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Abstract: The characterization of defect states in a hydrothermally grown single crystal of ZnO was
performed using deep-level transient spectroscopy in the temperature range of 77–340 K. The native
intrinsic defect energy level within the ZnO band gap occurred in the depletion region of ZnO
Schottky barrier diodes. A major defect level was observed, with a thermal activation energy of
0.27 eV (E3) within the defect state distribution from 0.1 to 0.57 eV below the conduction band
minimum. We confirmed the maximum defect concentration to be 3.66 × 1016 cm−3 at 0.27 eV (E3).
As a result, we clearly confirmed the distribution of density of defect states in the ZnO band gap.
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1. Introduction

Zinc oxide has attracted a lot of interest recently, due to its direct and wide band gap (3.4 eV
at 300 K), high mobility, and simple processing, which make it suitable for optical applications
such as light-emitting diodes (LEDs), and as a channel material for thin-film transistors (TFTs) in
flat-panel displays [1–4]. While ZnO has a great deal of potential as a candidate for many optical
applications, the electrical role of native defects in ZnO (e.g., Zn interstitial (Zni), Zn vacancy (VZn) and
oxygen vacancy (V0)) still remains unclear. It is also difficult to control the electrical defect properties
and understand the exact mechanisms of carrier transport, which are associated with a complex
defect distribution [5]. Native defects could extensively affect the electrical and optical properties of
ZnO-based electronic devices. In particular, the role of defect distribution has been widely examined
using photoluminescence (PL) [6], electron paramagnetic resonance (EPR) [7], admittance spectroscopy
(AS) [8], and deep level transient spectroscopy (DLTS) [9–12].

Among these techniques, DLTS has a high sensitivity and is suitable for the analysis of defect
states and impurities using Schottky diodes or p–n junction devices [13]. Therefore, the electronic
defect states of ZnO have been intensively investigated using DLTS to find the evidence of intrinsic
conductivity and the role of defect states. One of the most dominant defect states in n-type ZnO is the
well-known V0 due to the relatively low formation energy of 3.5 eV. Recently, V0 has turned out to be a
deep donor rather than a shallow donor [5]. Therefore, the origin of intrinsic n-type conductivity in
undoped ZnO is believed not to be V0. However, there is not a consensus regarding the source of the
intrinsic n-type conductivity in undoped ZnO. Moreover, the explicit role of the defect states has not
been fully explained, especially regarding the defect state distribution.
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Up to now, very few papers have addressed the identity of defect states [9,14,15]. Additionally,
none of these have confirmed the defect state distribution within the ZnO band gap. In this work,
we have clearly confirmed the defect state distribution under the conduction band minimum (CBM) in
the ZnO band gap. A summary of the prominent defect properties observed in ZnO using DLTS is
shown in Table 1, compared with our result in the end row. In our method, we applied boiling H2O2

(prior to metal deposition) on the Zn-face (0001) of hydrothermally grown single-crystal ZnO, with Pd
Schottky contacts to improve the Schottky contacts [8,16–19]. DLTS measurements were employed to
investigate the defect state distribution. Defect energy levels with E3 (0.27–0.30 eV) and E4 (0.53 eV) in
the ZnO Schottky barrier diodes (SBDs) have been confirmed in previous literature [20–23]. The major
defect state of E3 (0.27 eV) below the CBM was also observed in our Pd/ZnO SBDs from the variations
of the transient capacitance slope.

Table 1. Literature survey of the electronic properties of prominent defects investigated by deep level
transient spectroscopy (DLTS) in as-grown ZnO; the defect energy level (Et), defect concentration (Nt),
capture cross section (σn) and oxygen vacancy (V0).

Growth Ec–Et (eV) Nt (cm−3) σn (cm2) Defect Identity (Year)

Hydrothermal [14] 0.278 2.1 × 1012 0.3 × 10−14 singly ionized V0, donor-like (1988)
Vapor-phase [13] 0.290 1.0 × 1014 5.8 × 10−16 maybe acceptor-like (2001)
Hydrothermal [9] 0.280 7.0 × 1014 4.0 × 10−16 maybe acceptor-like (2011)

Melt at high pressure [9] 0.280 3.5 × 1015 4.0 × 10−16 N/A (2011)
Hydrothermal 0.270 3.66 × 1016 1.36 × 10−16 This work

2. Experimental Methods

A hydrothermally grown single crystal of bulk ZnO with the (0001) Zn face up was used in this
experiment. The Zn face has a lower amount of surface defect concentrations than the O face, which
allows for a higher Schottky barrier height [18]. The carrier concentration, mobility, and resistivity of
ZnO were measured at 0.86 × 1017 cm−3, 91.9 cm2

