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Abstract The D0h luminescence of ZnO films deposited
on p-type Si substrates is produced by metal-organic chem-
ical vapor deposition (MOCVD). After annealing in the air
at 700°C for an hour, the photoluminescence (PL) spectra,
the I-V characteristics and the deep level transient spectro-
scopy (DLTS) of the samples are measured. All the samples
have a rectification characteristic. DLTS signals show two
deep levels of E1 and E2. The Gaussian fit curves of the PL
spectra at room temperature show three luminescence lines
b, c and d, of which b is attributed to the exciton emission.
The donor level E1 measured by DLTS and the location
state donor ionization energy Ed of the closely neighboring
emission lines c and d are correlated. E1 is judged as neutral
donor bound to hole emission (D0h). Moreover, the inten-
sity of the PL spectra decreases while the relative density of
E2 increases, showing that E2 has the property of a non-
radiative center.

Keywords metal-organic chemical vapor deposition
(MOCVD), ZnO/p-Si, heterojunction, defect

1 Introduction

Short wave photoelectron materials have been intensively
studied in recent years because they can increase record
density of optical communications and information.
Although the wide-gap semiconductor material ZnO

has been explored for dozens of years with broad applica-
tions in many fields [1–8], the luminescence property of
ZnO has not drawn much attention until 1996, when the
phenomena of microcrystalline structure of ZnO films
optically pumped ultraviolet stimulated emission was
reported [9].
The deep levels in semi-conductors forbidden band are

important in light emitting devices. Electrons transit from

conduction bands to valence bands and emit photons. The
existing deep levels will decrease the luminance efficiency,
while the radiative recombination of some deep levels will
increase luminance efficiency [10]. Therefore, it is impor-
tant to understand the luminance mechanism of ZnO films.
The research shows that the optical and electricity prop-

erties of ZnO films vary greatly under different preparing
conditions. Metal-organic chemical vapor deposition
(MOCVD) has advantages as a preparing method such
as lower growth temperature, easier growth control and
higher quality prepared films [11]. In this article, we study
optical and electricity properties of the ZnO/p-Si structure
prepared by MOCVD through deep level transient spec-
troscopy (DLTS), I-V characteristic, PL spectrum meas-
urement results, and discuss the property of deep level
centers E1 and E2.

2 Experiments

Undoped ZnO films were produced in a vertical MOCVD
system designed and built by the authors. Diethylzinc
(DEZ) and carbon dioxide (CO2), with a purity of
99.999%, are used as precursors to the growth of ZnO
films. Pure nitrogen which was used as carrier gas with
rates of 0.86, 1.4, and 1.7 slm respectively was shunted in
two ways into the ZnO reactor. On one hand, the carrier
gas passed through the DEZ bubbler at a flow rate of
10 sccm; on the other hand, the carrier gas was connected
to the exit of the bubbler with a flow rate controlled at
50 sccm to accelerate the transportation of DEZ to the
reactor. The temperature of the bubbler was kept at 10°C
during ZnO growth and the growth temperature was
600°C. The flux of CO2 is 80 sccm. The film was deposited
on the surface of p-Si (100). The pressure in the ZnO
reactor was 133.3 Pa, and the well-grown films were
annealed in the air at 700°C for an hour.
A 0.001 Hz ultralow frequency sawtooth wave gen-

erator (model 439 function generator) was used as the
voltage source for I-V measurement. During measure-
ment, the samples were kept in a dark chamber. More
experimental details can be found in Ref. [12]. DLTS
measurements were performed within 77–350 K temper-
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ature range using NJ. M. DLTS set. The PL spectra were
measured with a model 850 fluorescence spectrometer at
room temperature, and the excited wavelength is 210 nm.
The double-crystal X-ray diffraction (XRD) patterns of all
the samples were measured by a Philips X′Pert Diffracto-
meter with a symmetrical Ge (220) monochromator.

3 Results and discussion

Figure 1 shows the XRD patterns of ZnO/Si films pre-
pared by MOCVD, with the total flux of N2 at 0.86, 1.4
and 1.7 slm. As seen from Fig. 1, all the samples have a
good orientation in the c axis. The half bandwidth of ZnO
(002) diffraction peaks and intensity increase largely when
the carrier gas flow rate increases.

