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ABSTRACT

Cu micrometalic particles with the supersonic velocity (3 Mac) were applied to

determine the optimum microparticle bombardment effect on the ZnO:Al thin-

film surface derived by sol–gel method (which allows mixing at the atomic level

to form colloidal particles). The mechanical damage deriving by the Cu particles

with high kinetic energy has indicated the practical coating parameters (pre-

senting surface related aspects) for its fabrication steps to use in the diot

applications. The key parameters of the practical ohmic contact deposition on

the film surface (describing the functional behavior of the ZnO:Al/p-Si

heterojunction) were examined to develop low ohmic contact resistance

(derived by using Cu layer) for use in optoelectronic devices. The annealing of

ZnO:Al/p-Si heterojunction (at 700 �C in vacuum) has supported to obtain a

suitable metal contact with optimum low resistance by using the cold gas

dynamic spraying technique. The conductive and rectifier behaviors of ZnO:Al/

p-Si heterojunction have indicated the utilization of the Cu stack layer without

the need for the extra thermal annealing treatment of Cu ohmic contact (after the

annealing of ZnO:Al/p-Si heterojunction according to the specific analyses for

applications in optoelectronics). The generated damage depended on the

acceleration of Cu particles through the trapezium structure of the ZnO:Al

surface (annealed at 800 �C). The Cu particles with high purity have been

provided to avoid the cracked surface (annealed at 700 �C in vacuum). The

developed in-depth surface performance has emphasized the relation to the

control of the surface properties at the atomic level (by using the sol–gel dip-

coating technique). The annealing process (affecting the thickness of the film)

has indicated the control of the temperature as the key parameter for avoiding

the mechanical damage (depending on the bombardment of the dense

micrometallic particles at ultra-high speed) on the film surface.
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1 Introduction

Zinc oxide (ZnO) has potential transparent layer

applications in electrical devices and transparent

electrodes [1]. ZnO material (as a transparent con-

ducting oxide—TCO layer) has direct bandgap, low

resistivity, and high transparency in the visible range

of the electromagnetic spectrum. The electrical

properties of ZnO can be enhanced by the doped

cationic elements such as Al. ZnO film doped with Al

has higher mobility, lower resistivity, and better sta-

bility than the pure ZnO films. Aluminum-doped

zinc oxide (ZnO:Al) thin film is examined to obtain

the suitable optoelectronic properties in aggressive

environment (including mechanical damage) to

develop optimum structural characteristics in elec-

trical devices for innovative technical applications

(such as panel display electrodes, surface devices, gas

sensors, and light-emitting diodes) [2–11]. Al-doped

ZnO film layers are a good candidate to replace

indium thin oxide (ITO) which has major marketing

as a transparent electrode in optoelectronics. There

are various techniques such as chemical vapor

deposition, spray pyrolysis, sputtering technique,

atomic layer deposition, and sol–gel method [12–22]

have been used to fabricate pure and doped ZnO thin

films. Al-doped ZnO films (prepared by sol–gel

method and applied at large fields) are preferred due

to the safety, controllability, simplicity, and low cost.

