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ZnO films have been prepared on p-type Si substrates by metal-organic chemical vapour deposition (MOCVD) at

different total gas flow rates. The current versus voltage and temperature (I — V — T') characteristics, the deep-level

transient spectroscopy (DLTS) and the photoluminescence (PL) spectra of the samples were measured. DLTS shows
two deep-level centres of E1 (Ec—0.13+0.02¢eV) and E> (Ec—0.43+0.05eV) in sample 1202a, which has a ZnO/p-Si
heterostructure. A deep level at Ec—0.13£0.01 eV was also obtained from the I — T' characteristics. It was considered

to be the same as E7 obtained from DLTS measurement. The emission related to this deep level center was detected

by PL spectra. In addition, the energy location and the relative trap density of E; was varied when the total gas flow

rate was changed.
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1. Introduction

Short-wavelength optoelectronic materials that
can be used in ultraviolet (UV) lasers and light-
emitting diodes have received much attention in the
past decades. Researches on ZnO have been con-
ducted more than 20 years, and many productions
have already been in practical applications.! 8 How-
ever, in recent years, ZnO films have attracted much
attention due to their UV emission.

ZnO films can be grown by many different meth-
ods such as magnetron sputtering, spray pyrolysis,
sol-gel technique, pulsed laser deposition, molecular
beam epitaxy and metal-organic chemical vapour de-
position (MOCVD). The method of MOCVD has
been the most promising method for its advantages
in growing high quality films and large-scale produc-
tion compatibility.[*!

Deep levels in the forbidden band of ZnO play an
important role in luminescence. Some of them can act
as recombination centres, which will reduce the lumi-
nous efficiency. While, others can be radiation centres
which are useful for the luminous.

In this paper, optical and electric properties of
ZnO/P-Si heterostructures grown by MOCVD are in-
vestigated using I — V' — T characteristics, DLTS and

MOCVD, ZnO/ Si heterostructure, PL spectra, deep-level emission

PL spectra measurements. The deep levels in the ZnO
films are detected and the behaviour of them is inves-
tigated as well.

2. Experiment

Si(100) wafers with the resistivity (p) of 1Q.cm
were used as the substrates. Undoped ZnO films were
grown on these substrates in a vertical MOCVD reac-
tor at low pressures. The MOCVD system has been
described in our previous study.['”) Diethyl zinc (DEZ)
and carbon dioxide (CO2) gas were used as the precur-
sors. High purity nitrogen (N3) was used as the carrier
gas for DEZ. The temperature of the DEZ bubbler was
kept at 10°C during the growth, and the flow rate of
the Ny-carried DEZ and CO, was kept at 10 and 50
sccm respectively. Besides the Ny carrier gas for DEZ,
another Ny gas line called Ns ‘eluting gas’ was injected
from the top of the reactor for the purpose of obtain-
ing a high gas velocity on the surface of the substrate.
The flow rate of the Nseluting gas was varied from
0.86 to 1.7 slm. The pressure in the chamber during
the growth was kept at 133 Pa, and the growth tem-
perature was 600°C. In order to improve the quality of
ZnO films, all the films were annealed in air ambient
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(humidity: 23%) at 700°C for 1 h after growth.

A 0.001Hz ultralow frequency sawtooth wave gen-
eration ( Model 439 Function generator) was used
as the voltage source for I — V — T measurement.
During the measurement, the samples were kept in
a dark chamber.
found in Ref.[11].
formed in a temperature range within 77-400K us-
ing NJ.M.DLTS. For comparison, the DLTS charac-
teristics of p-Si(100) substrates were investigated with

More experimental details can be
DLTS measurements were per-

Al/p-Si Schottky structure. No deep level centre was
detected. PL spectra were measured with a Model 850
fluorescence spectrometer.

3. Results and discussion

3.1. ] — V characteristics

Figure 1 shows the current-voltage characteristics
of sample 1202a. There is a forward transition volt-
age at about 1.5 V. When the applied voltage is higher
than 1.5V, the forward current has an exponential

relationship with the applied voltage. The current

shown in Fig.1 has the general form['?

