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ZnO micro-prisms are prepared on the p-type and n-type Si substrates, separately. The I-V curves analysed by

AFM show that the interface junctions between the ZnO micro-prisms and the p-type substrate and between the ZnO

micro-prisms and the n-type Si substrate exhibit p—n junction behaviour and ohmic contact behaviour, respectively. The

formation of the p—n heterojunction and ohmic contact is ascribed to the intrinsic n-type conduction of ZnO material.

Better field emission performance (lower onset voltage and larger emission current) is observed from an individual ZnO

micro-prism grown on the n-type Si substrate. It is suggested that the n-Si/n-ZnO interfacial ohmic contact benefits

the electron emission; while the p-Si/n-ZnO interface heterojunction deteriorates the electron emission.
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1. Introduction

Field emission is one of the fascinating properties
of one-dimensional structures due to their high aspect
ratios. In virtue of the potential applications in the
flat panel displays,!!! electron microscopes,?! and mi-
crowave devices,?! researches on field emission have
been extensively carried out in several fields, such as
nanotubes,[* nanowires® and nanorods,® etc. The
low electron affinity, chemical inertness, thermal sta-
bility and wide band gap of ZnO hint that it may be a
promising candidate as an electron emitter material.
The studies[™® have proved that the ZnO 1D materi-
als can easily achieve ImA /cm? emission current den-
sity that is the minimum value to produce 300cd/m?
luminance for video graphics array (VGA) display at a
low field. The eximious properties and promising ap-
plications of ZnO material attract tremendous atten-
tion to its field emission behaviour. In order to obtain
the better field emission performance (large emission
current density at a low applied field), many groups

have studied the influences of absorbate,®! chemical

doping,[""!" and morphology!'! on the field emission
behaviour. However, there are few reports addressing
the influence of substrate on the field emission be-

haviour.

In this paper, we investigate the influence of inter-
face junction between the roots of ZnO micro-prisms
(ZOMPs) and the Si substrate on the field emission be-
haviour from ZOMPs. The ZOMPs were synthesized
on p-type and n-type Si substrates, separately. Field
emission measurement of single ZnO micro-prism was
performed in atomic force microscope (AFM) config-
uration. By comparing the field emission data, it is
found that the ZOMP grown on the n-type Si sub-
strate exhibits the better electron emission perfor-
mance than on the p-type Si substrate. Namely, the
interface junction between the ZOMP and substrate
plays an important role in determining the field emis-

sion property.

2.Experiment and results

The ZOMP arrays were prepared by catalyst-free
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chemical vapour deposition (CFCVD). The Zn pow-
der with purity of 99.99% and Si substrate were placed
at the bottom and the open end of an inner tube, re-
spectively. On purpose to investigate the influence
of interface junction between emitter material and Si
substrate on field emission, two p-type and n-type
Both of the sili-

con substrates (8 x 8mm) were subject to ultrasonic-

Si wafers were used as substrates.

cleaning in ethanol and deionized water, and then to
drying by N5 in sequence. Oxygen was introduced
into the deposition chamber at a fluence of 10 sccm
when the temperature reached 500°C. Oxygen and Zn
vapours converged on the substrates because of the
circumfluence of oxygen gas; as a result, grey prod-
ucts were observed after deposition. Observation of

morphology was performed using a scanning electron

9 ‘% - A0
S < S,

microscope (SEM, JEOL-6360LV). I-V characteris-
tic and field emission were investigated by using an
atomic force microscope (AFM, SPI3800-SPA300HV).

Scanning electron microscopic images reveal the
general morphology of highly dense and well-aligned
ZOMP arrays. The images in Figs.1(a) (Low magni-
fication) and (b) (high magnification) are the bird’s
eye view of ZnO microstructures grown on the p-
type Si substrate, while the images in Figs.(c) (Low
magnification) and (d) (high magnification) are the
oblique view of the ZnO microstructures grown on
the n-type Si substrate. The well-faceted hexagonal
cross-sections of the individual ZOMPs were observed
to have diameters in the 1-2um range in the products

on both p-type and n-type Si substrates.