·V−1
·s−1, and 0.85 Ω·cm, respectively, through Hall

effect measurements using the van der Pauw geometry (sample size of 10 × 10 × 5 mm3).
The samples were cleaned in an ultrasonic bath with acetone, isopropyl alcohol (IPA), and

de-ionized (DI) H2O, sequentially. Before the metallization, the samples were placed into a boiling
solution of 30% H2O2 for 3 min to improve the quality of the Schottky contacts, based on previous
reports [8,19,23], and were blown using N2 gas. As shown in Figure 1, annular ohmic contacts
(inside diameter = 550 µm, outside diameter = 800 µm) and Schottky contacts (diameter 450 µm)
were formed on the ZnO surface via electron-beam evaporation (base pressure of ~10−6 mbar) and
lift-off photolithography. Ti/Al/Pt/Au (20/80/40/80 nm) and Pd (60 nm) were deposited as ohmic and
Schottky contacts, respectively [24]. The samples were then annealed at 200 ◦C for 1 min under an N2

atmosphere. The Schottky contact area was 1.59 × 10−3 cm2.
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Current–voltage (I–V), capacitance–voltage (C–V), and DLTS measurements were performed on the
Pd/ZnO SBDs. The I–V and C–V measurements were carried out in the dark at room temperature using
an Agilent 4156C Precision Semiconductor Parameter Analyzer, and an Agilent E4980A LCR meter.
For the C–V measurement, the bias voltage was applied from 0 to −3 V, at 1 MHz. The measurement
and data extraction of the DLTS (FT1030 DLTS, PhysTech GmbH, Moosburg, Germany) were followed
in a previous report [13].

3. Results and Discussion

Figure 2 shows the I–V curve of the Pd/ZnO SBD. In order to form improved Schottky contacts on
ZnO, a Schottky metal contact (e.g., Au, Ag, Pt, and Pd) on ZnO is required. However, the Schottky
contact behavior of ZnO does not follow the work function difference directly due to unexpected
surface defect states [5,16,17]. To overcome this problem, several techniques have been applied to the
ZnO surface, such as oxygen plasma treatment, organic solvent cleaning and hydrogen peroxide (H2O2)
treatment [8,18]. Among these treatments, the H2O2 treatment led to the surface defects of ZnO being
significantly eliminated and the Schottky contacts between ZnO and metal being improved [8,19].
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Ideality factor (n) is shown in the inset.

The leakage current was 2.8× 10−5 A with a reverse bias of -2.5 V at room temperature. The leakage
current was rectified over 103, and reached 4.61 × 10−2 A at 2 V. Rectifying behavior was clearly
shown in the Pd/ZnO SBDs. Typically, the calculation of the Schottky barrier height in diodes can be
conducted using both I–V and C–V techniques, which are important to evaluate the diode performance.
To calculate the Schottky barrier height in our devices, the saturation current (Is) can be applied to the
following equation [25]:

Is = AA∗ T2 exp
(
−OB

kT

)
(1)

where A, A*, and ØB represent the Schottky contact area (0.00159 cm2), the effective Richardson constant,
and the Schottky barrier height, respectively. The theoretical value of A* in ZnO is 32 A·cm−2

·K−2 based
on an effective mass (m*) of 0.27m0 [5]. The barrier height is calculated from Is (1.6 × 10−7 A) at a zero
bias from Equation (1). Is was determined by extrapolating the curve of ln[I/(1−exp(−qV/kT))] versus
voltage under a forward bias up to V = 0 V. The calculated ØB of our device was 0.85 eV, consistent
with previous reports [18].

The ideality factor (n) is plotted by using the ln[I/(1−exp(−qV/kT))] versus voltage curve as
shown in the inset of Figure 2, and n is extracted from the slope of this curve for the evaluation of the
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diode performance [25]. The current–voltage relationship for a Schottky diode can be expressed as
I = Io[exp(qV/nkT)−1] ≈ Io *exp(qV/nkT), and gives ln(I) = ln(Io)+qV/nkT. Therefore, in this plot of
ln(I) vs. V, the slope (∂V/∂I) can be extracted, and the ideality factor is calculated using the below
equation. Here, we extracted the value of 1.49 in the linear region. This could be attributed to the carrier
recombination, tunneling, or the interfacial layer between the metal and the semiconductor [5,26].

