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P-SnO/n-Si heterojunctions were constructed by using e-beam evaporation in combination with
ultra-violet lithography technique. The current-voltage and capacitance-voltage characteristics of
the pn heterojunctions were systematically investigated, through which the diode parameters, such
as the turn-on voltage, forward-to-reverse current ratio, series resistance, ideality factor, and build-
in voltage, were also determined. In particular, the pn heterojunctions presented a relatively good
electrical rectifying behavior, with a forward-to-reverse current ratio up to 58 =5 at =2.0V. The
relative permittivity and work function of the SnO films were measured to be 18.8 = 1.7 and
4.3 eV, respectively. The energy band diagram of the heterojunctions was depicted in detail, which
can interpret the rectifying behavior very well. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916664]

Oxide semiconductors are one of backbone materials for
practical applications such as gas or gamma radiation sensor,
solar cell, lithium rechargeable battery, photocatalyst, elec-
tronic switch for flat-panel displays, and so on.'® However,
most of oxide semiconductors show n-type conduction. Even
though the presence of a limited number of p-type oxides,
their p-type conductivity still lags behind with respect to the
n-type counterparts. So the obvious unbalanced development
between the n-type and p-type oxide semiconductors
severely limits the potential applications in oxide-based
complementary devices/circuits, optoelectronic devices, etc.
Tin monoxide (SnO), as an intrinsic p-type oxide semicon-
ductor, has gained attractive attentions in the past few years.
SnO has been studied as the anode material of lithium
rechargeable batteries,” the channel material of p-type or
ambipolar thin-film transistors,*'? and the p-type semicon-
ductor material in the pn junctions.'*'®

The pn junctions usually serve as "building blocks" in
the semiconductor devices such as solar cells, light-emitting
diodes, photodetectors, rectifier diodes, and bipolar transis-
tors. According to the literature, p-SnO/n-SnO,"* p-SnO/n-
Zn0,"*" and p-SnO/n-Sn0,'® junctions have been studied
previously. The energy band diagrams'*'® of the pn junc-
tions were depicted by using the optical direct bandgap
(2.5-3.4) of SnO,16’17 regardless of the fact that SnO has an
indirect fundamental gap (0.5-0.7 eV).*'® Basically, the fun-
damental gap should be applied in the energy band diagram
of the pn junctions, because that the energy band diagram of
a pn junction describes the electrical behaviors, e.g., the
band offsets for electron and hole transport. In this work, p-
SnO/n-Si heterojunctions were constructed, and their energy
band diagram was depicted based on the basic physical
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parameters derived from current-voltage
capacitance-voltage (C-V) measurements.
SnO thin films were deposited on n* Si (100) silicon
wafers at room temperature using an e-beam evaporation
system with high-purity SnO, powders as the source mate-
rial. The growth mechanism was presented elsewhere.'” The
nominally undoped SnO films, ~130nm in thickness, were
prepared with a deposition rate of 1.8 nm/min. Before being
loaded into the deposition chamber, the silicon substrates
were cleaned by organic solvents (acetone and alcohol) and
deionized H,O. Subsequently, the wafers were dipped into a
5% HF solution for 5min to remove the surface oxide film.
Each layer in the heterojunction was defined by standard li-
thography, as schematically shown in the inset of Figure 1.
The Ni/Au films were evaporated both on silicon wafer and
SnO film as electrodes. The lift-off process was carried out
by an ultrasonic-assisted cleaning in the organic solvents.
After that, the samples were immediately treated by rapid
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FIG. 1. I-V characteristics of the p-SnO/n-Si heterojunction and the corre-
sponding device structure diagram (inset).
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thermal annealing at 350°C for 10min in argon ambient.
The influence of the annealing temperature on the electrical
properties of the junctions is given in the supplementary ma-
terial (Figure S1).%