Fig.1. Scanning electron microscopic images of ZnO micro-prisms. Images (a) and (b) are bird’s eye

view of ZOMPs grown on a p-type Si substrate; Images (c) and (d) are the oblique view of ZOMPs

grown on an n-type Si substrate.

Prior to measuring the electrical characteristics,
the topographies of ZOMP arrays were obtained us-
Figures 2 (a) and (b)

show the topographies of ZnO microstructures on the

ing an AFM contact mode.

p-type and n-type Si wafers. One can find that the

diameters of ZnO micro-prisms range from 1-2pm for
both samples, which is in accord with the observation
of SEM. No obvious convolution effect in imaging was
observed as reported by Park et al,'?l which may be
related to the large diameters and flat tops of ZOMPs.
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Fig.2. AFM images of ZOMPs grown, separately, on a p-type Si substrate (a) and on an n-

type Si substrate(b). The diameters of ZOMPs grown on both p-type and n-type substrates

range from 1-2pum.

I-V characteristic measurements of the interface
junction between the Si substrate and a single ZOMP
were conducted in AFM configuration. To avoid
the formation of Schottky barrier between the top of
ZOMP and AFM tip, we selected a Pt-coated AFM
tip in measurement because the work functions of ZnO
and Pt are approximately the same (5.3eV). The sam-
ples were adhered to the sample stage by conduct-
ing glue. The Pt-coated conducting tip was placed
on the top surface of an individual ZnO micro-prism
and served as cathode and anode under the forward
and reverse bias, respectively. Figure 3(a) shows
the Schematic illustration of the I-V measurement
by AFM. Both of the samples are subject to a for-
ward bias (0-5V) and a reverse bias (0—-5V). The
I-V curves of the interface junction are depicted in
Fig.3(b). It is clearly seen that the interface junc-
tion between the p-type Si substrate and the ZOMP
obviously exhibits the I-V curve being nonlinear and
rectifying behaviour, while the interface junction be-
tween the n-type Si substrate and the ZOMP displays
the I-V curve of the ohmic contact being linear. The
I-V characteristic curve of the p—n interface junction
shows a turning point at a voltage of about 1V for
the forward bias and a breaking point at a voltage
of —4.9V for the reverse bias. From the I-V curves,
one can find that the interface junctions act as p—n
and ohmic junctions for the ZOMPs with the p-type
substrate and the n-type substrate respectively. The
p—n and ohmic junctions are presumably formed due
to the intrinsic defects (oxygen vacancies and Zn in-

terstitial atom)[l?’] appearing in ZnO material which

can turn the ZOMP into natural n-type conduction.
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Fig.3. (a) Schematic illustration of the I-V measure-
ment by AFM and (b) I-V curves of the interface junc-
tion between individual ZnO micro-prism, separately,

with a p-type and an n-type Si substrate.

To avoid the uncertainty and the screen effect!14

of field emission from such a bushy forest of emitters,
we studied the field emission from a single ZOMP by
using AFM. In this measurement, the Pt-coated con-
ducting tip acting as an anode was hoisted up 10um
above the top surface of an individual ZnO micro-
prism acting as a cathode (Fig.4(a) shows the dia-

grammatic sketch). The working pressure was 107
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Torr without baking the samples. The relationship
between the field emission current I.niss and the ap-
plied voltage V,pp1 is shown in Fig.4(b). In Region (i),
the weak current just emerge from the background
noise. The fluctuation of the current in Region (ii)
is evidence of degasification. Both degasification and
electron emission coexist in Region (iii), i.e. the tran-
sition region. The real electron emission behaviour
takes place when the applied voltage is increased to
3.4V as indicated in Region (iv). The onset voltage
(defined as the voltage at which Iopmiss can be just dis-
tinguished from the background noise) of the emitter
based on the n-Si/n-ZnO ohmic interface junction is
1.5V that is 0.5V lower than based on the p-Si/n-ZnO
interface junction. In addition, the emission current
from the ZOMP based on the n-Si/n-ZnO ohmic in-
terface junction is higher than based on the p-Si/n-
ZnO interface junction as shown in Region (iv). Even
though the applied voltage is increased to 4.9V (re-
verse breakdown voltage), no jump of emission current
is found for the p—n interface junction based on ZnO
micro-prism. The possible reason is that the potential
is shared by the space charge layer of the p—n inter-
face junction and work distance between AFM tip and

ZOMP.
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Fig.4. (a) Schematic illustration of field emis-

sion measurement by using AFM. (b) Field emission
Temiss—Vappl curves from the individual ZnO micro-
prism grown, separately, on a p-type substrate and an

n-type Si substrate.

