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This work reports on the Schottky junctions based on zinc oxide layers (grown by Atomic Layer Deposition 
from dimethylzinc (Zn(CH3)2) or diethylzinc (Zn(C2H5)2) and water precursors). If the strict electrical requirements 
(electron concentration not higher than 1017 cm-3 and mobility above 10 cm2V-1s-1) for ZnO are fulfilled, the 
rectification ratio of ZnO/Ag Schottky junction as high as 103 for low forward bias (2 – 3 V) can be achieved. The 
ideality factor of about η ≈ 2.65 was calculated basing on the pure thermionic emission theory. 
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Introduction 

Zinc oxide (ZnO) has recently gathered a lot of 
attention due to its possible application as 
a semiconducting partner for ZnO-based Schottky 
junctions. Many papers have already been published 
concerning the different classes of Schottky diodes that 
can be used for various purposes, including ultraviolet 
photodetectors (involving ZnO epitaxial films grown by 
the Metalorganic Chemical Vapor Deposition (MOCVD) 
technique [1]) or hydrogen sensors, fabricated using the 
same method in the form of Pd/ZnO Schottky contact 
[2]. 

Another up-to-date area, to which ZnO-based 
Schottky junctions are being rapidly introduced is the 
new generation of 3-D memories built in the cross-bar 
architecture [3], where the Schottky diode based on ZnO 
acts as a selecting element [4 - 6]. In this kind of 
application ZnO-based junction competes with other 
solutions, such as polycrystalline Si that has typically 
lower electron mobility and usually does not fulfill a low 
temperature regime restriction.  

The latter application imposes strong limitations on 
the junction processing as well as on the electrical 
properties of ZnO. Here, because of the so-called Back-
End-Of-Line (BEOL) architecture, in which the metal 
paths are placed both: below the diode, and at the top of 
it [7], a low thermal budget during the diode preparation 

is required, which means that the ZnO growth 
temperature must be well below 200 °C. This is what 
differs the BEOL approach from the commonly used 
Front-End-Of-Line (FEOL) technology, where far higher 
processing temperatures (even about 1000 °C) are 
applied. 

The ZnO films grown under rigorous temperature 
restrictions mentioned above also have to fulfill severe 
electrical requirements. For Schottky diode application 
ZnO layer should have both: low level of n concentration 
(n ≤ 1017 cm-3) and a sufficient electron mobility (µ ≥ 
10 cm2V-1s-1) as in this way one can obtain low reverse 
current in combination with a high forward one [8]. 
Another challenging problem is the application of good 
quality Schottky contacts to ZnO, as well as obtaining 
the satisfying value of electron mobility in this material. 
There are many papers and reviews containing 
suggestions on metal that should be chosen for the 
Schottky junction with ZnO [9, 10] and on additional 
post-growing treatment that should then be applied to 
improve its rectification ratio [11]. In some cases the 
contact deposition temperature plays an important role 
[12]. 

In terms of electrical parameters of ZnO in general, 
one should pay attention to the balanced stoichiometry of 
ZnO films (Zn-to-O ratio) in order to minimize defects 
concentration, which are (together with the grain 
boundaries) active scattering centers for electrons 
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[13, 14]. Besides, the role of the unintentional dopants 
(such as carbon and hydrogen atoms) cannot be omitted 
as well, as they can also act as active donors increasing 
the electron concentration in ZnO layer, what is 
undesired for Schottky junction [15, 16] 

This paper presents the various approaches towards 
the problem of good quality of ZnO/Ag Schottky 
junctions, prepared according to the low temperature 
regime. We analyzed the influence of growth conditions 
as well as post-growth annealing in air on the junctions’ 
rectifying characteristics. The dependences between 
structural, optical and electrical parameters of obtained 
ZnO thin films will be also discussed. 

I. Experimental details 

The ZnO films discussed in this paper were grown 
from organic zinc precursors either dimethylzinc 
(Zn(CH3)2 (DMZn) or diethylzinc (Zn(C2H5)2, (DEZn) 
and deionized water by a double exchange reaction in the 
low-temperature Atomic Layer Deposition (ALD) 
process. The key advantage of this growth method, 
widely described e.g. in [17], is its sequentiality, i.e. the 
precursors meet each other only at the substrate’s 
surface. As the reaction in a volume of the growth 
chamber is avoided, even very reactive chemical 
compounds can be applied as precursors. In the discussed 
case, the reaction leading to the ZnO layer runs as 
follows: 

( ) 4223 2CHZnOOHCHZn +→+ .       (1) 
if dimethylzinc is used as a zinc precursor or: 
 

( ) 622252 2 HCZnOOHHCZn +→+ , (2) 
when diethylzinc is applied. Additionally, high vapor 

pressure of zinc precursors allows to decrease the growth 
temperature far below 200 °C, what is particularly 
important when so-deposited ZnO thin film is dedicated 
to the hybrid structures with the temperature-sensitive 
organic materials [18, 19]. 

