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ABSTRACT

We present ZnO nanorod/ZnO thin film structures synthesized at different
molarities and growth times using a hydrothermal method, exhibiting uniquely
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6 June 2022 solar sensing characteristics. ZnO thin film was deposited on p-Si(100) substrate
by using RF sputter. ZnO nanorods with different molarities (10 and 20 mM)
© The Author(s), under and growth times (2, 3, and 4 h) were fabricated at 90 °C by using the

hydrothermal method on the n-ZnO/p-Si. The surface texture was also exam-
ined by scanning electron microscopy. The diameter of ZnO NRs was in the
range of 62-119 nm. The current-time measurements were done under solar
light illumination intensity (50 and 100 mW /cm?) and forward bias voltage (1, 5,
and 10 V). Decay time (z), rise time (z,), detectivity (D*), responsivity (R), and
sensitivity (S) parameters were calculated. Samples produced at 2 h and 3 h in
10 mM solution performed best due to low 14, 7,, and high D* R, S. Especially,
the S for the PDjp, changed from 4.24 to 11.8, while it was in the range of
0.41-7.33 for the PD; 5. The R was 5.81 AW~ ! in PD;(, and 1.19 AW ! in PD;s.
The D* was 10°~10"" emHz!/?/W in PD;g, and 10'°-10"" emHz!/?/W in PDj;
at+ 6 V.
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nanostructures have various applications such as
transistor, gas sensor, spintronic, solar cell, photodi-

1 Introduction

Zinc oxide (ZnO) is the most attractive semiconduc-
tor for electronic applications, because of its large
bandgap energy of 3.37 eV, high exciton binding
energy with 60 meV, electrical conductivity, and
optical transparency. ZnO can be grown as different
kinds of one-dimensional (1D) nanostructures such
as nanocombs, nanorods (NRs), nanobelts,
nanoflowers, and nanopillars. These ZnO
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ode, and UV photodetector applications [1-3]. Many
efforts have been made on 1D ZnO which improves
the photodetection and photoresponse behaviors. It is
known that photodetection and photoresponse of the
ZnO NRs depend on the surface condition, structural
quality, methods of synthesis, and rate of oxygen
adsorption and photodesorption. Therefore, it is
expected that arrays of NRs, surface modification, or
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structural improvement can enhance the photosen-
sitivity as well as photoresponse [4]. ZnO NRs with
controlled shape and order could be grown by ther-
mal evaporation [5], chemical vapor deposition [6],
radio frequency (RF) sputtering [7], hydrothermal
methods [8], etc. Among these methods, ZnO NRs
grown by the hydrothermal method has been regar-
ded as a source of n-type conductive semiconductor
due to native point defects such as zinc interstitials
and oxygen deficiencies [9]. Since high quality and
stable p-type doping has been a problem for a long
time, developing a reliable p—n ZnO-based homo-
junction device has remained a challenge [10]. To
solve this problem, an alternative approach is to
utilize p-type substrates such as p-5i.

n-ZnO/p-Si  heterojunction-based devices are
potential candidates for UV and visible light detec-
tion which detect UV photons in the depleted n-ZnO
and visible photons in the depleted p-Si [11]; how-
ever, these photodetectors (PDs) typically have low
responsivity, due to the energy barrier at the junction
interface. Several studies have used n-ZnO/p-Si
heterojunctions for UV and visible light applications
[2]. The PDs are light-sensitive devices used to detect
optical signals through electronic processes. The
electrical behavior involves three steps: (1) carrier
generation by absorption of the incident light, of
which the photon energy is higher than the bandgap
of device materials; (2) carrier transport; and (3)
interaction of the current with the external circuit to
provide the output signal [12].

In the present work, we investigated the photode-
tector properties of ZnO NR-based PDs. ZnO NRs
with different molarities (10 and 20 mM) and growth
times (2, 3, and 4 h) were fabricated on n-ZnO/p-Si
substrate using the hydrothermal method. By
applying solar light illumination intensity (50 and 100
mW /cm?) and forward bias voltage (1, 5, and 10 V),
the photodetector properties such as decay time (z),
rise time (t,), detectivity (D¥), responsivity (R), and
sensitivity (S5) parameters were investigated.