The relationship between the emission current
and the applied voltage can be analysed using
the Fowler-Nordheim equation,*®! i.e. plotting
1H(Iemiss/Va2pp1) versus 1/V,pp1. Figure 5 shows the
F-N plots obtained from the measured Ieiiss—Vappl
curves, which clearly indicate that the behaviours of
the samples vary with applied voltage increasing and
may be sequentially described in the following four
phases: (i) background noise, (ii) degasification, (iii)
transition process, and (iv) actual emission as indi-
cated in Fig.5. It can be seen that the curves in the
emission phase (iv) are consistent with the F-N tun-
nelling mechanism by exhibiting a roughly linear de-
pendence; accordingly, the electron emission exhibits
the behaviour of tunnelling through the surface bar-
rier. The intense fluctuations of the data in the phases
(ii) and (iii) presumably were derived from the follow-
ing facts: (a) the ZnO microstructure was not heat-
treated for desorbing the gas; (b) the emission current
from an individual ZOMP was too small to be moni-

tored accurately.
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Fig.5. F-N plots obtained from the Iemiss—Vappl

curves. The different regions of the curves exhibit dif-

ferent behaviours as indicated.

The better electron emission properties of the
ZOMP on n-type Si substrate may be ascribed to the
contribution of the n-Si/n-ZnO ohmic contact. For the
ZOMP grown on the p-type Si substrate, the interface
junction serves as a p—n junction owing to the intrinsic
n-type conduction of ZnO material. When measuring
the emission current, a reverse bias is applied to the
p-Si/n-ZnO interface junction. As a result, the rec-
tifying behaviour restricts the electron injection into
the ZOMP, i.e. the electron density of ZOMP based
on the p-type Si substrate is less than on the n-type
Si substrate. Grounding on the tunnelling mecha-

nism, the quantity of emission electrons is expressed
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as Nemission = T X No. (The tunnelling coefficient T is
fixed by the electron energy and the height and width
of the barrier.) So the emission current is limited by
the rectifying behaviour of the p-Si/n-ZnO interface
junction.

As far as the interface junctions are concerned,
both of them are heterojunctions (n-Si/n-ZnO, p-Si/n-
ZnO). The schematic diagrams of energy band are
shown in Fig.6. Due to the discrepancy between band-
gaps of Si(1.12eV) and ZnO(3.37eV), there exist dis-
continuities: AF, in conduct band and AFEy in va-
lence band (where AE, + AEy = Ey 700 — Eg si).

For the n-Si/n-ZnO heterojunction shown in
Fig.6(a), the peak AE, is smaller than the gap AEy.
If the ZnO micro-prisms were doped moderately, the
barrier peak AFE. would be low enough and the de-
pletion layer would be thin enough for electron tun-
nelling, so the transportation characterization would
be of ohmic contact. The big gap AFEy in valence
band would not affect the transportation characteri-
zation notably because the hole is in minority on this
occasion. When a reverse bias was applied, there was
no obvious change in AE, and AEy, so the n-Si/n-
ZnO heterojunction here acts as a fixed ohmic resistor

and its -V curve is consistent with that of our exper-

Vol. 15
iment (Fig.3(b)).
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Fig.6. The schematic diagrams of energy band for
n-Si/n-ZnO heterojunction (a) and p-Si/n-ZnO het-

erojunction (b).

