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We report deep level transient spectroscopy results from ZnO layers grown on silicon by molecular beam epitaxy
(MBE). The hot probe measurements reveal mixed conductivity in the as-grown ZnO layers, and the current—voltage (I-V)
measurements demonstrate a good quality p-type Schottky device. A new deep acceptor level is observed in the ZnO layer
having activation energy of 0.49+0.03 ¢V and capture cross-section of 8.57 x 1018 cm2. Based on the results from Raman
spectroscopy, photoluminescence, and secondary ion mass spectroscopy (SIMS) of the ZnO layer, the observed acceptor
trap level is tentatively attributed to a nitrogen—zinc vacancy complex in ZnO.
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1. Introduction

ZnO is a very promising material for short-wavelength
electronic and optoelectronic devices due to its large band gap
(3.37 V) and high exciton binding energy (60 meV) at room
temperature.!?] Due to these desirable properties, ZnO is a
candidate material for use in ultraviolet (UV) light emitting
diodes, laser diodes, UV photo detectors, and solar cells.3!
ZnO is intrinsically an n-type material, and p-type doping is
difficult to achieve due to the compensating behavior of the
intrinsic donors.!®! Notwithstanding, we can find several re-
ports on p-type conductivity of ZnO, however stable and re-
producible p-type ZnO is still a challenge.!”"! The possible
reasons may include the low solubility of acceptors, the com-
pensating effects of donors, and the deep level behavior of p-
type dopants. Nitrogen is considered the best p-type dopant
in ZnO, however the mechanism for the p-type conductivity
associated with N is still a puzzle and under debate, because
different activation sites of N have been reported in the band
gap of ZnO. The most familiar ones are nitrogen on the O site
(No), nitrogen on the Zn site (Nz,), No—Vzn, Vzn-No-H™,
and the cluster of four nitrogen atoms around Zn. The chances
of No and Nz, to act as the hole conductivity sources are min-
imal due to their exceptionally deep energy states (1.31 eV
and 1.71 eV, respectively)[!%!!) in the band gap of ZnO. How-
ever, Park er al.!"”! and Li et al.,l'¥ using the local density
approximation (LDA) method, reported No at lower energy
levels of 0.40 eV and 0.31 eV, respectively. On the other hand,
the No—Vz, complex with energy level 0.40 eV above the va-
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lence band maximum has been attributed (theoretically) to the
double donor metastable state of Nz,—Vo.H* A similar ex-
planation has been given by Reynolds et al.!'>! for the H™ in-
duced transformation of the N-Vz, donor complex into Vz,—
No-H™ as the acceptor level at 0.13 eV, while Reshchikov
et al."®! found experimentally an acceptor state in molecular
beam epitaxy (MBE) grown N:ZnO at 0.40 eV and attributed
it to the Vz, complex. Recently, Muret et al.l'”! reported a
hole trap (HT5) with activation energy 0.48 eV and capture

cross-section 4.7 x 10~14 ¢cm?

using deep-level transient spec-
troscopy (DLTS). They demonstrated that the defect was due
to the involvement of nitrogen, however the real origin was not
explained in their work. An overview of the current proposed
acceptor defect levels in ZnO and their possible origin can be
found in Table 1. It can be seen that various nitrogen centers
are scattered within the band gap of ZnO and their origin is
far from being clear. Therefore the characterization of the ac-
ceptor level states in ZnO is of interest and still needs further
investigation.

In this paper, we report a new hole (acceptor) trap hav-
ing activation energy 0.49 £0.03 eV above the valence band
in MBE-grown ZnO on Si determined by DLTS. With the re-
sults of Raman scattering, photoluminescence, and secondary
ion mass spectroscopy (SIMS) of the ZnO layer, the observed
acceptor trap level is tentatively attributed to the nitrogen—
zinc vacancy complex in ZnO. The experimental observation

is compared with the available data in the literature.
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Table 1. Reported activation energy levels and origin of acceptor levels in the nitrogen-doped ZnO.

