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Undoped and erbium-doped zinc oxide followed by indium-doped zinc oxide layers on
p-type Si substrate were prepared by spray pyrolysis with zinc acetate, erbium acetate, and
indium nitrate precursors. The surface morphology and crystalline quality were investigated.
Using a front- and back-side metallization process, diodes were fabricated. The current—voltage
characteristics of these diodes were analyzed. The structural resistance, which is an important
issue in gas sensing application, shows an increase—decrease behavior with the increase of
erbium contents in zinc oxide. With a reverse bias in excess of 6 V, two distinct green light
emissions with 536 and 555 nm wavelength and one red light emission at around 664 nm of the
5% erbium-doped zinc oxide diode can be observed. The structural resistance character, as
well as the ideality factor of these diodes were analyzed and discussed.

1. Introduction

Zinc oxide (ZnO), a group II-VI semiconductor with high melting temperature,(l) wide
bandgap,® and large exciton binding energy,®) has attracted much attention in the past decade.
Many ZnO-based devices have been investigated.(4’9) In the device structure, the doping in
the film is an important issue in the material and device performance. Rare-earth erbium (Er)

doping, which improves the resistance response(lo’“)

of ZnO in different gases, has been applied
in many gas sensing devices.'>!¥ Meanwhile, with the carrier transitions between the ionized
Er energy states,'*!%) photon emissions can be observed.!®!” These Er-related emissions
occurred from the energy transformation of electron—hole pairs and/or electron impact to Er ion

under suitable voltage bias.1319)
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In the fabrication of ZnO thin film, many deposition methods such as molecular beam
epitaxy,(zo) chemical vapor deposition,m) sputtering,(zz) solfgel,m) and spray pyrolysis(24) have
been developed. The spray pyrolysis method, which is one of the nonvacuum techniques, shows
potential for easy scale up.

In our previous study, we examined the conduction type and concentrations of the Er-
doped ZnO thin films. In this work, we report the electrical properties of the p-Si/n-ZnO:Er
heterojunction diode with different Er contents by spray pyrolysis. The effects of Er doping,
diode resistance, ideality factor, and electroluminescence properties were discussed.

2. Experimental Details

ZnO:Er/ZnO:In diodes with different Er contents were grown on p-Si [(111), 5 x 10"
cm ] substrates by spray pyrolysis deposition.?¥ Aqueous solutions containing zinc
acetate [Zn(CH3COOH);2H,0], erbium acetate [Er(CH3COO);-4H;0], and indium nitrate
[In(NO3)3-5H,0] were used as precursors in the fabrication of ZnO:Er and ZnO:In layers. The
Zn concentration was fixed at 0.2 M in precursors. Before deposition, the aqueous solution
was stirred for one hour at room temperature to yield a clear solution. In the ZnO:Er layer, the
atomic ratios of Er to Zn in the precursor were 0, 1, 5, and 10%.%> In the ZnO:In layer, the
atomic ratio of In to Zn in the precursor was 5% for all samples. The deposition temperature
was 450 °C. The thicknesses of ZnO:Er and ZnO:In are around 400 and 40 nm, respectively.
The concentration of ZnO:In was around 5 x 10'® ecm™. After the film deposition, In was
deposited on the backside of Si using a thermal coater. The front Au circular pads of 0.8 mm
diameter were achieved with a shadow mask on the ZnO:In surface by direct-current magnetron
sputtering. The samples with different Er contents were then indexed as S0, S1, S2, and S3.

The surface morphology of the films was examined by scanning electron microscopy (SEM,
HITACHI S-4300N). The crystalline property was examined by X-ray diffraction (XRD,
Bruker DS). The photoluminescence (PL) measurement was accomplished using an optical
system with a spectrometer (Ocean, HR2000+) , a He-Cd laser (325 nm wavelength) as the light
source, and a temperature-controlled cryogenic system. The source meter (Keithley 2400) was
applied in the device current—voltage measurement.

3. Results and Discussion

Figure 1 shows the XRD pattern of the ZnO diodes with different Er contents in the active
region. The observed peaks at 34.46, 36.28, and 31.82° were attributed to ZnO (002), (101), and
(100) planes, respectively. No Er-oxide-related peaks(26’27)
in Er content, the intensity ratio of (002) to (100) increased and thus the crystalline property

can be observed. With the increase

varied.