Ir = Iyexp (qVr /nkT) , (1)

where Iy = A*ST?exp (—q¢p/kT) is the saturated
leakage current, Vy is the bias voltage, n is the ideal
factor, k is the Boltzmann’s constant, T is the abso-
lute temperature, A* is the effective Richardson con-
stant, S is the effective junction area and ¢p is the
barrier offset. The fitting result shows that n ~ 16
(Ve £1.5V) and n =35 (Vg > 1.5V). The large series
resistance of the non-ideal heterojunction is consid-
ered to be the main reason for such large values of
n. Therefore, Eq.(1) should be modified as follows

(Eq.(2)):

kT Ir
Ve =--In (AT

> + ¢ + Ir Ron. (2)
The first two terms in Eq.(2) are the voltage drops
of the ideal heterojunction, and IrR,, is the voltage
drop of the series resistance. Due to the low electronic
mobility of ZnO film, the voltage drop of the series re-
sistance may increase sharply with the increase of the
current, results in the deviation from ideal factor n.
Moreover, the surface states at different bias voltages
which affect the barrier height may be another reason

to this deviation.[!3:14]
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Fig.1. Current-voltage characteristic of ZnO/P-Si hetero-

junction.

3.2. DLTS measurements

The ZnO-ZnO grain boundaries can be modelled
by double-Schottky-barrier junction.® When ZnO
grains bond with Si layer, the crystal boundary be-
tween them can be regarded as intergranular bound-
ary. In polycrystalline ZnO films, the donor density
near the surface is lower than that in the bulk, while
near the semiconductor /substrate interface, the donor
density is even much lower.'®) From the capacitance-
voltage measurement, the donor density in the layer
near the surface of grains in sample 1202a is found
to be in the range from 7.4x10' to 2.3x10' cm™3,
which is similar to that of pure ZnO crystal in Ref.[15].
There are many oxygen vacancies (Vé) in ZnO grains.
After annealing, the oxygen diffuses into the bulk.
As a result, the donor density near the surface be-
comes lower. During the DLTS measurement, the
space charge regions will extend to the ZnO grain near
the surface layer.

Figure 2 shows DLTS spectroscopy of sample
1202a. Based on the DLTS theory,'”l the electron
emission rate e,, can be expressed as

en = (opmNe)exp(—E1/kTy), (3)

where oy, vn, Ne, Er, T}, are the electron capture
cross sections, the mean thermal velocity, the effec-
tive density of states in conduction band, the trap
level emission peak temperature respectively. Two
deep levels E; and F3 (shown in Fig.2) are ob-
tained. From the Arrhenius plots of In(e,/T?) ver-
sus 1/T (see Fig.3) and the intensity of the DLTS
peaks (see Fig.2), the deep level positions and the rel-
ative trap density (Ny/Np) can be found, where Ny
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and Np are the concentration of the defect and the
doping concentration, respectively. It is found that
E, = Ec0.13+0.02eV, N;/Ng=1.01% and Ey; =
Ec—0.434+0.05eV, Ny/Np=5.10% (Ec is the bottom
of conduction band). The more parameters obtained
are shown in Table 1. As we can see, the deep levels
are affected by the flow rate of eluting gas. The loca-
tions and the relative trap density of deep levels for
different samples are listed in Table 1.
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Fig.2. DLTS temperature scan of sample 1202a.
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Fig.3. Arrhenius plots of deep levels for the sample 1202a.

3.3.1 — T characteristics

The I — T behaviour of sample 1202a is shown
in Fig.4(a).
the temperature in an exponential manner.

It is clear that the current rises with
Since
the voltage applied on the samples is constant, the
curve mainly results from the thermo-emission mech-
anism, which depends on the temperature in the form
of I = A*exp(—AE,/kT), where AF), is the active
When
the temperature increases, some of the electrons in

energy of the donor, and A* is a constant.

the deep level are excited, as a result the charge car-
riers will “jump” from this level to the conduction

band, and the current will increase, resulting in the
peak shown in Fig.4(a). From the curve In(I) — 1/T
(Fig.4(b)), there are two obvious regions in the tem-
perature range, which are nearly straight lines with
different slopes. The temperature T=164.4 K can be
considered as the turning point. A level (E}y) with an
active energy of 0.13£0.01eV can be obtained when
the temperature is higher than 164.4 K. It is in good
agreement with the position of E; detected by DLTS.
Therefore, it can be considered that the energy level
(E.-0.13€V) is caused by a defect with a temperature-

activated capture cross section. '8!
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Fig.4. The temperature dependence of current of the
sample 1202a. (a) curves of the experimental data. (b)
In(I) versus inverse temperature.