2 Experimental procedure

ZnO seed layers with 100 nm thicknesses were
deposited on p-Si(100) substrates which had resis-
tivity of a 1-10 Q cm using RF sputter (NVTS 400,
Nanovak). Before RF sputtering process, the sub-
strates were immersed in HF + 20H,O solution and

15223

allowed to stand for 30 s which was used to remove
native oxides and quenched in deionized (DI) water.
Then, the substrates were cleaned ultrasonically with
ethanol and DI water. The RF sputter was carried out
at 50 °C using a ZnO target. The pressure of Ar:O,
(80:20) gas was 10 mTorr. RF power output was fixed
at 100 W. The base vacuum pressure of the sputtering
system was 1 x 107 Torr. After deposition, the
samples were immediately annealed at 600 °C in air
ambient for 30 min.

ZnO NRs were grown on the ZnO seed layer by
using a hydrothermal method. The ZnO/p-Si sub-
strates were placed in 30 ml growth solution of DI
water with zinc acetate dihydrate (Zn(CH;COO),.
2H,0) and hexamethylenetetramine (CgH;2Ny4) in
equimolar molar concentrations (10 and 20 mM). The
autoclave was kept in an oven at 90 °C for 2 h, 3 h,
and 4 h. After the reaction, the samples were washed
with DI water to remove residual salts and organic
materials. Then, they were dried in an oven at 90 °C.

100 nm aluminum (Al) metal as an ohmic contact
was deposited by DC sputter (NVTS 400, Nanovak)
on the backside of p-Si substrate. The as-grown metal
contacts were annealed at 450 °C for 20 min. Then,
100 nm Al Schottky or rectifier contacts were depos-
ited by using DC sputter and their shapes were cir-
cular dots with a diameter of 2 mm. DC power
output was fixed at 135 W and the deposition
chamber was evacuated to the pressure of 40 mTorr
under Ar gas. The classification of the samples was
made according to their molarities (10 and 20 mM)
and growth times (2, 3, and 4 h). It was referred to as
PD1g2, PD1gs, PD1gs, PDaga, PDygs, and PDyg4 PDs.

The nanorod dimension and orientation were
evaluated by scanning electron microscope (SEM; FEI
Quanta FEG 250). The current-time (I(f)) measure-
ments dependent on solar light illumination intensity
(50 and 100 mW /cm?) and forward bias voltage (1, 5,
and 10 V) were performed by the use of Keithley 2400
source meter and solar simulator (Scientech SF300A).
The wavelength of the 300 W Xenon lamp of the solar
simulator ranged from 300 to 2000 nm which was
used for photocurrent measurement. The solar light
was dropped by a mechanical chopper at a frequency
of 1.62 Hz. A schematic illustration of the fabricated
ZnO NR-based PD with forward-biased measure-
ment, energy band diagram, and carrier transport of
forward-biased PD under solar light illumination is
presented in Fig. 1a and b.
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Fig. 1 a Schematic illustration of the n-ZnO/p-Si PD fabricated, b energy band diagram and carrier transport of forward-biased PD under
solar light illumination, ¢ SEM images (top) of (i) PDjq,, (ii) PDj¢3, (iii) PDo4, (iv) PD2ga, (V) PDygs, and (vi) PD,o4 PDs

3 Results and discussion

Figure 1c shows the top view SEM images of PD;gp,
PD1g3, PD1gs, PDyga, PDyos, and PDygs PDs, respec-
tively. It can be seen from the images that ZnO NRs
vertically oriented on the ZnO seed layer/p-Si. The
average diameter of ZnO NRs was measured to be
62 nm, 39 nm, 38 nm, 121 nm, 119 nm, and 118 nm,
respectively. It is seen that the diameters of ZnO NRs
increase 2-3 times as the molarity increases. As seen
in Fig. 1c, ZnO NRs appear to tilt as well as grow
vertically. Some factors cause this situation. Firstly,
each crystalline surface of the seed layer grains acts
as nuclei for the growth of NRs [10]. The orientation
of the p-Si substrate is in the (001). Even though the
ZnO seed layer deposited on p-Si substrate is in the
(002) orientation, the orientation of the ZnO is dis-
torted with the annealing process and the (100) ori-
entation of the p-Si. Therefore, large lattice misfits
between ZnO NRs and p-Si substrate deteriorate the
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quality of the NRs [12-14]. Secondly, it is affected by
the positioning angle of the n-ZnO/p-Si substrate in
the hydrothermal autoclave reactor. Finally, some
factors such as the precursor concentration, growth
time, seed layer thickness, pH of the growth solution,
and growth temperature affect the quality of ZnO
NRs [15]. Considering all these factors, it seems that
ZnO NRs are tilted.