Figure 2 shows the surface morphology of the diodes (a) without Er doping (S0), (b) with 1%
Er doping (S1), (c) with 5% Er doping (S2), and (d) with 10% Er doping (S3). For sample SO,
the morphology of flakes with different sizes can be observed. With the increase in Er doping
content, the number of tiny flakes increases. The result of surface morphology variation is
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Fig. 1. (Color online) XRD patterns of ZnO diodes without Er doping (S0), with 1% Er doping (S1), with 5% Er
doping (S2), and with 10% Er doping (S3).

© @

Fig.2. SEM images of the ZnO diodes (a) without Er doping (S0), (b) with 1% Er doping (S1), (c) with 5% Er
doping (S2), and (d) with 10% Er doping (S3).

consistent with the reported grain size shrinkage behavior for the ZnO films with the increase
in Er doping content.'®

Figure 3 shows the 10K PL spectrum of the ZnO diodes. For sample S0, a near-band-edge
emission with a peak wavelength of 369.1 nm (3.360 ¢V) can be observed. This emission is
attributed to the recombination of excitons bound to neutral donor (D°X) and is labeled as
bound exciton complexes (denoted as BEC). Another emission band with a wavelength of 373.7
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Fig. 3. (Color online) 10K photoluminescence spectrum of ZnO diodes without Er doping (S0), with 1% Er doping
(S1), with 5% Er doping (S2), and with 10% Er doping (S3).

nm (3.318 eV) can be observed. This emission, which is around 40 meV below the BEC band,
originates from the two electron satellite (denoted as TES) transitions of the D°X.?%?®) The
emission band with a wavelength of 382 nm (3.246 eV), which is 72 meV below TES, is the
phonon replica of the TES band (denoted as TES-LO). The emission band with a wavelength
of 386.0 nm (3.21 eV), which can be observed in some unintentionally doped ZnO, is attributed
to the donor—acceptor pair (denoted as DAP)?? and/or another TES transition due to a second
donor with a different binding energy.®® Besides, a broad band emission in the wavelength
region 460—-550 nm can be observed. This band is the combination of deep levels such as
ionized oxygen vacancy [Vo 1,8 zinc interstitial state [Zn;],*> oxygen antisite state [07,],Y
oxygen interstitial level [0;],C" and zinc vacancy-related transitions.(+*

For samples S1 and S2, with the introduction of Er, the BEC band with a peak wavelength of
373.7 nm as sample SO can be identified. Besides, an emission band with a peak wavelength of
373.2 nm (3.323 eV) can be observed. For Zn with Er doping, although there is no obvious PL
emission band,®® the incorporation of Er may alter the binding energy of D°X®® and cause the
energy shift of the TES band. These reveal that the bonding environment varies. For sample
S3, with more Er causing binding state variation, a broad near-band-edge emission as the
combination of BEC and TES can be observed. Two broad bands around 470—520 nm (denoted
as CE) and 510-550nm (denoted as GE) can be observed for the Er-doped samples. The CE
band, with the corresponding energy of 2.5 ¢V, is identified as [Vo]®"*? and/or [Zn;].®? The
GE band, with the corresponding energy around 2.3 &V, is attributed to Oz, 0,8V and/or the
zinc vacancy-related transitions.***>) Thus, the incorporation of Er into the ZnO may alter the
structural binding state of the ZnO.

Figure 4 shows the current—voltage (/—V) characteristics of these ZnO diodes at room
temperature. A rectification character in forward bias and breakdown behavior in reverse bias
can be observed.