E, +Ei/eV o/cm? Growth technique Characterization method Origin Ref.
0.48 47x 10714 MBE experimentally: DLTS N-related defect [17]
0.19 3.0x 1071 MBE experimentally: DLTS N-related defect [17]
0.40 - MBE PL Vz, related complex [16]
1.70 - SCvV PL No [11]
0.13 - OMVPE PL Vzun-No-H* [15]
1.30 - - DFT No [10]
0.40 - - DFT-LDA No—Vza [14]
0.40 - - DFT-LDA No [12]
0.31 - - DFT-LDA No [13]
0.49 8.6x 10718 MBE experimentally: DLTS, PL, Raman, SIMS N-Vz, this study

2. Experiment

ZnO layers were grown on a 3-inch diameter p-type sili-
con (001) wafer (Ng ~ 1.2 x 10'> cm~3) by MBE. The ZnO
was grown under the following conditions. The substrate tem-
perature was set at 430 °C, oxygen was supplied from a radio-
frequency (RF) atomic source, and Zn was evaporated from
a Zn-Knudsen cell maintained at 289 °C filled with Zn beads
of purity 99.9999%. The pressure of the chamber during the
growth was ~ 1 x 10~* mbar mainly due to the pressure re-
quired to operate the oxygen RF atomic source, and the growth
time was 7 h. The oxygen RF atomic source was operated
at 300 W. The thickness of the as-grown ZnO with respect
to the clean part of the Si wafer used for the ZnO growth
was found to be 500 + 50 nm with the help of a step pro-
filometer (the thickness value was confirmed in the SIMS mea-
surement). Energy dispersive X-ray measurements revealed
that the as-grown ZnO layer was O-rich. The observation
was confirmed by secondary ion mass spectroscopy, yielding
3: 10" atoms-cm™3 down to depth
500 nm of the layer. The SIMS data also demonstrated ni-
trogen traces with a concentration of 10'® atoms-cm™3 in the

Zn:0 ~ 10'° atoms-cm™

grown layers. The hot probe measurement on various parts of
the as-grown ZnO layer clearly indicated the p-type conduc-
tivity of the layer: p-ZnO/p-Si. For electrical measurements,
gold Schottky contacts with area 78 mm? were fabricated by
electron beam evaporation. For comparison, similar contacts
were also prepared on the clean part of the p-Si wafer. The
characterization of the ZnO films was carried out by using the
following methods (equipment manufacturer): DLTS (DLS-
83D Hungry), SIMS (Cameca IMS 5f), and photolumines-
cence, and Raman spectroscopy (Mini PL-Raman spectrom-
eter by Photonics).

3. Results and discussion
3.1. Transport measurements

The current-voltage (/-V) measurements were per-
formed at 300 K for the Au/ZnO/Si Schottky diode, and the
results are shown in Fig. 1. The ideality factor and the bar-

rier height are calculated using the thermionic emission model

with equations!'8]

q
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where ¢ is the charge (C), k is the Boltzmann constant (J/K),
T is the temperature (K), s is the slope of the forward-biased
semilogarithm /-V curve, A is the Schottky contact area (cm2),
A* is the Richardson constant (J/cm?-K), and I is the re-
verse saturation current (A). The ideality factor is determined
from the slope of the forward-biased semilogarithm /-V curve
(Fig. 1). The calculated ideality factor is 3.20 at 300 K, which
is higher than the reported values in the literature for gold
Schottky contacts.l'”l The higher ideality factor can be at-
tributed to the interfacial thin insulator layer at the Au and
ZnO interface, the series resistance effect, and the bias depen-
dence of the barrier height (the presence of the interfacial thin
insulator layer also supports the p-type conductivity signal of
ZnO without a contribution from the p-Si substrate). The mea-
sured barrier height is found to be 0.70 eV, which is similar to
that typically reported in the literature: the calculated barrier
heights of Pd, Ag, Au Schottky diodes varied from 0.6 eV
to 0.8 eV.[29 Therefore, this value seems to be reasonable.
The acceptor concentration is calculated using the standard
formula with the slope of the V—(A/C)? plot (not shown here)

-2
~ geoed(A/C)2/(dV)

3

Ny

where ¢ (1.6 x 1071 C) is the charge of an electron, &
(8.85 x 1071%) is the permittivity of the free space, & (9.66)
is the relative permittivity of the medium, A is the area of the
Schottky contact (78 mm?), and C is the capacitance in units of

pE. The calculated doping concentration is ~ 8.0 x 10'® cm 3.
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Fig. 1. Room temperature /-V measurements of the Au/ZnO/Si Schot-
tky diode, the ideality factor and the barrier height at room temperature
are calculated to be 3.20 and 0.70 eV, respectively.

