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ABSTRACT

Much work has been carried out in recent years in fabricating and studying the Schottky contact
formed between various metals and the n-type wide bandgap semiconductor zinc oxide (ZnO). In
spite of significant progress, reliable formation of such technologically interesting contacts
remains a challenge. Here, we report on solution-processed ZnO Schottky diodes based on a
coplanar Al/ZnO/Au nano-gap architecture and study the nature of the rectifying contact formed
at the ZnO/Au interface. Resultant diodes exhibit excellent operating characteristics, including
low-operating voltages (+2.5 V) and exceptionally high current rectification ratios of >10° that
can be independently tuned via scaling of the nano-gap’s width. The barrier height for electron
injection responsible for the rectifying behaviour is studied using current-voltage-temperature
and capacitance-voltage measurements (C-V) yielding values in the range of 0.54-0.89 eV. C-V
measurements also show that electron traps present at the Au/ZnO interface appear to become
less significant at higher frequencies, hence making the diodes particularly attractive for high
frequency applications. Finally, an alternative method for calculating the Richardson constant is
presented yielding a value of 38.9 A cm™ K2 which is close to the theoretically predicted value
of 32 A ecm™ K-2. The implications of the obtained results for the use of these coplanar Schottky
diodes in radio frequency applications is discussed.
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1. Introduction

For over a decade, zinc oxide (ZnO) has been at the center of significant research efforts, owing
to its optical transparency and its potential utilization in a range of opto/electronics including
Schottky diodes!™ | lasers* , thin-film transistors (TFTs)® and piezoelectric devices.® Schottky
diodes, in particular, are currently receiving increasing attention due to their potential for
application in radio frequency (RF) electronics, optoelectronics and high power electronics but
also because they present an interesting platform for material characterization.”® Because of
these attributes recent research has been devoted to the development of high quality ZnO-based

Schottky diodes manufactured using a range of processing techniques and contact materials.

In an ideal metal-semiconductor (M-S) junction, the barrier height for electron injection

(®p) depends primarily on the metal work function (@,,) and the electron affinity of the

semiconductor (Ys), and is given by the Schottky-Mott equation:

bp =Py — Xs (1)

However, practical devices have long been known to deviate from this ideal behaviour,
owing to imperfect materials interactions at M-S interface including Fermi level pinning at the
semiconductor surface due to dangling bonds and image force lowering.!%!! The case of ZnO is
no exception. With an electron affinity of ~4.2 eV, Schottky barriers with noble metals such as
Au (4.8-5.2 eV), would be expected to yield potential barrier height of up to 1 eV. However,
typical values reported in the literature fall in the range of 0.6-0.8 eV.!>"!* Understanding the
underlying reasons for this non-ideal device behaviour is therefore critical for exploiting this

rather promising device technology for real life opto/electronic applications.



It is known that the depletion region width (w) in Schottky diodes is on the order of
nanometers and depends on the semiconductor material employed.!> Thus diodes based on
semiconducting layers with thickness (d) > w exhibit larger RC constants due to additional series
resistance. Although reduction in the semiconductor layer thickness may in principle allow
realization of Schottky diodes with improved operating characteristics, fabricating such thin
semiconductor layer-based diodes is difficult, particularly when solution-processable
semiconductors are employed. This is because the two metal electrodes tend to short through
defects in the thin semiconductor layer and/or through unintentional doping of the semiconductor
caused by metal migration occurring during top contact deposition. Use of coplanar diode
architectures in which the Ohmic and the Schottky contact electrodes are patterned next to each
other at an inter-electrode distance of <w, could provide a solution to this manufacturing
bottleneck. However producing such nano-gap devices is not trivial owing to the complexity of

fabricating asymmetric electrodes with inter-electrode distances on the order of w.

Recently, we reported the development of coplanar Schottky diodes based on ZnO layers
processed from solution at low temperatures (<200 °C).!® These coplanar diodes feature
asymmetric Al/Au metal electrodes separated by < 20 nm (nano-gap)'” and a thin layer of ZnO
(<20 nm) which is solution-deposited on top.'® Due to the extreme dimensionality and the
coplanar nature of the device architecture, the ZnO diodes are able to operate at high frequencies
enabling their integration in RF rectifying circuits manufactured on arbitrary substrates including
plastic.'® Despite their excellent potential, however, little is known about the all-important
Au/ZnO interface that gives rise to the highly current rectifying behavior observed. Therefore,

understanding the mechanism of electron injection at the Au/ZnO interface, would provide



valuable knowledge that could be used to further advance this interesting device concept as well

as help to identify associated technology bottlenecks, if any.