The thickness of SnO films were determined by a spec-
troscopic ellipsometer (M-2000DI, J.A. Woollam Co., Inc.).
The work function of the SnO films was measured by the
ultraviolet photoelectron spectroscopy (UPS) system (Kratos
AXIS ULTRAP™P). A He I (21.2¢eV) excitation line was
used and a reverse bias of —7.55V was applied on the sam-
ples during the UPS measurement. Moreover, the Au Fermi
edge was taken as a reference. The work function ® was
determined by the following relationship:

® = hv — AE, ey

where AE is the energy difference between Fermi level and
secondary electron cutoff, and hv is the ultra-violet (UV)
source energy (21.1eV).*® The carrier concentration of the
SnO film and Si substrate was measured at room temperature
using a Hall-effect measurement system (HP-5500C, American
Nanometrics). -V and C-V characteristics of the heterojunc-
tions were measured at room temperature in the dark using a
semiconductor parameter analyzer (Keithley 4200-SCS).

Figure 1 shows a representative I-V curve of the p-SnO/
n-Si heterojunctions, and the inset shows their schematic
structure. The forward turn-on voltage was about ~1.1V,
and a low leakage current was observed under reverse bias.
The forward-to-reverse current ratio was 58 =5 at =2.0V
averaged from more than 10 samples, which is more compet-
itive than the previously reported results based on p-
SnO. 1315

To in depth understand the electrical behaviors of the p-
SnO/n-Si heterojunctions, the ideality factor and the series
resistance were deduced from the I-V characteristics, as
shown in Figure 2. The ideality factor n could be determined
by using the usual junction rectification model in the low
bias region

%
I—Io{expnqkT—]} )

where /j is the maximum reverse current, ¢ is the electronic
charge, V is the applied voltage, £ is the Boltzmann constant,
and T is the absolute temperature. According to the Sah-
Noyce-Shockley (SNS) theory, the ideality factor varies
between 1.0 and 2.0. However, the ideality factor extracted
from experiment is usually larger than 2.0, which was sug-
gested to be due to the presence of interdiffusion, highly
strained interface, high series resistance, or parasitic rectify-
ing junctions within the device.?'?® The ideality factor in
this study was about 5.5. The relatively large value might be
due to the interdiffusion at the SnO/Si interface, because
there is little strain between polycrystalline SnO thin films
and Si substrate, as well as a small series resistance of our pn
junction. In general, the series resistance R has the follow-
ing relationship with the forward current:*’
q(v 1&)]. 3)

Izloexp[ T
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FIG. 2. The linear fit to the In(|J|) curve (a) and the curve of dV/dIn(I)-I (b)
for the p-SnO/n-Si heterojunction.

Based on formula (3), the above relation can be further
developed as follows:*®

dav nkT
= —+IR;. 4
an) - ¢ + IR, “)

So, the R can be deduced from the intercept of dV/dIn(I) vs.
I plot. The extraction of the series resistance in such two-
terminal device has already been used. For example, series
resistance of 483-533 Q and 25-45 Q was derived in the n-
ZnO/p-Si and n-ZnSe/p-Si heterojunction, respectively.?*-*°
In our case, a series resistance as low as ~7.3Q was
obtained.

Figure 3 displays the plot of 1/C*-V curve derived from
the C-V measurement with a working frequency of 1 MHz.
It is linear in the reverse region ranging from 0 to —3 V, con-
firming that the junction is electrically abrupt. According to
Anderson’s abrupt junction diffusion model, the relation
between the unit area capacitance and applied voltage can be
expressed as

1 Z(SPSONP + SNSQNN>(VD — Va)

— = . 5
C2 SPS%SN(]NPNN ( )
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FIG. 3. The linear fit to the 1/C-V curve of the p-SnO/n-Si heterojunction.