Figure 2 shows the I-V characteristic of the sample S2a
(the carrier gas flow rate is 1.4 slm). The curve is shifted to
voltage axis when the forward bias voltage is above 1.5 V.
The curve is basically linear under 1.5 V, which can be
explained as a result that the current increases exponen-
tially to voltage. The forward current is nearly milliampere
in magnitude, with a large reverse leakage current. Carbon
contamination in the prepared process by MOCVD may
increase reverse leakage current. The voltage-current char-
acteristic of the samples can be depicted by [13]

IF ¼ I0exp
qVF

nkT

� �
, (1)

I0 ¼ A�ST2exp
– qfB

KT

� �
: (2)

In Eq. (1), I0 is the saturation reverse leakage current of
the heterogeneous junction; VF is the bias voltage on p

and n type semiconductor; n is the ideality factor; k is the
Boltzmann constant; T is the Kelvin temperature; A* is the
effective Richardson constant; S is the effective section
areas of heterogeneous junction; and fB is the potential
barrier height of the heterogeneous junction. Fitting the
forward I-V curve in Fig. 2 using the relationship
lnIF – qVF/nkT and setting 1.5 V as the division point,
we obtain VF≤1.5 V, n≤16 and VF≥1.5 V, n≤35
respectively. The ideality factors of the samples deviate
significantly from that of the ideal case, showing that a
higher series bulk resistance in heterogeneous junction
exists. Considering the series bulk resistance influence
on the transport process, Eq. (1) can be modified as

VF ¼
kT

q
ln

IF
A�T2

� �
þ fB þ IFRon: (3)

In Eq. (3), the first and the second items are voltage drop
on the ideal heterogeneous junction; Ron is forward bulk
resistance; and IFRon is the voltage drop of heat emission
current on bulk resistance. The voltage dropped on bulk
resistance Ron increases rapidly when IF rises, but the bias
voltage drops on heterogeneous junction increase slightly.
This shows that the ideal factor becomes larger when the
bias voltage is high. The ZnO/Si structure has an intrinsic
property of higher bulk resistance, which is relative to the
low charge mobility in ZnO films [14]. Furthermore, dif-
ferent temperatures of I-V measurement and the surface
state under different bias voltages can greatly affect the
barrier, which then influences the ideal factor.
Figure 3 is the DLTS spectrum of the sample S2a.

Based on the DLTS theory, the electron emission rate en
can be expressed as [15]

en ¼ BnT
2exp –

EC –ET

kTP

� �
: (4)

In Eq. (4), the constant Bn has no relation with the
temperature; EC –ET is the distance of deep levels
between the forbidden band and conduction band; and
TP is the deep level emission peak temperature. As shown
in DLTS spectra in Fig. 3, there are two deep level emis-
sion peaks in 136.1 K and 238 K, where the former is E1

Fig. 1 XRD patterns of ZnO films grown with different flow
rates of N2 eluting gas

Fig. 2 I-V characteristic of ZnO/Si heterojunction
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and the latter is E2. The DLTS measurement can obtain
the relationship between the deep level electron emission
rate and the emission peak temperature of TP by changing
the sample rate window t1. Fitting the curve by ln(en/
T2) – 1/T using Eq. (4) obtains the location of the deep
level by slope. By the principle of DLTS measurement, the
relative gap state density of the deep level has a relation-
ship with the altitude of the DLTS spectrum peak. We can
then obtain the relative gap state density of the deep level
using the above method. The samples grow under three
different carrier gas rates, of which all have the deep levels
E1 and E2. However, the relative gap state density and the
location of deep level centers are slightly different as
shown in Table 1. In Table 1, Nt is the deep level gap state
density, NB is the carrier concentration of ZnO films and
Nt/NB is the relative gap state density of the deep level.

Figure 4 shows the PL spectrum of sample S2a (curve
a). The asymmetry of PL spectrum reveals that the lumi-
nescence energy of the spectrum is not single. By Gaussian
fitting the PL spectrum, we can obtain ultraviolet emitting
lines which have a luminescence energy of 3.242 eV (curve
d), 3.250 eV (curve c) and 3.305 eV (curve b) respectively.
As ZnO has 60 meV exciton bound energy at room tem-
perature, we consider that the emitting line b at 3.305 eV is
the exciton emission in ZnO. The emitting lines c and d are
located on the lower energy position of the exciton emis-
sion line b. The position of the emission lines c and d
should be located in the forbidden band of the semi-
conductor, and the position can be obtained by [16]

Eemission ¼ Eg –Ed þ
kT

2
: (5)