Here we investigate the electrical properties of solution-deposited ZnO Schottky nano-gap
diodes comprised of coplanar asymmetric Au/Al electrodes using different electrical
characterization techniques. We show that the coplanar device architecture helps to negate the
unwanted effects of metal diffusion and electrical shorting through the semiconductor layer,
while maintaining the junction capacitance at ultra-low levels (~pF). As-prepared Schottky
diodes exhibit low-voltage operation (<2.5 V) and unprecedented current rectification ratio
(>10%) which can be increased further through appropriate device size scaling. The barrier height
for electron injection at Au/ZnO interface is extracted using direct current (DC) and alternating
current (AC) characterisation techniques yielding values in the range of 0.54-0.89 eV.
Interestingly, diode performance is found to improve at higher operating frequencies, an effect
attributed to the reduction of electron trapping within ZnO. The implications of this interesting
characteristic are discussed in light of possible technological applications in radio frequency

(RF) electronics.

2. Methods

Aluminium/gold (Al/Au) nano-gap electrodes were patterned employing our recently reported
adhesion lithography (a-Lith) technique.!” The resultant structures were circular gold electrodes
with a circumference of roughly 1 mm separated from a host phosphonic acid self-assembled
monolayer (SAM) coated Al electrode by <20 nm. The SAM was subsequently removed by

subjecting the samples to 10 minutes UV-ozone treatment. Figure 1(A) shows the schematic of



the coplanar nanojunction Schottky diode array and the cross-section of a single device, while in
Figure 1(B) we show the energy band diagram of the Schottky contact expected to form between
Au and ZnO. Following the patterning of the asymmetric Al/Au nano-gap electrodes, a precursor
solution of zinc oxide hydrate dissolved in ammonium hydroxide (0.25 M concentration) was
spin coated directly onto the Au/Al electrodes array in ambient conditions, followed by thermal
annealing of the sample at 200 °C in air for 30 min. Further details on the materials preparation
and deposition can be found elsewhere.>!® Electrical characterization of the diodes was
performed in a nitrogen atmosphere using a Keithley 4200 semiconductor parameter analyzer,
while temperature dependent current-voltage (I-V-T) and capacitance-voltage (C-V)
measurements were carried out in high vacuum of 10~ mbar using a Janis cryogenic probe
station. The ultra-thin nature of the overlaying solution processed ZnO semiconducting layer
(<10 nm) !¢ allows for easy contact of the asymmetric Au/Al electrodes with tungsten

microprobes probes (10 um apex diameter).

3. Results & Discussion

3.1. Room-Temperature Current-Voltage Characteristics

In Figure 1 (C) we show the semi-logarithmic plot of an I-V characteristic measured for a
representative coplanar ZnO diode with channel width/circumference (w) and inter-electrode
distance (nano-gap) of 1 mm and ~20 nm, respectively. Inset displays a microscope image of the
actual Schottky diode array characterized. The device exhibits low-voltage operation (£2.5 V)
and excellent current rectification of >10° with a forward bias current exceeding 0.1 mA at +2.5

V, despite its small ‘active’ area. To the best of our knowledge, this is the highest rectification



ratio value reported to date for a solution-processed metal oxide diode. To this end, the
rectification ratio of solution processed ZnO diodes typical fall in the range of 10-10°.1:128  For
example, Chen et al. » reported rectification ratios in excess of 10* for diodes processed from
zinc acetate dihydrate, but annealing temperatures of 750 °C were necessary to achieve this level
of performance. Only the work of Ahmad et al.,’® on solution-processed small-molecule organic
Schottky diodes based on methyl-red, reported current rectification ratios approaching 10° at

+1.1V.

We note that the current rectification ratio values achieved here exceeds even those of ZnO
Schottky diodes fabricated via vacuum-based techniques such as molecular beam epitaxy (MBE)
and sputtering for which typically values fall in the range of 103-10* 313 | with the highest
current rectification ratio of ~10° reported for high temperature annealed sputtered ZnO Schottky
diodes.*® Only devices fabricated on bulk single crystal ZnO, or on high quality ZnO layers
grown using pulsed laser deposition (PLD), demonstrate superior current rectification. For
example, Nakano et al>’ fabricated poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) Schottky contacts on 0001 single crystal ZnO with rectification ratios of 10° at +2
V. Similarly, Allen et al.’® achieved current rectification values of up to 10° by depositing silver
oxide Schottky contacts on the Zn polar surface of ZnO wafers, while Miiller et al.*® reported a
maximum rectification ratio value of 7x10'° for Schottky diodes based on PLD-grown ZnO and

sputtered PdOx contact.

