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Self-aligned ZnO nanorods (NRs) were grown on n-Si(100) substrate by RF sputtering techniques.
The NRs are uniformly grown on 2-inch wafer along [0001] direction. Single-crystalline wurtzite
structure of ZnO NRs was confirmed by X-ray diffraction. The average diameter, height, and
density of NRs are found 48 nm, 750 nm, and 1.26 x 10'° cm ™2, respectively. The current-voltages
(I-V) characteristics of ZnO NRs/Si heterojunction (HJ) were studied in the temperature range of
120-300K and it shows a rectifying behavior. Barrier height (¢g) and ideality factor (1) were
estimated from thermionic emission model and found to be highly temperature dependent in
nature. Richardson constant (A") was evaluated using Richardson plot of In(I,/T?) versus q/kT plot
by linear fitting in two temperature range 120-180K and 210-300K. Large deviation in
Richardson constant from its theoretical value of n-Si indicates the presence of barrier
inhomogeneities at HJ. Double Gaussian distribution of barrier height with thermionic equation
gives mean barrier heights of 0.55 = 0.01eV and 0.86 £0.02¢eV for two different temperature
regions 120-180 K and 210-300 K, respectively. Modified Richardson plot provided two values of
Richardson constant for two temperature regions. However, for higher temperature range
(210-300K), the calculated value of Richardson constant ~123 A cm™ > K2 was close to the ideal

Richardson constant for n-Si. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4883961]

. INTRODUCTION

ZnO with large band-gap (~3.3eV) and large excitation
binding energy (~60meV), enchant many researchers inter-
est due to its remarkable performance in electronic and pho-
tonic devices.' In recent years, nanostructure materials have
attracted much attention due to their unique electronic, opto-
electronic, piezoelectric, and mechanical properties. The per-
formances of such nanodevices are expected to be superior
as the quantum confinement of charge carriers in small
dimension gives rise to spectacular variation in properties.>
ZnO nanostructures of various types such as nanowires
(NWs), nanotubes (NTs), and nanorods (NRs) have been
widely studied due to their unique material properties and
used in various applications such as gas sensors,* UV lasers,’
solar cells,® photodetectors, bio-sensors,” and light emitted
diode.® Due to the presence of native defects, zinc interstitial
vacancies, ZnO always behaves as n type semiconductor.’
ZnO NRs or thin film based heterojunction (HJ) were grown
upon various substrate such as Si,'°'? sapphire,® and
ITO." The junction between two materials plays an impor-
tant role in semiconductor devices and affecting the perform-
ance of the device. Normally, temperature dependent
current-voltage (I-V-T) characteristic is used to explain the
conduction mechanism and barrier inhomogeneities at
ZnO/Si HJ. Thermionic emission (TE) is always predominat-
ing carrier transport mechanism to extract barrier height
(¢pp) and ideality factor (1) at heterojunction in forward bias
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current voltage (/-V) characteristics. However, experimental
temperature dependent /-V data for various ZnO based heter-
ostructure shows rectifying behavior in forward bias.'> At
low temperature, majority carriers (electrons) do not get suf-
ficient energy to cross barrier and electrons start tunneling
through defects and lower the barrier heights. As temperature
increases, electrons gain sufficient energy to overcome
higher barrier thus with temperature barrier height increases
and ideality factor decreases.'®'” The nonlinearity due to
barrier inhomogeneities and defects at heterojunction is
determined from the activation plot In(Io/T 2) versus
q/KT."® ! Gaussian distribution of barrier height with thermi-
onic emission theory is one of the effective method to
explain temperature dependence of barrier height. The mean
barrier height and Richardson constant calculated using
Gaussian distribution to thermionic emission are found to be
close to theoretical values.'® Yilmaz er al?° analyzed
ZnO/n-ZnO NR HJ by using standard TE theory with the
assumption of a Gaussian distribution of the barrier heights.
In case of n-ZnO NWs/p-Si HJ diode, higher value of
Richardson constant is observed due to the presence of bar-
rier inhomogeneity phenomenon.”’ In the present paper,
effect of the temperature on the electrical transport behavior
of RF sputtering grown ZnO NRs/Si HJ is studied. The ex-
perimental results are explained on the basis of the TE model
with Gaussian distributions.

Il. EXPERIMENTAL PROCEDURE

ZnO NRs were deposited on 2-inch-Si wafers by RF
magnetron sputtering technique. The n-Si(100) substrates

© 2014 AIP Publishing LLC
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FIG. 1. FESEM images of ZnO NRs (a) top view, (b) 45° tilted, and (c) cross-sectional view.