The effect of Al doping concentration changed the

resistivity and conductivity of the ZnO thin films,

and the higher concentration of Al doping decreased

the mobility of the electron and increased the resis-

tivity of the film. Therefore, the required Al concen-

tration for films has the essential role for obtained

quality Al:ZnO films [23–25]. The metal powders can

be accelerated by using the cold spray (as a solid-

state coating deposition technique) operating at low

temperatures to utilize an economic and practice

thermal spray process [26]. The accelerated Cu

powder particles undergo plastic deformation and

adhere to the surface during powders impact with

the substrate. The accelerated powders cause to a

strong adhesion with a high-quality coating without

oxidation at the point of impact [26–37]. The opti-

mum effect of the metallic microparticles at high

speed (such as Cu microparticles) is important to

determine the mechanical resistance of surface for its

use in aerospace technology. Because metallic

microparticle-rich asteroid particles (for example,

copper-rich asteroid microparticles) with high speed

are metallic micrometeoroids which have very small

pieces of metal (such as copper) broken off from

larger chunks of rock and debris of asteroids (which

are extremely common) in space [38–40]. The metallic

particles (such as copper) with small sizes (named

micrometeorites) have high velocity and the velocity

of the micrometeorites is high (for example, speeds

between 1 and 70 km/s). The micrometeorites

demonstrate that the bulk of the material is left over

from comet tails consisting of small particles from the

interplanetary dust cloud or other small objects

including the small material, like comets. The struc-

tural damage generates changes in the performance

of the optoelectronic devices when the tiny metallic

particles hit the surface of the devices in the space

environment in ISS orbit. While the tiny metallic

particles encounter the upper surface, the particles

decelerate and then accumulate on the surface of the

devices. Hence, the microparticle bombardment

results in destruction at the device’s surface. The

damage formed by the high kinetic energy of the

particles is significant with the generation of defor-

mational effects. The Cu atom has a slightly lower

velocity (and the Cu atom has slightly denser) than

the Fe atom. Hence, the damage effect with Cu atoms

is more dominant than the damage generated with Fe

atoms. The coatings with high density (such as the Cu

layer) can be derived with no porosity (close to its

theoretical density). The preparation of the Cu layer

(by masking the application surface provided with

the accelerated Cu particles) can be achieved in a

practical way (for example, by using the cold spray

technique) with a quick process at low temperatures.

The details about fabrication parameters of Cu ohmic

contact layer (derived by cold gas dynamic spraying

technique) are not available to obtain the improve-

ment in electrical properties of ZnO:Al/p-Si hetero-

junction in the literature. The technical details about

the influence of Cu ohmic contact layer on ZnO:Al

thin film are not explained in the previous studies.

Besides, the importance of the post-annealing treat-

ment is not declared comparing with the structural

effects at the critical cold gas dynamic spraying

parameters to obtain the proper Cu ohmic contact

layer on the Al-doped ZnO film derived by sol–gel

technique. Cu micrometallic particles with high

velocity [3 Mac = 3675.13 km/h (340 m/second)]

were applied to examine the maximum effect (lead-

ing to plastic deformation) on ZnO:Al thin film.
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Hence, it was possible to make the clear about the

problems of ZnO:Al/p-Si heterojunctions for the

development of the cost-effective optoelectronic

devices in this study.

This study has provided the specific information

about the acceleration effect of the dense metallic

microparticles (such as copper-rich dense micropar-

ticles) at the surface of ZnO:Al/p-Si heterojunction.

Cu ohmic contact layer (derived by cold gas dynamic

spraying) on Al:ZnO film (heat-treated at different

temperatures) has been formed by hitting the surface

of the semiconductor thin film. Hence, the charac-

teristic results on ZnO:Al/p-Si heterojunction had

convincing evidence to compare the improvement of

its electrical performance. The addition of new results

to former works in literature has explained the sci-

entific gap of knowledge about the coating process of

sol–ge- derived thin film and its post-coating process

in this study. The optimum effect of the metallic

microparticles at supersonic speed (with Cu powder

at * 1 lm-average grain size with * 3 Mach) was

evaluated to determine the mechanical resistance of

ZnO:Al thin film for its use in aerospace technology.