3.2. DLTS measurements

DLTS is the most powerful and standard electrical
technique that provides quantitative information about the
deep energy level position, capture cross-section, and trap
concentration.!?!! Figure 2 displays a typical DLTS spectrum
of an as-grown MBE ZnO layer measured under the following
conditions: reverse bias Ur = —1 V, filling pulse V, =0V,
and filling time 7, = 20 s. The lock-in frequency of 1500 Hz
(3255 s7!) and the biasing conditions are deliberately cho-
sen to avoid any contribution from the Si substrate. One ac-
ceptor (hole) trap is observed at temperature 357 K and re-
ferred to as H1. The activation energy and the trap capture
cross-section (trap concentration) determined from the Ar-
rhenius plot shown in Fig. 3 are Ey +0.49 £0.03 eV and
8.57 x 107'® ¢m?, respectively. The inset of Fig. 2 shows
the DLTS spectrum from the clean part of the same wafer,
the spectrum is clean, which hence confirms that the H1 level

comes from the ZnO layer.
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Fig. 2. Typical DLTS spectrum of the ZnO thin film grown on Si sub-
strate at 1500 Hz (rate window 3255 s~1). Inset shows the DLTS spec-
trum of Si at 1500 Hz under the same measuring conditions (lock-in
principle).
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Fig. 3. (color online) Representative emission rate signatures (Arrhe-
nius plot) of deep acceptor level H1 in the MBE grown ZnO on Si sub-
strate.

The emission rate signatures together with the capture
cross-section of the defect and the SIMS results suggest that
the defect is associated with the N—Zn vacancy complex. It has
been reported that in O-rich ZnO, Zn vacancies might have
a lower formation energy, therefore a high density of Zn va-

.22 It is also demon-

cancies in our O-rich ZnO is reasonabl
strated in the literature that N can form different energy levels
in the whole band gap of ZnO.!'”! We argue that at least one of
the nitrogen defect levels in ZnO exhibits a metastable behav-
ior and cannot be stable. This metastable N atom may form a
complex with the Zn vacancy and appears at 0.49 eV above the
valence band maximum. A hole defect with activation energy

2 was re-

0.48 eV and capture cross-section 4.7 x 1074 cm
cently reported by Muret ez al.!'’! using DLTS, and they called
it the N-related defects. Compared to the data of Muret ef al.,
the much lower capture cross-section (8.57 x 107'8 cm?) ex-
hibited by the H1 level in our sample gives a strong justifica-
tion that the Zn vacancy and/or di-vacancy might be involved
with the N ion. We also performed some additional measure-

ments to support our argument.

3.3. SIMS analysis

Figure 4 shows the depth profiles of oxygen, zinc, and
nitrogen revealed from the SIMS measurement. The nitro-
gen atoms have diffused throughout the 0.5 um ZnO layer
(the thickness of the as-grown ZnO layer), and have almost
a constant concentration in the film. Its concentration is ap-
preciably reduced at the interface between the ZnO film and
the Si substrate. The atomic concentrations of O, Zn, and N
calculated from the SIMS data are ~ 1.3 x 10'® atoms/cm?,
1.2 x 10! atoms/cm3, and 1 x 10'¢ atoms/cm?3, respectively,
therefore we believe that the prepared sample is ZnO. The X-
ray diffraction (not shown in this manuscript) and photolumi-
nescence measurements also confirmed that the prepared sam-
ple is ZnO with a hexagonal structure. The concentrations of
Zn, O, and N were calculated after calibration using a stan-
dard sample. The reduction of the Zn content in the ZnO layer
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is probably due to the nitrogen interplay during the growth.
Whilst the source of the introduction of nitrogen into the MBE
reactor is not clear, the involvement of nitrogen in oxygen gas
flow allowed into the MBE chamber and/or a relatively high
base pressure (~ 10~° Torr) cannot be avoided.
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Fig. 4. (color online) SIMS data of the ZnO thin film grown on Si sub-
strate by MBE, demonstrating the concentrations of O, Zn and N to be
~ 108 cm‘3, 10'7 cm‘3, and 10'0 cm‘3, respectively.