Figure 3 shows the C–V characteristics of the Pd/ZnO SBDs. We considered two factors, with
built-in potential (Vbi) and carrier concentration (Nd) evaluated as follows: an approximate evaluation of
Vbi was obtained using the intercept of the 1/C2 versus voltage plot, and Nd was also calculated from the
slope of this plot (a). Nd was obtained using 2/(qεεoa), where q, ε, and εo represent the elementary charge,
the static dielectric constant (8.5 for ZnO), and the vacuum permittivity, respectively [25]. The calculated
Vbi of the Pd/ZnO SBDs was 0.77 eV. Moreover, the carrier concentration of ZnO is 2.0 × 1017 cm−3,
which is similar to the value obtained using Hall effect measurements (0.86 × 1017 cm−3). The Schottky
barrier height was in turn obtained using the following equation [25]:

∅B = q
[
Vbi +

kT
q

ln
(

Nc

Nd

)]
(2)

where Nc is the effective density of states of ZnO in the conduction band (2.94 × 1018 cm−3 using
Nc = 2(2πm*kT/h2)3/2). The ØB of our Pd/ZnO SBDs turned out to be 0.863 eV. The values of the
Schottky barrier height showed very similar results, regardless of the measurement methods, which
indicates that the Pd Schottky contact on ZnO was formed successfully. The detailed Schottky properties
of the Pd/ZnO SBDs are listed in Table 2.
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Table 2. The extracted parameters of the Pd/ZnO SBDs at room temperature: the ideality factor (n),
reverse current (Irev), barrier heights (ØB), built-in voltage (Vbi) and carrier density (Nd).

Schottky Metal n Irev at −1 V (A) ØB, I–V (eV) ØB, C–V (eV) Vbi (V) Nd, C–V (cm−3)

Pd 1.49 1.14 × 10−5 0.85 0.86 0.77 2.0 × 1017

For the defect analysis of ZnO, we carried out DLTS measurements for the different temperature
ranges from 77 to 340 K at a frequency of 1 MHz. Applied reverse bias voltage was used at −2.5 V to
form of a strong depletion region and forward bias voltage was then applied at 0 V with a filling pulse
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time width (tp) of 50 ms, as shown in Figure 4a. The transient capacitance was measured to within
40 ms at different temperatures from 77 to 340 K (corresponding to 0.1–0.57 eV below the conduction
band (Ec)). The maximum transient capacitances were extracted by using different emission rates
(en) (emission rate = ln(t1/t2)/(t2–t1), where t1 and t2 are the start and end of the time window), and
emission rates of 0.034, 0.042, 0.093, 0.423, and 0.888 ms−1 were selected as shown in Figure 4b. In
addition, emission rates (en) can also be determined using the equation below [25]:

en/T2 = γnσn × exp(−((Ec−Et)/KT))

with γn = (νth/T1/2)(Nc/T3/2) = 3.25 × 1021 (mn/mO) cm−2
·s−1
·K−2, where mn is the electron density

of-states effective mass and mO is the electron rest mass. At different settings of t1 and t2, the DLTS
signal gave out a different set of emission rates for the different temperatures. By using an Arrhenius
plot of ln (en/T2) vs. 1/T, the trap energy level (Et) and capture cross-section (σn) were obtained.
The Arrhenius plot had a slope of −(Ec−Et)/K, determining Et, and an intercept on the ln (en/T2) axis of
ln (γnσn), determining σn. We calculated the defect energy level (Et) and capture cross section (σn) by
using the Arrhenius plot as shown in Figure 4c. Therefore, we confirmed that the Et and σn of ZnO
were Ec–0.27 eV (labeled E3) and 1.36 × 10−16 cm2, respectively [9,20]. It is well known that ZnO has
various defect energy levels originating from non-stoichiometry (e.g., Zni, VZn, Oxygen antisite (OZn

or V0), etc.) [27–30].
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Figure 4. (Color online) (a) Applied voltage and resultant transient capacitance; (b) DLTS spectra of
the Pd/ZnO SBDs samples under different emission rates from 0.0343 ms−1 (t1 = 20.2 ms, t2 = 40.4 ms)
to 0.8880 ms−1 (t1 = 0.78 ms, t2 = 1.56 ms); (c) Arrhenius plot of the level E3.

This transient capacitance behavior may have been caused by the positively charged defects
through the thermal emission of carriers in the depletion region, and by decreased depletion width
due to the increase in total charge density, as shown in Figure 5a–c. This is because the donor-type
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defect is positively ionized when it is unoccupied and neutral when it is filled with an electron [25].
In this manner, the signal gives out a different set of emission rates and temperatures. The trap emits
carriers at this emission rate. As a result, transient capacitance was increased. This phenomenon is in
agreement with those obtained from previous reports [27,31]. However, the origin of these defects is
still unclear and complex. It requires further study to find the precise evidence of the defect formation.
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Typically, both interface and bulk-trap states can contribute to the DLTS signal in a Schottky
junction. Although it was difficult to extract only the bulk traps, due to the overlapping of the electron
emissions from the interface states (~1014 cm−2), the interface state density was much weaker than
that of the bulk defect states (~1017 cm−3) [32]. Therefore, the predominant defect formation could be
defined within the bulk ZnO. Based on DLTS of the Pd/ZnO SBDs, we clearly observed the change of
the transient capacitance from 77 to 340 K and predicted the defect states’ distribution between 0.1 and
0.57 eV below the CBM.