The ZnO is an n-type semiconductor and the con-
ductivity of ZnO NRs depends mainly on the oxygen
(O,) amount that plays a crucial role in the photore-
sponse of ZnO [15]. It is known that the photore-
sponse of the ZnO NRs consists of two parts: a rapid
process of photogeneration and recombination of
electron—hole (e =h™") pairs, and a slow process of
surface adsorption and photodesorption of oxygen
molecules [4]. In dark conditions, oxygen molecules
tend to be desorbed on ZnO surface by capturing free
electrons from the NRs according to Ox(g) + e~

— Oy (abs) where O, is the oxygen molecule, e is
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the free electron, and O, is the adsorbed oxygen ion
on the surface of ZnO. The adsorbed oxygen ions
form a barrier near the surface due to the bending of
the conduction band and the valence band. The for-
mation of a large number of ionized oxygen on the
NRs surface enhances the band bending, resulting in
a very low conductivity before illumination [4, 16].

When the PDs are illuminated with solar light, e™—
h™ pairs are generated when the energy of solar light
is greater than the E; of ZnO NRs/ZnO seed layer (~
3.37 eV or ~ 370 nm). Furthermore, a visible light
arriving at the junction will pass through the ZnO
layer as a transparent window and be absorbed in the
underlying p-Si (1.12 eV or ~ 1107 nm) to generate
e —h" pairs [17-19]. The e -h™ pairs are separated by
a local electric field in the depletion region. This
electric field pushes the holes toward the surface of
the NRs and recombines with electrons from the
adsorbed oxygen ions. This condition in turn causes
releasing oxygen atoms from NRs surface which
neutralize the oxygen ions by the reaction of O, "
(ads) + h™ — O,(g). At the same time, the photo-
generated electrons fill the conduction band and
contribute to photoconduction. Therefore, an increase
in electrons concentration leads to an increase in
conductivity. Consequently, the observed high pho-
tocurrent can be attributed to light-induced charge
carrier generation at the depletion region of the NRs
[20]. When the solar light is switched off, oxygen once
again begins to be adsorbed on the surface, thereby
decreasing the conductivity of the PD [16].

The S, R, D*, t,, and 74 are important parameters
which are assessed the performance of the fabricated
PDs. S is the ratio of photocurrent (Ip,) to dark cur-
rent which is defined in Eq. 1 [16]. R is defined as the
ratio of the photocurrent (I,,) to the optical power
(Popy) incident on the active area of the PDs device in
Eq. 2 [15]. D* is another parameter that represents the
detector’s ability to measure signals concerning its
noise level [21]. D*is calculated from the dark current
and responsivity using the expression in Eq. 3 [22].

Ly —1
S — phI drk (1)
drk
Ion
R P 2
Popdh (2)
., AR
= (3)
V2el g
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The 1, defines the time required for photocurrent to
increase from %10 to 90% of its maximum rise value
in Eq. 4, while 74 is the time needed to reach 10%
from 90% of the maximum rise in Eq. 5 [16, 23].

Tr = T%90 — T%10 (4)
Ta = T%10 — T%90 (5)

I(t) measurements obtained under forward-biased of
1V,5V, and 10 V and illumination intensity of 50
mW /cm? and 100 mW/mm? are given in Fig. 2. The
current passing through the Schottky barrier can be
described as follows:

=1, [exp (q(vn;]{&) ﬂ (6)

In Eq. 6, n is the ideality factor, g is the charge of
electron equal to 1.602 x 107" C, V is the applied bias
voltage, IR; is caused by the voltage drop on the
series resistance (R;) on the structure. This drop
across a rectifying contact is equal to the difference
between the total potential and the voltage on the R;
when V >3kT/q. k is the Boltzmann’s constant
equals to approximately 1.3807 x 1072* J/K [1]. Solar
light dropped on the PD with an average frequency
of 1.62 Hz, and the photocurrent (I,;) suddenly
increased with the opening of the light and reached
saturation. The photocurrent is expressed as

In = Aq (A”phvn - Apphvp) (7)

where Ang, and Apg, are the average electron and
hole density generated by the solar light; and v,, and
v, are the average velocities of electrons and holes.
Because the electric field strength inside the depletion
region increases as the bias voltage increases, elec-
trons and holes will have higher average velocities.
As a result, the photocurrent increases with increased
bias voltage [12]. When the solar light is turned off,
the current reaches its initial value. It has been
observed to increase the amount of photocurrent
generated with increasing illumination intensity. The
7,, 74, S, and R parameters of the fabricated PDs cal-
culated from the I(t) measurements in Fig. 2 are
included in Table 1.