For the p-Si/n-ZnO heterojunction shown in
Fig.6(b), the current density is

Dn i
JZJn+Jp:q< 7SnSi‘|‘
L, s

Here, D and L are diffusion coefficient and diffusion
length, n and p are the electron density and the hole
density, V is the voltage on the heterojunction, kg is
Boltzmann constant. From this equation, we find that
the relationship between current density J and volt-

age V follows the Shockley equation!'® like the p—n

Dp,ZnO
PzZnO
Lp,ZnO

o (£ 1] 8

homojunction, which is confirmed by experiment in
Fig.3(b).

tion of the heterojunction is more complex than that

However, the transportation characteriza-

of homojunction. Equations (2) and (3) describe in
detail the electron current density and the hole cur-

rent density, respectively:

gDy sinzno —q(Vp — AE,) qV
gy = g, 2
Losi P { koT PN\ kT 2)

gDy znonsi —q(Vb + AEy) qV
J, = oy 3
P Lpsi P { koT PN\ kT (3)

In this case, the heterojunction consists of p-type
Si (narrow band-gap) and n-type ZnO (wide band-
gap), so the AE. and AEy are both positive. Thus,
the barrier height for electrons decreases from ¢qVp to

qVp—AE,, while the barrier height for holes rises from

qVp to q¢Vp + AEy. When the field emission perfor-
mance is measured, a reverse bias is applied to this
heterojunction, the barrier heights for both electrons
and holes are raised, accordingly, the emission current

is limited, which is different from the transportation
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of n-Si/n-ZnO heterojunction.
3. Conclusion

ZnO micro-prisms are prepared on the p-type and
n-type Si substrates, separately. The I-V curves of
the samples indicate that the interface junctions be-
tween substrate and root of micro-prism act as p—n
junction and n—n junction because of the intrinsic n-
type conduction of ZnO. Field emission measurements

show that the individual ZOMP grown on an n-type

Si substrate exhibits better electron emission perfor-
mance than on a p-type substrate. In view of this, we
deem that the n-Si/n-ZnO interfacial ohmic contact
makes a contribution to the electron emission; how-
ever, the p-Si/n-ZnO interface junction deteriorates
the electron emission. This study opens up possibil-
ities for using ZnO as the cathode material in field
emission devices just by selecting appropriate materi-

als as its substrates.

References

[1] De Heer W A, Chatelain A and Ugarte D 1995 Science
270 1179

[2] De Jonge N, Lamy Y, Schoots K and Oosterkamp T H
2002 Nature (London) 420 393

[3] Huang X M H, Zorman C A, Mehregany M and Roukes
M L 2003 Nature (London) 421 496

[4] Song J H, Zhang G M, Zhang Z X, Sun M Y and Xue Z
Q 2004 Acta Phys. Sin. 53 4392 (in Chinese)

[5] Chen L, Wang M S, Zhang G M and Zhang Q F 2005
Chin. Phys. 14 181

[6] Yamashita T, Hasegawa S, Nishida S, Ishimaru M, Hirotsu
Y and Asahi H 2005 Appl. Phys. Lett. 86 082109

[7] Tseng Y K, Huang C J, Cheng H M, Lin I N, Liu K S and
Chen I C 2003 Adv. Funct. Mater. 13 811

[8] Lee CJ, Lee T J, Lyu S C and Zhang Y 2002 Appl. Phys.
Lett. 81 3648

[9] Zhang Z X, Zhang G M, Hou S M, Zhang H, Gu Z N, Liu
W M, Zhao X Y and Xue Z Q 2003 Acta Phys. Sin. 52
1282 (in Chinese)

[10] Charlier J C, Terrones M, Baxendale M, Meunier V,
Zacharia T, Rupesinghe N L, Hsu W K, Grobert N, Ter-
rones H and Amaratunga G A J 2002 Nano. Lett. 2 1191

[11] Zhao Q, Zhang H Z, Zhu Y W, Feng S Q, Sun X C, Xu J
and Yu D P 2005 Appl. Phys. Lett. 86 203115

[12] Park W I, Yi G C, Kim J W and Park S M 2003 Appl.
Phys. Lett. 82 4358

[13] Park C H, Zhang S B and Wei S H 2002 Phys. Rev. B 66
073202

[14] Jo S H, Tu 'Y, Huang Z P, Carnahan D L, Wang D Z and
Ren Z F 2003 Appl. Phys. Lett. 82 3520

[15] Fowler R H and Nordheim L 1928 Proc. R. Soc. London
Ser. A 119 173

[16] Shockley W 1949 Bell System Tech. J. 28 435