(resistivity ~0.01-0.02 Q cm) were chemically cleaned fol-
lowed by dipping in 5% HF to remove the surface oxide.
ZnO target with purity (99.999%) were used as source mate-
rials and base pressure of vacuum chamber was maintained
up to 1 x 10~® mbar. The deposition was carried out in the
presence of pure Ar gas (99.999%) and chamber pressure
was maintained 2 x 10~?mbar during deposition. Substrate
temperature, target to substrate distance, RF power, and Ar
flow rate were kept at 500°C, 14 cm, 150 W, and 60 sccm,
respectively. The duration of NRs deposition was 2h.
Structural and optical characterization of ZnO nanorods was
carried out using X-Ray diffraction (XRD) and Raman spec-
troscopy. Surface morphologies were carried out using
Atomic Force Microscopy (AFM) and field emission scan-
ning electron microscopy (FE-SEM). Optical band-gap of
ZnO NRs was measured by diffused UV-Vis spectroscopy.
The aluminium (Al) circular contacts of diameter 500 um
were fabricated on ZnO NRs and on n-Si by thermal evapo-
ration using a physical mask. Temperature dependent /-V/
characterizations of the device were carried out on probe sta-
tion with Keithley-2612 system source meter.

lll. RESULTS AND DISCUSSION

Figs. 1(a)-1(c) show typical FE-SEM images of top
view, 45° tilted, and cross-sectional view of ZnO NRs,
respectively. It can be seen in the figure that the as-grown
NRs are vertically aligned and uniformly grown over the
entire substrate. The average length, diameter, and density of

rods are found to be approximately 750 nm, 48 nm, and
1.26 x 10"°cm 2, respectively. Figs. 2(a) and 2(b) show the
2-D and 3-D view AFM images of the ZnO NRs, which indi-
cates that NRs are uniformly distributed throughout the sub-
strate with average diameter of ~48nm. The structural
characterization of ZnO NRs was evaluated by XRD and
shown in Fig. 3(a). The appearance of the single peak at
34.64° in the 20-w scan indicating that ZnO NRs are highly
c-oriented along [0001] direction of hexagonal wurtzite
structure. The full width half maxima (FWHM) of (0002)
peak is 12 arcmin, which is consistence with earlier reported
value of the ZnO.*

The optical band gap of ZnO NRs was measured by dif-
fused reflectance spectroscopy over UV-Vis spectroscopy
and shown in Fig. 3(b). Diffused reflectance spectra were
converted into Kubelka-Munk transformed reflectance spec-
tra to calculate band gap of ZnO NRs.*> The band gap of
ZnO NRs was calculated by extrapolating the linear region
of (K x hv)? versus hy graph and found to be ~3.24eV
which is close to the literature values.”> The crystalline qual-
ity and lattice structures of ZnO NRs were further investi-
gated by micro-Raman spectroscopy and shown in Fig. 3(c).
Micro-Raman measurement was analyzed using back scatter-
ing geometry from spectra physics with the help of 50 mW
argon ion laser that is corresponding to 514.5 nm phonon ex-
citation. According to Senthil er al.,** there are only two
Raman active vibration modes E,(high) and A;(LO) are
allowed for the c-axies ZnO NWs. From the figure, it can be
seen that except the substrate peaks, a strong, peak is

FIG. 2. AFM images of ZnO NRs (a)
2-D view and (b) 3-D view.
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FIG. 3. (a) XRD 20-w scan, (b) variation of (K x hu)2 with photon energy (hv), and (c) Raman scattering spectra of ZnO NRs deposited on n-Si(100)

substrate.

appearing at 438 cm ™' that attributes to E, (high) mode. This
indicates that ZnO NRs are crystalline and having hexagonal
wurtzite structure. It may also be noted that there is a weak
peak appearing at 582cm ', is corresponding to E;(LO)
mode. The appearance of this peak confirms the presence of
oxygen vacancy and zinc interstitials, such type of the
defects are commonly observed in the undoped ZnO.?>-¢
The schematic diagram of the device is shown in
Fig. 4(a). The ohmic nature of Al contacts on Si and on ZnO
was confirmed by /-V measurements and shown in Fig. 4(b).
Fig. 5(a) shows room temperature /-V characterization of
n-ZnO NRs/n-Si heterostructure and the /-V characteristic
shows rectifying behavior which reveals formation of
Schottky barrier at ZnO NRs/n-Si HJ. The current rectifica-
tion ratio was calculated to be 3.6 at 2.5 V and leakage cur-
rent is 3.5mA. The smaller rectification ratio and large
leakage current behavior can be explained by Electron
Affinity Model (EAM). Due to smaller value of conduction
band offset than valance band offset, electrons flow as major-
ity carrier from Si to ZnO at HJ. Conduction band and val-
ance band offsets are calculated by using EAM model,
AEc=yzn0— 1si and AEy= E¢ 700 —Egsit+ AEc (where
XZnO — 435, Xsi— 405, Eg,ZnO =3.24 eV, Eg,Si =1.12 eV)
The value of conduction and valence band offsets are found
to be ~0.3eV and ~2.42eV, respectively. As temperature
increases, forward bias current increases with decrease in
turn on voltage. Fig. 5(b) shows the current conduction mech-
anism of ZnO NRs/n-Si HJ in forward bias condition at room
temperature. From the figure, three distinct regions (I, II, and
IIT) can be seen, which depend on the applied voltage. For