As seen in Table 1, when 1 V was applied to the
PD;g,, the 7, was 70 ms and 77 ms under 50 and 100
mW /cm?, while the 7, was 76 ms and 68 ms at 10 V.
The 1; was 78 ms and 88 ms at 1V, while it was
65 ms and 81 ms at 10 V. Although the S reached the
highest value of 10 and 11.8 at 5V, it decreased at
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Fig. 2 The I(t) measurements of a 1 Vand 50 mW/cm2, b 1 Vand 100 mW/cm?, ¢ 5 Vand 50 mW/cm?, d 5 Vand 100 mW/cm?, e 10 V

and 50 mW/cm?, and f 10 V and 100 mW/cm?

10 V. The R reached 5.81 AW~' and 3.31 AW~ with
increasing illumination intensity and bias voltage.
As observed in Table 1, when 1 V was applied to
the PDqg3, the 1, was 69.3 ms and 72 ms under 50 and
100 mW/cm?, While it was 79.6 ms and 66.7 ms at
10 V. The 7, increased as the bias voltage rises. The 7,4
increased with the rise of the voltage, from 68.6 ms
and 63ms at 1V to 75ms and 77 ms at 10 V.
Although the S increased under 50 mW/cm? and 100
mW/cm?, it decreased with increasing voltage. On
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the other hand, although the R increased with the
bias voltage under 100 mW/cm? it had approxi-
mately the same values at 5V and 10 V under 50
mW /cm?.

Although 1V was applied to the PDjo4, a pho-
tocurrent reaching the saturation point could not be
observed. So the 1,, 74, S, and R values could not be
calculated and are shown in Fig. 2a and b. Looking at
Table 1, the photoresponse properties were calcu-
lated according to 5 V and 10 V. At 50 mW/cm?, the
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Table 1 Photoresponse

properties of ZnO NR-based Name Intensity of light Bias (V) Rise time (ms) Decay time (ms) Sensitivity Responsivity
PDs (mW/cm?) (A/W)
PDjgp, 50 1 70 £ 5.1 78 £2.0 421 0.03
5 58 £ 3.6 60 £ 5.4 10 0.81
10 76 £ 1.8 65 + 2.8 7.73 5.81
100 1 77 £ 13 88 £ 4.6 4.92 0.02
5 60 £53 64 £29 11.8 0.54
10 68 £ 5.8 81 £ 94 8 3.31
PDyos 50 1 693 £ 6 68.6 £ 1.3 4.05 0.07
5 69 £ 54 67 £ 6.5 3.12 0.80
10 79.6 £ 5 75 £ 2.8 0.41 0.85
100 1 72 £ 1.1 63 £3.5 4.71 0.04
5 68 £ 1.2 65 £ 2.8 7.33 1.00
10 66.7 £ 4 77 £ 3.5 1.20 1.19
PDyos 50 1* - - - -
5 112 +1 133 £3.0 1.04 0.01
10 97 £54 166 £ 3.0 1.16 0.1
100 1* - - - -
5 160 £ 5 107 £3.5 1.12 0.008
10 156 + 6 97 £ 0.3 1.28 0.08
PDyy, 50 1* - - - -
5 73 £ 1.7 973 £ 1.5 3.05 0.17
10 726 £ 14 823 +23 0.48 0.86
100 1* - - - -
5 723 £ 1.8 105 £ 2.9 4.10 0.12
10 79 £2.0 85 +28 0.55 0.52
PDys 50 1* - - - -
5 219 £ 4.6 65 £ 8.6 0.41 0.003
10 114 £33 82 + 4.1 0.51 0.1
100 1* - - - -
5 853 £ 3.1 116 + 4.0 0.74 0.01
10 85.6 + 8.2 106.6 + 3.0 0.47 0.06
PDyys 50 1* - - - -
5 653 £ 7.6 175 £9.7 0.27 0.004
10 113 £ 6.2 180 £ 10.0 0.52 0.05
100 1* - - - -
5 83 £ 11.0 170 £ 5.8 0.15 0.001
10 92 £5.0 173 £ 6.5 0.61 0.03

*Not saturated level

7, decreased from 112 to 97 ms with bias voltage
increase, while at 100 mW/ cmz, it was almost the
same. With the increase in illumination intensity at
5V, the 1; decreased from 133 to 107 ms at 5 V and
from 166 to 97 ms at 10 V.