For a diode with the series resistance Rs, the diode /) character is(30)

q(V—=IXRs)

I =1Iy(e "7 —1), )]
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Fig. 4. (Color online) /-V characteristics of the ZnO diodes without Er doping (S0), with 1% Er doping (S1), with
5% Er doping (S2), and with 10% Er doping (S3).

where [y is the reverse saturation current, ¢ is the electronic charge, kp is the Boltzmann
constant, 7 is the temperature, and » is the ideality factor. To extract n and Rs from the /-V
character, one can rearrange the equation to

d_V_nkBT
dl ¢

+ I X Rs. 2

Then, n and Rs can be extracted using the plot of IdV/dI-I from the intercept and slope.
Figure 5 shows the IdV/dI-I plot of the diodes. The extracted n and Rs are listed in Table 1.
For the 1% Er-doped ZnO the high Rs value can be observed. The incorporated Er ions may
alter the bonding environment as shown in Fig. 3 and thus inhibit the carrier concentration®
generated from native defects. The reduction-of-defect effect may cause the high ethanol gas
sensor response for the 1% Er-doped ZnO."®  With the increase in Er content higher than
1% in ZnO, the carrier concentration increases as the interstitial of Er to Zn occurred, and Rs
decreases to 20.5 Q (S3). For the ideality factor n, a quantity greater than 2 can be observed for
all samples; n is 1 for the recombination of injected carriers in the neutral region and 2 for the
carrier recombination by mediated recombination centers in the space charge region.(37’38) The
ideality factor n greater than 2 reveals more recombination paths and the diode is far from being
ideal.®® For the heterostructured diode in this work, the high ideality may be caused by the
effect of heterojunction®® and/or the high defect density" in the ZnO:Er film.

For the Er-doped diodes operated in reverse bias, a green light emission can be observed with
a certain injection current. Figure 6 shows the electroluminescence spectra of samples S1, S2,
and S3 with a reverse-biased injection current of 100 mA at room temperature. The inset shows
a photo of light emission for sample S2. With spectral measurement, three emission bands in
the visible range can be observed. For the diode under reverse bias, as the concentration of
p-Si (5 x 10'8 cm_3) is higher than the electron concentration of ZnO:Er, the depletion region
of the diode is mainly in the ZnO:Er region. The electron—hole pairs, which were created
and accelerated in the depletion region by the high electric field, transfer the energy to excite
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Fig. 5. (Color online) IdV/dI-I plot of the ZnO Fig. 6. (Color online) Electroluminescence spectra
diodes with different Er contents at room temperature. of the Er doped ZnO diode samples S1, S2, and S3
with 100 mA injection current at room temperature.
The inset shows the photo of light emission for sample
S2.
Table 1

Structure, ideality factor (n), and series resistance (Rs) of the ZnO diode with different Er contents. The ratio of
Er/Zn in the precursor is shown in the parentheses.

Sample Structure Rs (Q) n

SO p-Si/Zn0O/ZnO:1n 335 4.5
S1 p-Si/ZnO:Er(1%)/Zn0O:1n 35.6 4.5
S3 p-Si/ZnO:Er(5%)/Zn0O:In 229 5.8
S4 p-Si/Zn0O:Er(10%)/Zn0O:In 20.5 7.5

“41.42) and cause the emissions of the diode. The emission bands

Er ions by impact ionization
are related to the energy state transitions of Er" of 2H11/2—>4115/2 (520-540 nm), 4S3/2—>4115/2
(549555 nm), and 4F9/2—>4115/2 (650—-670 nm).(43) The fine structure in the emission band is
caused by the variation of the host structure.* In sample SI, the weak emission intensity may
be caused by the low Er content. With the increase in Er content in the diode, the intensity of
sample S2 increases and three emission bands can be observed. For sample S3, the intensity
decreases and only two emission bands can be observed. The red emission band (650—670 nm)
cannot be observed for the diode with high defect density.*> This reveals the degradation of
the film quality of sample S3 and is consistent with the broad near-band-edge emission of PL

characterization in Fig. 3.

4. Conclusions

The properties of p-Si/ZnO:Er/ZnO:In diodes with various Er doping contents prepared
by spray pyrolysis were studied. The surface morphology and crystalline quality were
investigated. With the increase in Er content into ZnO, a broad near-band-edge emission and
varied deep-level emissions in PL spectra were characterized. The rectified /- behavior of
the diodes was characterized. High diode resistance for 1% Er-doped ZnO in the active region
with the inhibition of carrier concentration caused from defects shows extensive potential in
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sensor application. With the increase of Er content higher than 1% in the active region, diode

resistance decreases, and the incorporation of Er doping also induces certain defect states in

the active region. This causes the high ideality factor behavior and thus reduces the diode

luminescence efficiency.
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