3.4. PL spectra

The room temperature PL spectra (line a) and
Gaussian fit curves (lines b and ¢) for samples 1201p,
1202p and 1202a are shown in Fig.5, with the asym-
metric PL line (dotted line). Two emissions (line b
and line ¢) can be found by Gaussian fit. The posi-
tions of lines b and ¢ and the intensities of the three
samples are summarized in Table 1. The emission
lines b are at 3.24, 3.25 and 3.27eV for the samples
1202p, 1202a and1201p respectively. The emission
lines ¢ for these three samples are at 3.29, 3.29 and
3.30eV, respectively. In order to know the origins of
these emission lines, temperature dependence PL was
measured (not shown here). When the temperature
was decreased from room temperature to 83 K, the in-
tensity of the dominant emission at 3.30eV increased
rapidly and the value of full-width at half~-maximum
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(FWHM) was decreased. In addition, the peak po-
sition shifted to high energy side when the temper-
ature decreased. All these characters indicated that
this emission (line ¢) could be attributed to the free
exciton (FE) recombination.'”) Compared with emis-
sion line ¢, emission line b has a lower emission energy
and wider FWHM. Considering about the defect state
emission in semiconductor, the energy position of the
luminescence line b can be given by Eq.(4)[2°]

Eemission = Eg - Ed + kT/2v (5)

where Femission 1S the emission energy; Eg is the opti-
cal energy gap and Ejq is the ionization energy of the
defect. In Table 1, the parameter Eq was calculated at
room temperature, as defined by Eq.(4). Under exper-
imental error control, the calculated defect-related lu-
minous centre is quite close to that detected by DLTS
and I — T. In addition, it can be found that the in-
tensity of emission line b is affected by the relative
defects concentration of level F;. Therefore, we spec-
ulate that the level E; is a localization state deep level,

and has a close relationship with luminescence centres.
The electrons on level E; have transferred to valence
band and result in the electron-cavity combined lumi-
nescence (D°h). While, with increasing flux of eluting
gas, the position of E level has a little shift to the con-
duction band. The relationship between the position
of Fy and the sample growth eluting gas condition in-
dicates that F; has a characteristic of microstructure
defect. Baltrameyunas(®! investigated the effect of
photo-induced absorption in wide-gap II-VI semicon-
ductors with heat treatment effect on the stoichiom-
etry and the concentration of point defects. The in-
terstitial Zni defect is relatively a shallow donor (0.1-
0.2€eV) in zinc chalcogenides. Local disturbances of
interstitial centres will result in mutual renormaliza-
tion of the band and shallow-defect states at much
lower concentrations than chemical substitutional im-
purities. Therefore, we suspect that the shift of loca-
tion of F; and the increment of relative trap density
are induced by the interstitial Zni concentrations.
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Fig.5. The PL spectra of samples 1201p, 1202p, 1202a at room temperature for different carrier
gas rates; a is experiment curve, b and ¢ are Gauss fit curves.
Table 1. The characteristics of deep levels and photoluminescence for samples prepared in No.
DLTS measurement PL spectrum fit parameter
(Sample) (N2 flux) Er (Nt¢/NB) (line b) (line ¢) (intensity) Eq
number (slm) /eV /% Eemission/eV Eemission/eV /arb. units /eV
FE1=0.154+0.06 1.34 3.24 8700 0.140
1202p 0.86 3.29 16419
E>=0.4740.07 3.39
FE1=0.134+0.02 1.01 3.25 4620 0.133
1202a 1.4 3.29 14274
FE2=0.43+0.05 5.10
E1=0.0940.04 1.99 3.27 16682 0.113
1201p 1.7 3.30 6450
FE2=0.41+£0.07 8.71

Note: (Ny/Np) is relative trap density; (Eq) is Ionization energy; (Femission) is light emitting energy.
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As to the deep energy centre Fy which was de-
tected by DLTS, it is seen that this kind of the defect
has a larger relative trap density, and the level position
shifts to the conduction band under higher eluting gas.
Unfortunately, the emission related to level E5 is not
found during the PL measurement. However, F5 has
an influence on excitation emission. When the relative
trap density of F5 increases, the emission intensity of
FX decreases (see Table 1). The origin of deep level Ey
will need further research, as there are many defects
and complicated defect structure in ZnO.

4. Conclusion

In this work, ZnO/Si heterostructure were de-
posited by MOCVD and two deep levels of Fy (Ec—

0.13+0.02eV) and Es (Ec—0.43£0.05¢€V) were found.
In addition, the defect level F; related emission was
detected in the PL spectra and the origination of Ey
was considered to be the interstitial Zni in ZnO. Deep
level E5 is act as a recombination centre, while it also
has an influence on the free exciton emission intensity.
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