There are two main reasons for the high rectification ratios achieved in our coplanar ZnO
Schottky diodes [Figure 1(c)]. Firstly, the quality of the ZnO layers processed from the carbon-
free Zn(OH)x(NH3)y®™* precursor solutions appear to be excellent exhibiting high electron

mobility (10 cm?/Vs) due to their continuous polycrystalline nature>!84° . Secondly, the coplanar



asymmetric Au/Al electrodes architecture employed is rather unique and can be realized at such
scale only via a-Lith.!%!7 By adopting the coplanar electrode geometry, we ensure that no
electrical shorts form between the Schottky (Au) and Ohmic (Al) contacts, which as already
discussed often occur during deposition of the top metal contact in conventional sandwich
(staggered) diodes, while maintaining the extremely small inter-electrode (nano-gap) distance of
<20 nm [Figure 1(A)].!7 The latter feature helps to minimize the device’s series resistance and
hence maintain the RC constant at ultra-low levels. The combination of these unique
characteristics make the proposed coplanar architecture highly interesting for numerous
applications in high-frequency electronics fabricated even on inexpensive substrate materials

such as plastic.'6

3.2. Charge Carrier Injection and Transport

Figure 1 (D) shows a log-log plot of the forward biased I-V characteristic (0-2.5 V) shown in
Figure 1(C). As can be seen, there are three distinct electron transport regions. Each region is
assigned to a different charge injection/transport mechanism. For example, in region I, the slope
of the plot is <1 most likely indicating tunneling as the dominant charge transport mechanism.*!
As the bias increases (region II), the current-voltage relationship becomes exponential, indicating

27 At even

the prevalence of thermionic emission, as would be expected in a Schottky diode.
higher voltages (region III) the slope becomes ~4.4. The characteristic I o< V" (n > 2) relationship
indicates trap assisted space charge limited current (SCLC) as the predominant charge transport

mechanism.*? On the basis of these observations we expect the diode current (/) in region II to

follow the well-known thermionic emission theory given as:!?



qVv_
I = [ enkt 2)

where n is the diode ideality factor and /o is the reverse bias saturation current given by [, =

_4%p .. ) ) . ) )
SA*T?e” "« . Here, A" is the effective Richardson constant and S is the diode cross-sectional

area. Applying this basic model to our devices yields barrier heights for electrons of 0.79 eV and
a diode ideality factor of 1.9. We note that these extracted values compare favorably with state-

of-the-art solution-processed ZnO Schottky diodes reported recently .03

Another important parameter that needs to be considered in this analysis is the device
series resistance. The latter can be extracted following the method of Cheung et al.*® In their

approach, Eq. 2 can be expanded to include the effect of series resistance and is given as:

av nkT
ddnn)  q +1Rs (3)

To evaluate @, a function H(I) is defined:

_ nkT I
HI) =V - (T) In (SATZ) (4)
and it follows that
H = n@B - IRS (5)

Eq. 5 can be used to evaluate @5 and a second approximation of the diode’s series resistance.
Figures 2(A-B) show the Cheung plots for the thermionic emission region which yield a barrier
height value of @5 = 0.54 ¢V, and first and second approximations of the series resistance of 28

kQand 32 kQ respectively. To this end, reported values of the series resistance for ZnO Schottky

diodes vary significantly from Ohms?? to kilo Ohms.?” The diodes’ ultra-small active area of



~5x 10" m™ [taken as the product of the electrode thickness (~40 nm) times the circumference

(1 mm) of the circular Au electrode in Figure 1(B)] here is believed to be the cause for the high
series resistance value obtained. However, since the forward current scales with the diode’s
nano-gap width!%it is expected that devices with larger width will exhibit reduced series
resistance. Moderate n-doping of ZnO*+* may also be explored as an alternative approach for

improving the diode’s performance.

3.3. Temperature Dependent Electron Transport Analysis

Measurement of the temperature dependence of the I-V (I-V-T) characteristics is another method
that can be used to evaluate @, but also estimate the effective Richardson constant (4%). Figure
3(A) displays the I-V characteristics of a coplanar ZnO Schottky diode measured at temperatures

in the range 80-320 K. Using these data the standard Richardson plot can be obtained by plotting

In (s%) VErsus % The corrected form of the plot may also be obtained by plotting In (%)

) 1 )
against T We do note, however, that these models do not take into account the temperature

dependence of n and @5. Bhuiyan et al.*® derived a model taking into account this dependence,

where the ideality factor, n(7), and @5 (T) are given empirically by:
b
n(T) = a+2 (©)

Pp(T) = Ppo —aT (7)



Here @p, is the apparent barrier height at 7= 0, a and b are constants and 7 is the temperature.
Eq. 7 allows calculation of the apparent @, but not of the true flat-band barrier height (®ggp).