region I (V <0.6 V), current obeys Ohmic law, in which cur-
rent increases linearly with voltage (I ~ V) due to thermally
generated carrier tunneling. For region II (0.6 <V <1.65V),
current exponentially increases with voltage (I o« exp(aV)).
This mechanism wusually observed in wide bandgap
semiconductor heterojunction diode due to recombination
tunneling mechanism.?” The o= 1.69 V' was calculated by
using exponential fitting in this region. For region III
(1.65 <V <2.5V), current increases with voltage and satis-
fies power law (I o< V") where n = 3.3. In this region, current
follows space charge limited conduction mechanism in which
current conduction through heterojunction is due to single
charge carriers (electrons). Forward bias /-V characteristics
of ZnO NRs/n-Si heterostructure were measured at different
temperatures in the temperature range of 120-300K and
shown in Fig. 5(c). Thermionic emission model used to calcu-
late Schottky barrier height (¢g) and ideality factor (n) for
the ZnO NRs/Si HJ by fitting linear region of forward bias

I-V  characteristics. The [-V characteristics of n-ZnO
NRs/n-Si HJ is given by?*%°
qV
I1=1, — ] =15, 1
{CXP (nkT) } o

where 7 is the ideality factor and I, is reverse saturation cur-
rent given by following relation:
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FIG. 5. (a) Room temperature I-V characteristics of ZnO NRs/Si HJ, (b) current conduction mechanism, and (c) forward bias temperature dependent I-V char-

acteristics in temperature range 120-300 K.

Here A” is Richardson’s constant (~112 A cm 2 K2 for
n-Si), A is contact area, ¢ is electron charge, T is measure-
ment temperature in Kelvin, k is Boltzmann constant, and
¢p is effective Schottky barrier height. The ideality factor
(n) and effective barrier height (¢g) were calculated by fit-
ting linear region of the forward bias in Eq. (1). Fig. 6 shows
barrier height and ideality factor varies with temperature and
it can be seen from figure that barrier height increases and
ideality factor decreases with temperature in temperature
range 120-300 K. The barrier height and ideality factor vary
from 0.24 eV to 0.54 eV and 5.5 to 3.5, respectively, for tem-
perature from 120 to 300 K. Because of inhomogeneities and
presence of defects at HJ, barrier height shows temperature
dependent behavior.”>*' Chirakkara and Krupanidhi'®
reported that the barrier height for n-ZnO/p-Si HJ varies
from 0.60eV to 0.76eV as temperature increased from 300
to 390K. At low temperature, the electrons are able to sur-
mount the lower barriers and current transport is dominated
by current flowing through the defects or intermediate states
at ZnO NRs/Si interface. As the temperature increases, the
more electrons have sufficient energy to surmount the higher
barrier and as a result, the dominant barrier height increases
with temperature.

Non-ideal behavior of n-ZnO NRs/n-Si HJ diode can be
explained by Richardson plot (In(I,/T?) versus q/kT) using
rearrangement of reverse saturation current equation
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FIG. 6. Temperature dependent variation of ideality factor and barrier height
of ZnO NRs/Si HIJ.
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In (;02) = In(AA*)
By linear fitting of Richardson plot for different temperature
ranges, it gives Richardson constant and barrier height. Fig.
7 shows temperature dependent In(I/T?) versus q/kT plot for
120-300K temperature region. Richardson plot gives two
linear regions for two different temperature ranges
120-180K and 210-300K. The calculated values of
Richardson constant (A") and barrier height (¢p) for first
region (120-180K) are 1.02 x 1007 A em? K2 and
0.028 eV, whereas corresponding value for the second region
(210-300K) are 1.20x107® A cm 2 K2 and 0.067eV.
Larger changes in the Richardson constants indicate the pres-
ence of barrier inhomogeneities at HJ, which results in large
deviation in barrier height for both temperature ranges.
Tung'? reported Gaussian distribution of barrier height using
thermionic equation with mean barrier height (¢z) and
standard deviation (g) of barrier height. Small value of
standard deviation is observed for less barrier inhomogene-
ities at junction. Gaussian distribution of barrier height can
be given as'