Here, C is the unit area capacitance of the heterojunction, V,
is the applied voltage imposed on the electrodes, ¢ is the
vacuum permittivity, and ¢p and ¢y are the relative permittiv-
ities of SnO and Si, respectively. The hole concentration Np
in the SnO layer and the electron concentration Ny in the Si
wafer were, respectively, determined to be ~1.0 x 10" and
~1.0 x 1019/(:m3 according to the Hall-effect measurements.
Build-in voltage Vp of 0.34V can be obtained from x-axis
intercept from a linear fit, as shown in Fig. 3. The slope of
1/C2—V curve can be expressed as

d(C)7 N 72(8P80NP + SNS()NN) (6)

dVa - SPS%SNQNPNN '

Hence, in conjunction with the known parameters, the rela-
tive permittivity of SnO can be deduced to be 18.8 = 1.7
based on the statistic results. The relative permittivity of
SnO was reported to be 15 by Ogo et al.,'* but they did not
show any detailed information.

It is well known that the band diagram plays an impor-
tant role in describing the working mechanism of the electric
or optoelectronic devices. Essentially, a vital physical picture
of a pn junction is the band alignment, which provides basic
instruction to the device designers.®’ Figure 4 illustrates the
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FIG. 4. The energy band diagram of the p-SnO/n-Si heterojunction.
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equilibrium energy-band diagram of the p-SnO/n-Si hetero-
junction, in which the interfacial states as well as the possi-
bly existing ultrathin silicon oxide films between SnO and Si
are not taken into considerations. The electron affinity of
SnO is 3.7eV  calculated by the relationship
%(SnO) = Ip(SnO) — E,(SnO), where the ionization poten-
tial of SnO /p(SnO) and the indirect band gap of SnO
E,(SnO) are, respectively, taken as 4.4 and 0.7 eV.518 The
work function of SnO is determined to be 4.3eV from the
UPS measurement, as shown in Figure 5. The parameters
related to Si are from the literatures, i.e., the work function
of 4.07 eV, the electron affinity of 4.05 eV,%? and the band
gap of 1.12eV."®3? As the electron concentration of Si is
much lower than the hole concentration of SnO, the deple-
tion space charge mainly locates at SnO side. It can be
derived that the absolute conduction band offset AEc
= Ec(Si) — Ec(SnO) is equal to 0.35 eV, while the valance
band offset AEy = Ev(Si) — Ey(SnO) = E,(Si) — E¢(SnO)
+AE-=0.77eV. According to the energy band diagram
depicted in Figure 4, an applied voltage (Vp + |AEc/q|) of
0.69V is necessary for transporting electrons from Si to
SnO, while (Vp + |AEy/q|) of 1.12'V for transporting holes
from SnO to Si. Based on the established energy band dia-
gram, the forward I-V properties of the p-SnO/n-Si hetero-
junction can be divided into three zones. As the forward bias
is less than 0.69V, the current is relatively weak because
both electrons and holes are blocked. Once the forward bias
exceeds 0.69 V, the forward current begins to increase gradu-
ally due to the injection of electrons from Si to SnO. When
the forward voltage is close to 1.12'V, the heterojunction is
totally turned on, because both electrons and holes can con-
tribute to the overall current. The above predicted features
such as the three operating zones and the turn-on voltage are
in good agreement with the experimental I-V results, imply-
ing that the established energy band diagram is convincing.
In summary, p-SnO/n-Si heterojunctions were fabri-
cated, which exhibits a forward turn-on voltage of ~1.1V
and a forward-to-reverse current ratio of 58§ =5 at =2.0V.
The diode parameters, such as series resistance, ideality fac-
tor, and build-in voltage, were also determined. The relative
permittivity and work function of the SnO films were
deduced to be 18.8 =1.7 and 4.3eV, respectively. The
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FIG. 5. He I UPS spectra of the SnO films deposited by e-beam evaporation.
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established energy band diagram of the heterojunction could
account for their I-V characteristics very well. These results
would deepen our knowledge of the fundamental physical
properties of the SnO material.
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