The latter may be obtained using:
kT Nc¢
1) =nPy;—(n—1)—In— 8
srp = NPp — (n )quD 3

where Nc is the density of states in the conduction band and Np is the carrier concentration. The

modified saturation current then becomes:

n(N)in (2%) = — = (& — kbIn(4)) +aln(4) + 2 )

ST?

Figure 3 (B) shows a plot of n(T)In (s%) Vs. % Values for S, o and b are extracted from the

plots of n(7) and ®@5(7) versus T shown in the inset in the same figure. The best fit for the data
[solid line in Figure 3(B)] yields a value for 4* = 38.9 A cm™ K2 and the barrier heights at 7= 0
K (®pg) and T = 300 K (Pp) of 0.88 eV and 0.84 eV, respectively. The @5 value is in good
agreement with the value extracted from the I-V analysis and falls within the range of previously

reported barrier heights extracted via [-V-T analysis for different Schottky contacts (see Table

D).

Table I. Comparison of @5 and Richardson constant values extracted via [-V-T measurements

for ZnO Schottky diodes grown using different methods.

ZnO growth method  Schottky Py Temperature Richardson
contact (eV) Range (K) Constant Ref.
material (A cm? K?)

Melt grown wafer IrOx 0.91 293 - 440 27 47
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Nanowires (wet Pd 1.25 303 — 383 17.2 48
chemical route)

Bulk single crystal Pd 0.61 80 — 180 167 49
Thermal evaporation Pd 1.41 300 — 423 19.54 30
Solution Pd 1.39 294 — 493 31.67 31
Zn(02CCH3)2:(H20):2
Hydrothermal AgOx 1.19 293 — 423 10 38
Bulk single crystal Ag 0.82 240 — 440 0.248 52
Bulk single crystal Pd 0.97 140 -200 39.43 33
210-300 39.03
Hydrothermal Ag 0.97 200 —300 88.1 >4
0.48 100 — 180 51.5
This work Au 0.89 80 —320 38.9

Interestingly, the extracted value of 4* is remarkably similar to its theoretical value of 32
A cm? K2 calculated assuming an effective electron mass in ZnO of 0.275 me.2>33¢ It is also in
excellent agreement with values reported for best-performing ZnO Schottky diodes reported to
date (Table I). To this end, it is worth noting that most researchers consider a Gaussian
distribution of barrier heights when analyzing I-V-T data for ZnO Schottky barriers. The latter
approach yields different values of @5 and A* for different temperature ranges, with some
studies proposing the existence of a double Gaussian distribution as a possible explanation.>3>
However, the model we have adopted here yields consistent values through the temperature
range of 80-320 K investigated and thus may offer a more valid depiction of the temperature

dependence of the Schottky barrier.

11



3.4. Capacitance-Voltage Characterisation

Capacitance-voltage (C-V) measurements provide an alternative method in determining the
Schottky barrier height.!> This approach is considered to be the most practical since allows the
value of ®gg), to be calculated while the effect of image force lowering remains negligible.
Moreover, the effective doping density, (Np) may also be determined, providing further insights
into the fundamental processes at play. Under ideal behavior, the diode capacitance (Cuaiode) as a

function of applied voltage (V) is given by:

1/2
N
Caioge = S (%) (10)

Vbi—V—7

where Vb is the built-in potential, S is the diode’s cross-sectional area and &g is the dielectric
constant of the semiconductor. In coplanar diodes it is useful to first consider the effect of the
empty nano-gap capacitance (Cempty). The reasoning for this becomes clear when considering the
intrinsic capacitance of the apparent active area of the diode taken as the product of the electrode
thickness (40 nm) times the circumference (1 mm) of the circular Au electrode in Figure 1(B).
Based on this geometry and assuming an inter-electrode nano-gap of 20 nm, one would expect a
value of the capacitance on the order of 107'* F. However we have previously reported this
experimentally determined value to be on the order of 0.2 pF.'® The reason for this is the
existence of an extrinsic capacitance contribution due to 3D coupling of the electrodes, which
has not been taken into consideration. De Vries et al. 37 devised an approximation for the

extrinsic capacitance per unit length of coplanar electrodes using conformal mapping as:

Cem”ty/l =Ty (ﬂ) 11

T d

12



In Eq. 11 W represents the width of the electrodes themselves [i.e. not the width of the channel,
but the diameter of the circular Au electrode in Figure 1(A)] and d is again the electrode
separation (nano-gap length). This prediction gives a value of capacitance of = 0.2 pF for the
empty gap extrinsic capacitance assuming a value of &,~4.6 for glass. We note however that the
latter value may vary significantly depending the specific composition of the glass substrates
used. In measuring the C-V characteristics of the coplanar ZnO Schottky nanojunction diodes,
the C-? values have thus been corrected for this value by subtracting the measured value of Cempty

from Cldiode.