The photoresponse properties of the I(f) measure-
ments of PD5gp, PD5gs, and PDyg,4 are given in Table 1.
It was seen that the I(t) measurements at 1 V could
not reach saturation. When 5V and 10V were
applied to the PDsgp,, it was seen that it reached sat-
uration level. As seen in Table 1, it was 73 ms and

72 ms at 50 mW/cm?, while it was 72.3 ms and 79 ms
at 100 mW/cm?. Especially at 5V, while the 7, did
not change, it increased slightly at 10 V. It was
observed that t; decreased with the increase of bias
voltage and illumination intensity. The S decreased
from 3.05 to 0.48 under 50 mW /cm?. Under 100 mW/
cm?, it decreased from 4.1 to 0.55.

As observed in Table 1, with the increase of the bias
voltage of the PDsg3, the 7, decreased from 219 to
114 ms under 50 mW/cm?. Under 100 mW/cm?, it
was 85.3 ms and 85.6 ms which were very close to
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each other. While the 7, increased from 65 to 82 ms
under 50 mW/mm? it decreased from 116 to
106.6 ms under 100 mW/cm?®. The S increased from
0.41 to 0.51 under 50 mW /cm?. It decreased from 0.74
to 0.47 under 100 mW/cm® The R appeared to
increase with increasing light intensity and bias
voltage.

As illustrated in Table 1, the 7, increased from 65.3
to 113 ms with the increase in bias voltage of PDyoq,
under 50 mW/cm?. Under 100 mW /cm?, it increased
from 83 to 92 ms. The 1, increased from 175 to 180 ms
under 50 mW/mm?, while it increased from 170 to
173 ms under 100 mW/cm? The S increased from
0.27 to 0.52 under 50 mW/mm?. Under 100 mW /cm?,
the S increased from 0.15 to 0.61. It was observed that
the R increased to 0.05 AW ™' and 0.03 AW~ with
increasing illumination intensity and bias voltage.

Figure 2 shows a small fraction of the I(f) mea-
surements. It is seen that as the time increased, the
dark current value increased. The photocurrent had
also increased at the same rate. Considering the rea-
son, the PD heated up at high solar illumination
intensity (50 and 100 mW/cm?). Due to the non-
centrosymmetric crystal structure and specific polar
axis along the direction of spontaneous polarization,
Zn0O is a common pyroelectric material that shows a
pyroelectric effect. When lights radiate to the surface
of ZnO, the light-heating effect will instantaneously
produce a temperature variation in the material,
thereby generating pyroelectric polarization charges
on the surface of ZnO and these charges contribute to
the photocurrent measurement. Moreover, the light-
heating effect is decreasing gradually with the
wavelength decreasing to the visible range, even to
UV waves [24]. In our measurement system, the
wavelength of the 300 W Xenon lamp of the solar
simulator ranges from 300 to 2000 nm. Since the
infrared region is also included between 750 and
2000 nm, the light-heating effect affects the pho-
tocurrent measurements.