! [ <¢B—¢_B>}
P = exp|— ———%|, 4
(d)B) 0\/2.7; Y 202
-22.0
-22.5 * 6 22
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FIG. 7. Richardson plot of In(I,/T 2) versus q/kT.
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where the effective barrier height can be represented as a
function of q/2kT, given as

qo*

¢B:¢B_ﬁ' &)

Fig. 8 shows effective barrier height versus q/2kT plot as
function of temperature. By using linear fitting, intercept
point of straight line at zero gives mean barrier height (¢p)
and slop of line gives standard deviation (¢%). Observation of
two different linear regions (temperature range 120-180K
and 210-300K) indicates double Gaussian distribution of
barrier height at n-ZnO NRs/n-Si HJ.>* For these two
Gaussian region, calculated value of mean barrier height and
standard deviation (¢%) are 0.55+0.01eV and 0.0065
(120-180K for region I) and 0.86 =0.02eV and 0.017
(210-300K for region II), respectively. At low temperatures,
electron does not have enough energy to surmount the barrier
and it will tunnel through the defects at the interface. Hence,
at low temperature (120-180 K), the current is dominated by
field effect (FE) mechanism as tunneling-dominated current
transport.®> At higher temperature (210-300K), the carriers
have enough energy to surmount the barrier and current
transport is dominated by TE mechanism.

For the calculation of Richardson constant, Gaussian
distribution applied to the Richardson constant equation that
gives modified Richardson constant equation as stated below

Io ngz)_ o 9Ps
1<ﬁ>‘<zk—T =447 -2 ©

Fig. 9 shows modified Richardson plot of In(13) — (%)
versus q/2kT. Mean barrier height and Richardson constant
were calculated from the slop and intercept of the linear fit-
ted curve. Richardson constants and mean barrier heights are
136.3 A cm 2K 2 and 0.55eV for region I (120-180K) and
1234 A cm 2 K2 and 0.86eV for region II (210-300K),
respectively. Mean barrier height value has resemblance to
mean barrier height obtain from Gaussian distribution of bar-
rier height plot. At higher temperature range (210-300 K),
Richardson constant value is more close to theoretical value
of Richardson constant of n-Si (112 A cm 2 Kfz) than lower
temperature region (120—180K). Somvanshi and Jit*' also
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FIG. 8. Plot of effective barrier height versus q/kT.
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FIG. 9. Modified Richardson plot of In (%) - (;’;{Tg versus q/2kT.
reported the deviated of Richardson constant from 32 A
em 2 K2 to 49 A cm 2 K2 for n-ZnO. Consideration of
barrier inhomogeneities distribution at junction gives more
appropriate value of Richardson constant. Quemener er al.*®
fabricated HJ by atomic layer deposition and the barrier
heights to be found 0.61eV and 0.52eV for n-ZnO/n-Si HJ
and n-ZnO /p-Si HJ, respectively, for temperature range
180-280 K. In the present study, the barrier height extracted
using Gaussian distribution and modified Richardson plot for
higher temperature range (210-300K) gives mean barrier
height 0.86eV which is slightly higher than earlier reported
value.?’ The higher barrier height value could be due to the
presence of a thin oxide layer (<3 nm) between ZnO and Si,
which is commonly found in RF sputtered HJs.

IV. CONCLUSION

ZnO NRs were uniformly grown of 2-inch Si wafer by
RF sputtering. The average diameter, height, and density of
NRs are measured from FE-SEM and found to be 48 nm,
750 nm, and 1.26 x 10100m72, respectively. XRD 20-w scan
revealed that NRs are highly c-oriented along [0001].
Electrical /-V characterization of ZnO NRs/Si HJ was inves-
tigated in the range of 120-300 K. Ideality factor and barrier
height of the HJ were estimated from TE and found to be
highly temperature dependent in nature due to the presence
of defects and barrier inhomogeneities at junction. Linear fit-
ting of In(I,/T?) versus q/kT plot gives two different
Richardson constant values in 120-180K and 210-300K
ranges. Large deviation in Richardson constant indicates the
presence of barrier inhomogeneities at junction. Double
Gaussian distribution of barrier height with thermionic emis-
sion gives mean barrier heights 0.55eV and 0.86eV for two
different temperature regions 120-180K and 210-300K,
respectively. Modified Richardson constant ~123 A cm ™2
K2 in the temperature range of 210-300K is close to theo-
retical value of n-Si, indicating that the TE model with a
Gaussian distribution of barrier heights could explain the
experimental data.
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