Figure 4(A) shows a plot of corrected 1/C? versus applied bias (V) measured using a
small AC signal with frequency of 10 kHz and 1 MHz. From this plot, both the Np and Vi can be
extracted. Figure 4(B) shows the evolution of Np as a function of frequency from 5 kHz to 1

MHz at room temperature. Interestingly, the value of Np increases from ~0.71 X 10'® ¢m™ at 5
kHz to 1.38X10' ¢m™ at 1 MHz. Similar behaviour has previously been observed in

conventional ZnO Schottky diodes and has been attributed to the inability of interface states at
the Schottky barrier to trap charge carriers at higher frequencies.*®>° While thus not unique to the
planar architecture, the implications for employing these devices in high frequency applications
such as DC rectifiers is extremely positive, as the device performance appears to improve at
higher frequencies./bi is also seen to increase with increasing frequency, and is also attributed to

the screening of traps present at the critical interface.”® Using the C-V data, @5 can then be

determined employing the relationship:

_ KTy (Ne
By =Vy+7In (ND) (12)
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To improve the degree of accuracy, Vv and @ were calculated at 1 MHz where the effect of
electron trapping is minimum [Figure 4(B)] yielding values of 0.86 eV and 0.89 eV,
respectively. Both values agree well with those extracted via I-V and I-V-T analysis. Table II
summarizes the values for @5 obtained from the different methods together with various other

junction parameters.

Table II. Junction properties calculated for the coplanar Au/ZnO Schottky diodes.

Schottky @y (eV) n Rs A* Np
Contact ki Acm?K cm>
I-V  C-V 1I-V-T Cheung® L 2) (erm™)
Au 0.79 0.89 0.84 0.54 1.9 28 38.9 1.4 x 10!8
32

4. Conclusion

We reported the fabrication and electrical characterisation of solution-processed coplanar ZnO-
based Schottky diodes with unprecedented current rectification ratios (>10°) and low voltage
operation (<2.5 V). The superior diode performance is attributed to the unique coplanar nano-gap
architecture employed featuring two asymmetric (Au/ZnO/Al) metal electrodes patterned via
adhesion-lithography'” and the formation of a rectifying Schottky contact for electrons at the
Au/ZnO interface. To gain a better understanding of the current rectification mechanism, the
barrier height for electrons was analyzed using a combination of I-V, [-V-T and C-V techniques
and found to be in the range 0.54-0.89 eV. A model taking into account the temperature
dependence of the barrier height and ideality factor of the diode was employed to extract the
Richardson constant over the temperature range of 80-320 K yielding a value of 4™ = 38.9 A ¢cm™

K-2. This value is in excellent agreement with both the theoretically predicted value of 32 A cm™

14



K2, and experimental values reported previously for state-of-the-art ZnO Schottky diodes.
Finally, using capacitance-voltage measurements, we show that electron traps present at the
Au/ZnO interface, and/or within ZnO, become less significant at higher frequencies, where the
apparent free electron concentration appears to increase. The latter characteristic makes the
coplanar Au/ZnO/Al Schottky nanojunction diodes developed here attractive for application in
high frequency, large-area electronics that can be manufactured from solution phase on arbitrary

substrate materials such as plastic.
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Figure 1. (a) 3D schematic of the device architecture and its cross-section. (b) Energy band
diagram of the Schottky contact formed between the Au contact and ZnO. (c) Current-voltage
characteristics shown in semi-log plot. Inset: Microscope image of the actual Schottky diodes
array studied. (d) Forward current-voltage characteristics shown in log-log plot and corresponds

to measurements performed when the positive potential bias is applied to the Schottky (Au)

contact.
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Figure 2. Cheung plots. (a) dV/d(Inl) versus diode current for the extraction of Rs. (b) H(I)

versus current for a second approximation of Rs and the extraction of barrier height.
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Figure 3. (a) Temperature dependence (80-320 K) of the current-voltage characteristics
measured for a representative coplanar ZnO Schottky coplanar nanojunction. (b) Richardson plot
using the model of Bhuiyan et al. Inset shows the temperature dependence of the ideality factor
and barrier height (@app). Forward bias corresponds to a positive bias being applied to the

Schottky (Au) contact.
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