The DLTS signal reflects the distribution of the signal originated from each defect energy
level. Hence, the DLTS signal is simply proportional to the defect concentration (Nt) given by the
equation [13,25]:

Nt = 2Nd
∆Cmax

C0
(3)

where Nd, ∆Cmax, and C0 represent the carrier concentration, maximum transient capacitance amplitude,
and capacitance of the device at −2.5 V (C0 = 85 pF), respectively. The temperature range from 77 to
340 K can also be related to the defect energy level from 0.1 to 0.57 eV below the CBM, and the defect
distribution can be calculated by the electron emission rate equation [13,25,30,33]:

Ec − Et = kT ln(σnνthNcτ0) (4)
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where kT, σn, νth, and τ0 represent the thermal energy, electron capture cross-section area of the trap
(assumed to be 10−16 cm2), electron thermal velocity, and emission time constant approximated to be
half of the time width used in the measurements (τ0 = 20 ms), respectively [33]. Calculated defect
concentration and distribution are shown in Figure 6. Scattering and noise within the data seemed to
be due to thermal instability. We confirmed the maximum defect concentration to be 3.66 × 1016 cm−3

at 0.27 eV from the CBM.
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4. Conclusions

We investigated single-crystal ZnO SBDs and carried out a DLTS analysis to find the defect
state distribution in the ZnO band gap. We confirmed that a Schottky barrier height of 0.85 eV
with a Pd contact was formed on the Pd/ZnO SBDs. Compared to previous reports, our ZnO SBDs
have a similar defect energy level of Ec–0.27 eV below the CBM. Although the origin of defects is
still unclear and more studies are needed, we believe that complex oxygen-related defects could
possibly be the source of defects near the conduction band of single crystal ZnO (in the Pd/ZnO SBDs).
Finally, we successfully obtained a defect state distribution below the conduction band in the range of
0.1–0.57 eV. The maximum defect concentration was 3.66 × 1016 cm−3, 0.27 eV from the CBM.

Author Contributions: Conceptualization, writing, and experiments J.P. and Y.S.R.; methodology and analysis,
P.S., J.W.; supervision and editing, D.S. All authors have read and agreed to the published version of the manuscript.

Funding: Financial support was provided by the University of California, Los Angeles (UCLA) school of
engineering, Samsung, and Basic Science Research Program through the National Research Foundation of Korea
(NRF), funded by the Ministry of Education (2017R1D1A1B03030818).

Acknowledgments: J.H. Park and Y.S. Rim equally contributed to this work. Financial support was provided by
the University of California, Los Angeles (UCLA) school of engineering and Samsung. We would also like to thank
the Nanoelectronics Research Facility (NRF), acknowledge the use of the Integrated Systems Nanofabrication
Cleanroom (ISNC) at the California NanoSystems Institute (CNSI) in UCLA, and thank the Basic Science Research
Program through the National Research Foundation of Korea (NRF), funded by the Ministry of Education
(2017R1D1A1B03030818), for making the fabrication of this device possible. Special thanks to Alan Farrell and
Diana Huffaker for their support.

Conflicts of Interest: The authors declare no conflict of interest.



Coatings 2020, 10, 206 8 of 9

References

1. Jagadish, C.; Pearton, S.J. Zinc Oxide Bulk, Thin Films and Nanostructures: Processing, Properties, and Applications,
1st ed.; Elsevier: Oxford, UK, 2006.

2. Wager, J.F. Transparent electronics. Science 2003, 300, 1245–1246. [CrossRef]
3. Fortunato, E.; Barquinha, P.; Pimentel, A.; Goncalves, A.; Marques, A.; Pereira, L.; Martins, R. ACMBG

Pi-mentel, AMF Goncalves, AJS Marques and LMN Pereira. Adv. Mater. 2005, 17, 590. [CrossRef]
4. Monakhov, E.V.; Kuznetsov, A.Y.; Svensson, B.G. Zinc oxide: Bulk growth, role of hydrogen and Schottky

diodes. J. Phys. D: Appl. Phys. 2009, 42, 153001. [CrossRef]
5. Özgür, Ü.; Alivov, Y.I.; Liu, C.; Teke, A.; Reshchikov, M.A.; Doğan, S.; Avrutin, V.; Cho, S.J.; Morkoç, H.
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