The accelerated Cu microparticle cloud provided the

development of due to their high specific electronic

performance of ZnO:Al thin-film layer for its use in

aerospace industries. This study indicated the chan-

ges in the characteristic properties of ZnO:Al film

when the Cu ohmic contact was fabricated with Cu-

grid through a mask on the front side by using cold

spray. This work added to the existing knowledge of

the derived ohmic contact layer importance on the

heterojunction. The details on cold spray deposition

parameters related to the explanations of the sol–gel-

derived thin-film deposition parameters were not

available at the literature to gain development in I-V

characteristics of economical heterojunction at Cu/

ZnO:Al/p-Si/Al configuration. The critical cold gas

dynamic spraying parameters were considered to

attract potential interest to the Cu ohmic contact layer

on sol–gel-derived ZnO:Al thin film and to achieve

an economical heterojunction at Cu/ZnO:Al/p-Si/Al

configuration. The results on the use of the cold spray

method have preliminary novelty about the detailed

investigations on the rapid coating process. The cold

spray method supported to solve high resistivity

problems with the limitation of high corrosion and

limitation of wear effect on the Cu ohmic contact

surface. The quality of the films was suitable to pro-

vide the economic improvement of the electrical

conductivity at ZnO:Al/p-Si heterojunction. The

present work on the cold spray deposition technique

was found to provide significant advances (to man-

ufacture Cu ohmic contact) at the ZnO:Al thin-film

surface. The cold spray technique (considering the

practical and economical cold spray coating param-

eters of the Cu metallic ohmic contact layer) had

several advantages with respect to the other thermal

spray coating techniques. This research has presented

insightful investigation to determine the optimum

mechanical performance of the ZnO:Al. The impor-

tant economic and the novel breakthroughs on the

superior coating process were determined to avoid

cracks on the ZnO:Al thin-film surface by the knock-

on of the accelerated micrometal particles (such as

Cu).

2 Experimental procedure

The ZnO and ZnO doped with Al thin-film samples

were derived by a colloidal sol–gel solution tech-

nique and coated on a side of substrate with dip-

coating method. A 0.5 M zinc acetate dehydrate

solution was stabilized by diethanolamine (DEA) for

30 min as a dip solution. In order to prepare the

aluminum-doped solution, zinc acetate dehydrate

and DEA dip solution were prepared under similar

condition with the above process and then various

amount (0.8–1.0–1.2–1.6 at.%) of aluminum was

added individually to stirring for an hour at room

temperature as the dip solution. Si glass as a substrate

was immersed into the solution and then it has been

heated at 150 �C for 10 min in air. The films were

annealed at 550–800 �C in vacuum for an hour.

X-Ray diffraction (XRD) analysis was performed by

GBC-MMA diffractometer (Cu Ka radiation

k = 0.154 nm, 40–50 kV, 30–40 mA). The morphology

of the film surface was determined by scanning

electron microscope (SEM, JEOL 6335F) with 20 kV

accelerating voltage. The film’s thickness was char-

acterized with a surface profilometer (Veeco Dektak).

The surface resistivity of the un-doped and doped

ZnO films was measured by four-point resistivity

probe with mounting stand (SIGNATONE).

RUSONIC Cold Spray was utilized to obtain Cu

ohmic contacts to produce a heterojunction at Cu/

ZnO:Al/Si/Al configuration. High-temperature

compressed gases (such as air, nitrogen, and helium)

can be used as the propulsive gas at cold spray
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deposition technique according to literature [26, 27].

To prepare the heterojunctions with optimum current

voltage characteristic, air was used to determine the

economical cold spray deposition parameters and air

was utilized as the compressed gases to accelerate Cu

powder (for in front of contact and back contact) with

a supersonic velocity at max. * 3 Mach) obtained

from Cu plate with purity * 99.5% in this research.

The optimum path of the microparticles in the

microparticle cloud (such as the Cu powder at * 1

lm-average grain size and supersonic velocity

accelerated at * 3 Mach) was determined to evaluate

the accelerated microparticle effect on the electronic

performance of ZnO:Al thin-film layer. The applica-

tion of air as the propulsive gas accelerated Cu

powders was performed practically and an econom-

ical way. The air pressure has been applied at * 6

bar during the cold spray technique to obtain the

suitable ohmic contacts at ZnO:Al/p-Si heterojunc-

tion. During this method, air (as the compressed gas)

was utilized as the propulsive gas and it accelerated

Cu powder feedstock (like metal matrix composites

and metals) toward higher velocity than 300 m/s.

The Cu powder was deposited on the surface of Al-

doped ZnO film at the heterojunction by gases

induced. Current–voltage (I-V) characteristics in the

range - 20 and ? 20 under illuminate (Xenon lamp

100 mW/cm2) and dark conditions were performed

via Keithley 4200 Semiconductor Characterization

System.

3 Result and discussion

Figure 1a presents XRD patterns about ZnO thin film

on p-type silicon wafer substrates via different Al

concentrations. Zinc oxide films crystalline exhibited

the c-axis oriented. Thus, all these Al concentrations

have different responses to the films obtained at

700 �C. The films peak intensity decreased with

increased doping concentration. The result of this

observation could be doping intensity concentration

deteriorated the films crystallinity. The differences

are pressed on the grain growth via compression

stress depending on the diversity between Zn ionic

radius (rZn?2 = 0,074 nm) and dopant Al (rAl?3-

= 0,054 nm) [28–30]. The optimum outcome was

obtained at 1.2 at. % Al concentration. The doping

concentration (over 1.2 at. % Al amount) caused to

decrease slightly the film particle sizes. The rise of Al

doping range from 0.8 to 1.6 at.% engendered to

increase particle crystallite sizes (from 19 to 41 nm)

according to Debye–Scherrer method. Although the

Al:ZnO films exhibited crystallinity properties over

550 �C post-heat treatment, all the film’s diffraction

peaks depict similar results which is wurtzite crystal

orientation in the range of 550–800 �C (Fig. 1b)