In Eq. (5), Eemission is the energy of light emission; Eg is
the width of the forbidden band; and Ed is the donor
ionization energy. Taking the emitting energy of the
luminescence line c of 3.250 eV in Fig. 4 and using it in
Eq. (5), we get the ionization energy Ed = 0.1333 eV. The
location of the luminescence line c is EC – 0.1333 eV in the
forbidden band, which coincides with the donor deep level
E1 = EC – (0.13 eV ± 0.02) detected in the sample of S2a
by DLTS. Thus, it can be deduced that the donor deep
level E1 is the local state radiation center. According to the
location of E1 in the forbidden band, the electron transi-
tion of E1 level coincides with the composite luminescent
characteristic of D0h. Since the luminescence line c is
very close to the energy line d, the DLTS meas-
urement also cannot tell the difference between the two
luminescence centers. The deep level center E1 is probably
composed of the emission with closed energy.

Figure 5 shows that the room temperature PL spectra of
ZnO films with ZnO/p-Si structure are grown under three
different carrier gas rates. The samples S1p and S2a have an
exciton luminescence peak of 376.3 nm. The sample S2p
has an exciton luminescence peak of 377.3 nm. There is
an obvious shoulder at 382 nm in the PL spectrum of sam-
ples grown under the 1.4 and 1.7 slm carrier gas rates
respectively (the dashed line in Fig. 5), and the energy of
the luminescence line is about 3.246 eV. Although the
luminescence line of the sample S2p that grows under
0.86 slm has no obviously heaved shoulder, the asymmetry
of the PL spectrum can be clearly observed. We can also
observe the influence of the increased carrier gas on the PL
spectrum. The location of E1 becomes shallower, while
the carrier gas rate becomes higher as shown in Table 1,
which indicates that the local state energy level E1 has a

Fig. 3 Typical DLTS temperature spectrum of sample S2a

Table 1 Characteristics of deep levels at various preparation

fluxes in samples

sample carrier gas flux/slm energy level/eV Nt/NB

S2p 0.86 E1 = EC – 0.15 ± 0.60 1.34%

E2 = EC – 0.47 ± 0.07 3.39%

S2a 1.4 E1 = EC – 0.13 ± 0.02 1.01%

E2 = EC – 0.43 ± 0.05 5.10%

S1p 1.7 E1 = EC – 0.09 ± 0.06 1.99%

E2 = EC – 0.41 ± 0.07 8.71%

Fig. 4 PL spectrum(curve a) of ZnO/p-Si film deposited by
MOCVD and Gaussian fit spectra (curves b, c and d)
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relationship with the rate of carrier gas. It is established that
different carrier gas rates not only influence the best ori-
entation degree of crystal nucleus and grain size, but also
change grain boundary and surface roughness. The energy
state near the band edge is highly sensitive to crystal struc-
ture defects [17], and the variant of film structure influences
the binding state of the local state directly. The correlation
between the state of deep level E1 and the growth carrier gas
rates shows that E1 has a characteristic of structure defect
emission.

The deep level E2 detected by DLTS in the samples is
shown in Table 1. First, it has a higher relative gap density.
Second, the location of E2 becomes shallower while the
carrier gas rates are higher. There are no obvious emitting
lines related to the energy E2 in the PL spectrum in Fig. 4.
From the E2 level in the different samples in Table 1, the
higher relative gap density, the lower PL spectrum peaks
intensity in Fig. 5. This reveals that E2 level is a recombina-
tion center which can influence luminescence intensity.
Experiments show that when the carrier gas rate rises, thin

film material deposited on the substrate will increase. The
increment of film deposition rate facilitates thicker film
growth. The film attempts to restore the inherent crystal
lattice constant when its thickness reaches a certain degree.
The crystal lattice deformation energy in the film near the
substrate will increase, and larger crystal lattice deformation
energy will result in dislocation near the substrate. Mean-
while, the mismatch stress between the film and the substrate
will decrease. The E2 level in the samples has properties
described above, which reveals that it has a relationship with
the deep level center related to internal stress defects.

4 Conclusions

The sample with ZnO/p-Si structure is prepared by
MOCVD, which is measured by PL spectrum, I-V and

DLTS. The experiment reveals the existence of excitons
and a neutral donor - valence band (D0h) luminescence
center. The deep level centers E1 and E2 detected by the
DLTS spectrum are the luminescence and recombination
center respectively. The existence of E2 level affects lumi-
nescence intensity.
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