3.4. Photoluminescence

Figure 5 shows the room temperature photoluminescence
(PL) spectrum of ZnO grown by MBE. The spectrum consists
of two peaks at 2.2 eV and 3.28 eV. We relate these two peaks
to the defect emission and the near band gap emission, respec-
tively. The inset of Fig. 5 shows the defect emission PL peak
of ZnO. We argue that the defect emission peak at 2.2 eV is
related to the Vz,—N defect complex. Reshchikov er al.l1o]
demonstrated the origin of this peak in N-doped ZnO layers
grown by MBE as the defect complex that may include a Zn
vacancy having activation energy 0.4 eV above the valence
band. The activation energy of the reported defect complex
was indirectly extracted from the 2.2 eV thermal shift of the
YL band in the PL spectrum as function of the temperature of
the sample, we believe that that technique could not be as ac-
curate as DLTS, therefore the attribution of H1 with the N-Zn
vacancy is more likely.

Intensity

2.0 2.2 24 2.6
Energy/eV

1 1
20 25 30 35 40 45 5.0 55

Energy/eV
Fig. 5. Room temperature PL spectrum of the MBE grown ZnO con-
sisting of near band emission and defect peaks. The inset shows a peak
at 2.2 eV, which is related to the N-Zn vacancy complex.

3.5. Raman spectroscopy

Raman spectroscopy of the layer is displayed in Fig. 6,
which confirms the O-rich status of ZnO, as the intensity
of Egigh is higher than that of A;(LO) modes appearing at
437 cm~! and 577 cm~!.[23] Based on the previous reports,
the peaks at 643 cm~! and 850 cm~! in Fig. 6 are attributed to
the nitrogen-related defects.>*2%1 Wu et al.1>! and Friedrich
et al.'*®! suggested that the vibrational mode at 275 cm ™! orig-
inates from the Zn interstitials where parts of their nearest
neighbor O atoms are replaced by N atoms to form Zn;—No.
Obviously, this peak is absent in our O-rich samples. So the

I and

presence of higher-wavenumber Raman peaks (643 cm™
850 cm~! in Fig. 6) strongly supports the connection of N—
Zn vacancy type defects in ZnO. The other peaks at 300 cm™!
and 512 cm™! are related to the silicon substrate.*”-?8] Rely-
ing on the Raman data, we understand that our sample has Zn
vacancies and nitrogen-related structural defects, henceforth,
our argument relating the origin of the H1 level to the N-V,

complex is more likely.
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Fig. 6. Raman spectrum of the MBE grown ZnO on Si substrate. The

higher intensity of the Egigh mode as compared to the A;(LO) mode

demonstrates the O-rich status of the sample.

4. Conclusion

In conclusion, we have used the deep level transient spec-
troscopy to show a new hole trap in the as-grown ZnO pre-
pared by molecular beam epitaxy. Based on the growth condi-
tions, experimental evidence of nitrogen in the sample, and the
results from the associated diagnostic techniques applied to the
samples, we attributed the H1 (Ey + 0.49) deep level defect to
the N-Vz, complex in the ZnO lattice. The SIMS results con-
firmed the presence of nitrogen and the oxygen rich growth
of the layers. The PL measurements also verified the pres-
ence of Zn-vacancy-related complex with photo energy 2.2 eV.
The presence of higher-wavenumber Raman peaks (643 cm™!
and 850 cm™!) strongly supported the connection of N-Zn va-
cancy type defects in ZnO. We boldly conclude that while ni-
trogen being involved with the intrinsic vacancy defects forms
a deep acceptor complex in ZnO and therefore may not con-
tribute to the p-type conductivity of ZnO.
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