originating in the series resistance, and Nigal is the total number of free carriers and an is Hooge’s
constant [32]. According to Equation (4), if the 1/f noise is dominated by the series resistance
contribution, then the value of Sy should be proportional to I2. However, as shown in figure 3b, the
voltage noise is almost independent of I, which indicates that the 1/f noise of the ZnO Schottky diode is
not affected by the series resistance. For the 1/f noise arising from bulk traps or interface states, (dV/dI)? is
proportional to 1%, and Sy should remain the same at different currents.

The 1/f noise from bulk traps can be described by Hsu’s trapping model [19]. However, this model does
not take into account the role of interface states, which cannot be assumed as negligible for our diode. As
mentioned earlier, the relatively large value of n=1.31 can be explained by the contribution of PtO,/ZnO
interface states and contact inhomogeneity. In this respect, it should be expected that the 1/f noise mainly
originates in the PtO./Zn0O interface states which are described in the random walk model. In the random
walk model, the noise is related to the interface-state density [21, 33], Di, which is described as:

2 2
SI .dep = E ql q Dit (5)
f \de,6, ) KTaN, WA

dep

where W is the depletion width, and A is the active area of the diode. According to Equation (5), the
interface-state density is calculated to be 5.13x10*2 cm? eV (see figure 3c). This is around one order of
magnitude smaller than the values for Ag/single crystalline ZnO (6.83x10% cm™ eV?) [34], and Au/ZnO
(4.2x10" cm™2 eV1) [35]. The low interface-state density found for the ZnO Schottky diode makes it
suitable for noise-sensitive applications such as frequency mixers, photo-sensors, and microwave

detectors.

Conclusions
In conclusion, we have fabricated a high speed rectifier based on a ZnO film deposited by PE-ALD
without the need for doping and a PtOx Schottky contact deposited by reactive radio-frequency sputtering.

The rectifier shows an ideality factor of 1.31, an effective barrier height of 0.79 eV, a rectification ratio of



1.17x107, and cut-off frequency as high as 550 MHz. The LFN measurements reveal that the rectifier has

a low interface-state density of 5.13x10'2 cm eV, and that the noise is dominated by the mechanism of

the random walk of electrons at the PtO«/ZnO interface. The results demonstrate that the use of PE-ALD

ZnO films and PtOy Schottky contacts can provide a viable pathway for delivering high performance

rectifiers for both noise sensitive and high frequency electronic applications.
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1. Mobility extraction

Bottom-gate thin film transistors (TFTs) were fabricated to allow extraction of effective field
carrier mobility of the ZnO film. Highly doped n-type silicon with a 50 nm thermally oxidized
SiO layer was used as the substrate. The highly doped n-type silicon acts as the gate electrode.
ZnO films were deposited on SiO. by PE-ALD at 80 °C with an O plasma time of 50 s. Al
source/drain contacts with a thickness of 80 nm were deposited on ZnO film by thermal
evaporation through a shadow mask, defining a TFT channel width W=2000 um and a channel
length L=60 pm. Initially, the transfer and output characteristics of the TFT were measured.
Then, the device was annealed in air at 300 °C for 1 hour. Finally, the transfer and output

characteristics of the TFT were measured again for the annealed device.

12



The effective saturation mobility (sat) was obtained using the standard equation for source-drain
saturation current

w
los =~ -Citt (Vas =V, )° for Vg > Vg =V, (S1)

where Cj is the gate capacitance per unit area, Vr is the threshold voltage, Ves is the gate voltage,
and Vps is the drain voltage.

It should be noted that the post-thermal annealing significantly improved the field effect mobility

of ZnO. After annealing, psa was improved from 7.70 x10™* cm?/Vs to 0.34 cm?/Vs.
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Figure S1. Output characteristics of the ZnO TFTs measured (a) without annealing and (b) after
annealing at 300 °C in air for 1 hour. Transfer characteristics of the ZnO TFTs measured (c)

without annealing and (d) after annealing at 300 °C in air for 1 hour.
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2. X-ray diffraction investigation

ZnO film was deposited on glass by PE-ALD at 80 °C with an O plasma time of 50 s. The crystal

structures of this ZnO film were characterized by X-ray diffraction (XRD). Then, the sample was

annealed in air at 300 °C for 1 hour and investigated by XRD to determine the crystal structure.

For both as-deposited and annealed films, (100) and (002) peaks were observed. The act of

annealing in air enhances the film crystallinity, as indicated by the reduction of full width at half

maxima (FWHM) of both the (100) and (002) peak, from 0.401 to 0.381 and 0.346 to 0.299,

respectively. Grain size was estimated using the Scherrer formula applied to the (100) and (002)

reflections. After annealing in air, the grain size increased from approximately 25.6 to 28.4 nm,

indicating that the grain boundary network cross section becomes effectively smaller, reducing

the carrier scattering. This reduction leads to the increase in electron mobility.
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Figure S2. X-ray diffraction of PE-ALD ZnO film as-deposited and annealed in air at 300 °C for

1 hour.
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3. Series resistance determination
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Figure S3. Resistance of the ZnO Schottky diode as a function of forward voltage.
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