The room temperature photoluminescence (RTPL) 
spectra were collected in the spectral range between 340 
nm and 820 nm with the CM2203 spectrometer equipped 
with the Xe lamp as an excitation source, whereas the 
composition analysis was made with the Electron 
Dispersive X-ray Spectroscopy (EDX) technique, using 
Scanning Electron Microscope (Hitachi SU-70).  

The electrical parameters of ZnO layers were 
determined on 1cm × 1cm ZnO/glass samples using Hall 
effect measurements in B = 0.426 T (provided by 
RH2035 PhysTech GmbH system equipped with a 
permanent magnet) in van der Pauw configuration. A 
sputtered Ti/Au bi-layer with mechanically pressed 
indium at the top was used as an ohmic contact to the 
ZnO film. 

The current-voltage characteristics were collected 
with the Keithley 236 Source Measurement Unit  and 
subsequently theoretically analysed basing on thermionic 
emission theory described in Refs. [20, 21]. 

II. Results and discussion 

All the growth substrates (Si, glass and indium-tin 
oxide (ITO)) were uniformly covered with fairly flat 
ZnO layers. The RMS parameter (indicating their surface 
roughness), as measured by the Atomic Force 
Microscopy (AFM), never exceeded the value of 10 nm. 
The obtained ZnO samples grew in a columnar structure 
as shown in Figure 1.  

 
As deduced from the EDX measurements, for both 

zinc precursors the free carrier concentration in as-grown 
ZnO samples scales down with the intensity of the 

defect-related luminescence bands (emission below 2.0 
eV) observed in their RTPL spectra as well as with Zn-
to-O ratio, as shown in Figure 2 and Table 1. 

   
a)      b) 

Fig. 1. The cross-sectional view of the240 nm thick as-grown ZnO layer deposited at 130°C on the Si substrate. 
Irrespectively to a kind of zinc precursors: dimethylzinc (a) and diethylzinc (b) ZnO layers grown at low 

temperature exhibit a columnar microstructure. In both parts of the Figure the plain interfaces between ZnO and Si 
are clearly seen. 
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As it can be noticed from Table 1, when DMZn was 
applied, the obtained as grown ZnO layers were oxygen 
deficient ones, giving the maximum of defect emission in 
the green spectral range, which is assumed to be a result 
of the presence of oxygen vacancies [22, 23]. The PL 
spectra of these samples are not shown here. As in some 
cases of samples from Table 1 the electron concentration 
was high (n ~ 1018 cm-3) we observed no rectification 
effect on the Schottky junctions constructed on these 
ZnO layers. The possible explanation of this behavior 
was given in [24] – the oxygen vacancies are supposed to 
pin the ZnO Fermi level close to the VO defect level at 
approximately 0.7 eV below the minimum of the its 
conduction band and in consequence the Schottky 
contact is destroyed. 

Importantly, for the ZnO layers discussed in the 
present work we did not observe any evident correlation 
between the presence of unintentional doping atoms 
(carbon, hydrogen) and the films’ electrical properties.  

A post-growth annealing is one of a very effective 
ways of the reduction of high electron concentration in 
ZnO layers dedicated to Schottky junctions. In such a 
way n can be reduced up to four orders of magnitude as 
already demonstrated in [25]. However, this approach is 
inappropriate when ZnO is applied to heterostructures 

containing organic materials, such as pentacene [18]. We 
observed that the annealing process results in a 
remarkable decrease of the defect-related luminescence 
band (peaked at 1.8 eV) as it is presented in Figure 3. 
The high intensity of these bands corresponds to a high n 
concentration in the examined ZnO films. As the n 
concentration decreases, the reverse current on the 
Schottky junction becomes lower and the rectifying 
effect appears [8]. This observation is confirmed to be 
a general one as this effect was observed for all 
examined junctions. The I-V characteristics of ZnO/Ag 
Schottky before and after annealing in air at 250 °C for 
30 min. are shown in Figure 4a, b. 

Regarding the possible applications of ZnO-based 
Schottky junctions e.g. as a selector in the new 
generation of 3-D memories built in a cross-bar 
architecture we decided to perform a low temperature 
ZnO growth (the ZnO layers were deposited well below 
200 °C) as our previous investigations proved that the 
free electron concentration in the films scales down with 
a decreasing deposition temperature [26]. Figure 5 shows 
the dependence of the rectification ratio on the electron 
concentration in the ZnO film for the corresponding 
ZnO/Ag junction. 

The rectifying properties of the discussed ZnO-based 

Table 1  
The dependence between electrical parameters and composition analysis of as-grown ZnO films. With 
balanced  Zn-to-O ratio the stoichiometry of the films improves, thus the free carriers’ concentration 

decreases and their 
 

Zn precursor/ 
ZnO growth temperature Zn-to-O ratio Electron concentration 

n [cm-3] 
Mobility 

µ [cm2V-1s-1] 

DMZn/100°C 1.15 1.40×1018 0.5 

DMZn/100°C 1.11 1.00×1017 3.6 

DMZn/100°C 1.10 3.70×1016 13.0 

 

 
Fig. 2. RTPL spectra acquired from as-grown ZnO/Si 
films with different Zn-to-O ratio. For the balanced 
composition (better stoichiometry) of ZnO film the 
lower free electron concentration is observed (see 
Table 1). The layers were deposited at 100°C (solid 
line) and 130°C (dashed).  