For PD1g4, PDygs, PD5g3, and PD,qy4, it was seen that
the I(t) measurements at 1 V did not reach saturation
level which was affected by some factors. Firstly, the
bandgap and electron affinity values of ZnO and p-Si
are Eg 7,0 = 3.37 eV, yzno =4.35 eV, Egq = 1.12 eV,
1si = 4.05 eV, respectively, in Fig. 1b. Considering
energy bandgap of n-ZnO/p-Si heterojunction, a
barrier is formed in the conductivity band offset
(AE. = yzno — xsi) 0.3 eV and valence band offset
(4E, = Eg zn0 — Egsi) 2.55 eV [25]. The visible light
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generated e —h™ in p-Si drift toward the Al electrodes
side owing to the forward bias. As the forward bias
voltage increases, photogenerated e -h™" of p-Si sur-
pass the conductivity/valance band offset and con-
tribute to the photocurrent. Secondly, the ZnO seed
layer was coated on p-Si(100) substrate using the RF
sputtering method that formed a thin SiO, layer
between p-5i and ZnO layer. This barrier results in a
low response for visible light detection [26, 27].
Thirdly, the size of metal electrodes can strongly
affect the distribution of the electric field built in the
Schottky junction. As it is well known, the electric
field can prevent the recombination of photogener-
ated e —h™ pairs, and efficiently separate the photo-
generated carriers [28]. Lastly, the high crystal quality
of the nanostructures leads to the reduction of the
density of charge-trap centers as a result of defects in
the crystalline structure of nanostructures, therefore
significantly improving the photoresponse. The
defects have a strongly negative effect on the pho-
toresponse [29]. In Fig. 2a and b, a sudden increase in
photocurrent was observed under solar light illumi-
nation intensity. Because the weakly adsorbed
atmospheric oxygen molecules are desorbed, thereby
releasing the ZnO electrons back into the ZnO con-
duction band. This increase in the number of shallow
donors in the conduction band leads to enhanced
photoconductivity of the sample [30].

Figure 3 shows the R and D* of the PDs ver-
sus £ 6 V bias voltage at different solar illumination
intensities (25, 50, 75, and 100 mW/cm?). The D*
depends on the synergism of R and Igai of the
devices. Thus, the variation of R and g, with the
bias will intensively influence the relationship of D*
and bias voltage [31]. As seen in Fig. 3, ZnO NRs
with different molarities and growth times played an
important role in PD performance. High values of
R and D* were shown under high bias voltage,
indicating that the PDs were photosensitive to the
high bias voltage. It was observed that it started to
become more stable from ~ 1 V. The values of R and
D* decreased the increase in the solar illumination
intensity. However, the surface and defect states on
ZnO NRs increased the recombination rate and
decreased the average lifetime of the carriers under
thermal excitation, resulting in the decreased
responsivity and detectivity of the devices with the
increase in the light intensity [32]. Additionally, the
D* of the PD,yz and PD,g, in all PDs tended to
decrease which deteriorated the photoresponse
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Fig. 3 The responsivity and detectivity of a PD;gp, b PDyg3, ¢ PDjo4, d PDygy, € PDyg3, and f PD,g, as a function of bias voltage at
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performance at higher bias voltage. At higher bias PDygs and PDyps. Due to its high crystalline nature,
voltage, the photogenerated charge carriers were not other PDs were not observed [33]. The values of
effectively separated due to the presence of trap R and D* of PDs were found to be 102-10"" AW ™"
states in the PD, leading to a decrease in the D* of  and 10°-10" cmHz'/?2 W™, respectively.
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4 Conclusions

ZnO NRs were successfully grown on n-ZnO/p-5i by
hydrothermal process. The SEM images showed that
the diameter of ZnO NRs was in the range of
62-119 nm. The photoresponse characteristics of ZnO
NRs-based PDs were investigated under solar illu-
mination intensity (50 and 100 mW/mm? and for-
ward bias voltage (1, 5, and 10 V). It was observed
that the fabricated PDs at 90 °C with different
molarities (10 and 20 mM) and growth times (2, 3,
and 4 h) affected the 1,, 745, S, R, and D* parameters.
The PD;p, and PDjg3 reached the photocurrent satu-
ration level at 1V, 5V, and 10 V, while other PDs
reached at 5 V and 10 V under 50 mW /cm?. Except
for PDyg; and PDyg3, they were observed to reach
saturation levels at 5 V and 10 V under 100 mW /cm?.
Compared to each other, the 7, and 7; of the PDjg,
ranged from 58-60 ms to 77-88 ms, respectively. The
7, and t; of the PDjp3 were 66-79 and 63-77 ms,
respectively. The S for the PD;(, ranged from 4.24 to
11.8, while it was in the range of 0.41-7.33 for the
PD;gs. The R was 5.81 AW~ ! in PD;o, and 1.19 AW~}
in PD;gs. The D* was 10°-10"" ecmHz'/?/W in PDjq,
and 10'°-10"! emHz'/?2/W in PD;o; at &+ 6 V. Con-
sidering all these results, the PD;g, and PD;o3 showed
the best performance due to low 7, and 7; and high S,
R, and D*.
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