 
 

Fig. 3. ZnO/glass PL spectra before (solid line) and 
after annealing at 250°C for 30 min in air (dashed). 
After the annealing process the decreased intensity of 
defect-related bands (peaked at 1.8eV) is observed.  
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Schottky diode can be improved by doping ZnO layer 
with nitrogen. We introduced nitrogen to the grown ZnO 
film by replacing H2O, serving as an oxygen precursor 
with ammonia water – 25% of NH3/H2O solution. The 
appropriate Secondary Ion Mass Spectroscopy (SIMS) 
profiles show that the nitrogen atoms are uniformly 
distributed in the ZnO layer (see Figure 6). 

The RT Hall effect measurements performed on 
these samples have shown a substantial decrease of 
electron concentration (n ~ 1014 cm-3) and the Hall 
mobility around 10cm2V-1s-1. Such electrical parameters 
are probably a result of effective N2 doping (the samples 
contain about 2.3 –5.8 % of nitrogen, as deduced from 
SIMS measurements), causing the compensation effects 
in ZnO as nitrogen is regarded to be a possible candidate 
for p-type doping in this material [27, 28]. For the 
Schottky diode with nitrogen-doped ZnO we obtained the 
rectification ratio (ION/IOFF at ±3V), which is 2 orders of 
magnitude higher (2.1×103) than the one determined for 
the junction with non-doped ZnO film (1.4×101). 

The two most evident examples of improved 
current–voltage dependences measured on ZnO/Ag 
Schottky junctions containing nitrogen are given in Fig. 

7. The diode parameters were extracted assuming the 
pure thermionic emission theory over the barrier [20], 
according to which a thermionic emission current Ith is 
described with Eq. 3: 

( )








−



 −

= 1exp
nkT

RIVqII sth
sth , (3) 

 where n is the diode ideality factor and Rs, Is stand for a 
diode series resistance and saturation current, 
respectively.  Is, from which a Schottky barrier height 
ϕΒ  can be estimated, is given by: 







 −

=
kT
qTAAI B

s
ϕexp2* , (4) 

where A is the contact area (approximately 0.5mm2) 
and A* denotes the effective Richardson constant 
(theoretically for ZnO A* = 32 AK-2cm-2, although the 
deviations of this value are also possible as an effect of 
the barrier inhomogeneity between the metal and 
semiconductor [29]). 

As calculated from the thermionic emission theory, 
junctions presented in Fig. 7 have similar electrical 
characteristics. The Schottky barrier height ϕB1 was 
determined to be approximately 0.77 eV for the case of 
junction containing 5.8 % nitrogen (see Fig. 7a) and ϕB2 
≈ 0.67 eV for the junction with 2.3 % N2 (see Fig. 7b). 
The ideality factors were respectively equal to η1 ≈ 4.30 
and η2 ≈ 2.65. Additionally, the value of breakdown 
voltage was checked for both junctions to be about 
Ur = 4 V. 

Taking into account the simplicity of the growth 
process, the method of doping and the calculation 
procedure, results are very promising as good quality 
ZnO-based Schottky diode still remains a vital 
experimental problem. 

Summary 

In the present work we demonstrated three possible 
approaches towards the problem of decreasing the 
electron concentration in the ZnO thin films grown by 
ALD technique, what is essential for constructing a good 

 

       
Fig. 4. The rectifying behaviour of ZnO/Ag Schottky diode occurs as a result of a decreased free 
electron concentration (number of defects) in ZnO thin film after annealing at 250 °C for 30 min.  

 
 

Fig. 5. The dependence of the rectification ratio 
on the electron concentration for the typical 
ZnO/Ag Schottky diode. The inset shows a 
schematic view of the examined structure.  
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quality Schottky junction based on zinc oxide. One of 
them is the post-growth annealing, which causes the 
reduction of electron concentration up to 4 orders of 
magnitude. 

Another approach rely on applying very low 
deposition temperature, as in polycrystalline ZnO-ALD 
films free carrier concentration scales with temperature. 
To ensure the effective compensation processes, the H2O 
precursor (oxygen source) can additionally be replaced 
with the ammonia water (25% of NH3/H2O solution) as 
the nitrogen acts here as a p-type dopant. The latter 
solution allowed us to decrease n concentration down to 
the value of 1014 cm-3, which was crucial for constructing 
the good quality ZnO/Ag Schottky junctions with the 

Schottky barrier height determined at the level of ϕB ≈ 
0.7 eV and ideality factor η ≈ 2.6 for the best case. Their 
rectification ratio (ION/IOFF) was found to be as high as 
2.1×103 for the bias of ±3 V.  For the junctions without 
intentional nitrogen doping this parameter was about two 
orders of magnitude smaller (1.4×101).  
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