[29, 30]. Due to the post-annealing temperature at

700 �C and 800 �C, the films exhibited hexagonal

wurtzite structure. The annealing process at 800 �C
resulted with the original characteristic formation

such as the trapezium crystals indicating the occur-

rence of another zinc compound such as zinc silicate

(Zn2SiO4).

SEM images demonstrated that cold spray had

great capability to produce Cu coating layer with *
1 lm-average grain size. Figure 2 shows that Al-

doped ZnO thin-film surface morphology was char-

acterized via SEM images explaining the films

structure changes after annealing. The surface of the

films consists of uniform grains and particle’s size

Fig. 1 X-Ray diffraction patterns of ZnO:Al thin films at

(a) various Al concentration annealed at 700 �C, (b) 1.2 at. %

Al concentration by different annealing temperature

726 Page 4 of 14 J Mater Sci: Mater Electron (2023) 34:726



increased between 20 and 40 nm by rising tempera-

ture. Figure 2b–c displays well-regulated grain

boundary because of their form via hexagonal struc-

ture. The total film thickness decreased from 400 to

160 nm as the result of the increase of the annealing

temperature (from 700 to 800 �C). The finer grains

were obtained after the samples were annealed at

700 �C. The derived electrical contact with low elec-

trical resistance has supported the improvement of

the electrical properties developed with the practical

and cost-effective coating techniques used in this

study. Besides, the method was very easy to repro-

duce the generated mechanical effect by using the

cold spray technique. Hence, the mechanical effect

(which was able to quantify the data) of the Cu

micrometallic particles on the film surface was not a

subjective result. The control in microparticle speed

at the coating has affected the results of surface

damage by using the cold spray method.

3.1 ZnO:Al/p-Si heterojunction features

3.1.1 Manufacturing of Cu ohmic contact considering Al

Concentration at ZnO:Al film

Si wafer ohmic back contact was deposited via a cold

spray of Al. Besides, the front ohmic contact was

coated by Cu-grid by a mask. The application of air

pressure with * 6 bar throughout the cold spray

method, and the ranges of Al and Cu electrodes with

0.7cm2 performed to obtain the suitable ohmic con-

tacts at ZnO:Al/p-Si heterojunction. The best candi-

date was determined with the concentration (1.2 at.

%) at 700 �C. Figure 3 illustrates the I–V characteris-

tics of ZnO:Al/p-Si heterojunction samples in dif-

ferent Al amount. The exponential increase of voltage

which both of the graphs show a good rectifying

behavior. As seen in graphs, it is not observed sig-

nificant change under forwarding bias for current

after illumination. The current was changed via illu-

mination condition under reverse bias conditions.

The reverse bias under dark currents just exhibits

5 9 10–6 A (for 0.8 at.% Al concentration) and

1 9 10–5 A (for 1.2 at.% et al. concentration); on the

other hand, under illumination, the reverse bias rises

Fig. 2 SEM images of 1.2 at. % Al-doped ZnO:Al thin films annealed at (a) 550 �C, (b) 600 �C, (c) 700 �C, (d) 800 �C
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up to 1.255 9 10-4A (for 0.8 at.% et al. amount) and

9.24 9 10-5A (for 1.2 at.% et al. amount) under

Xenon lamp (100 mW/cm2). The illumination

enhanced the current drift through the heterojunction

film in forward bias and the light-induced electron

generation at the depletion region (especially near the

heterojunction surface) of the p-Si layer. Figure 4

explains the current–voltage density features of the

heterojunction characterized in dark and illuminate

condition in room temperature. The annealing pro-

cess (in 700 �C at different Al concentration levels)

resulted with higher forward bias and exhibited a

diode-like rectifying behavior of the heterojunctions.

The junction fabricated at 1.2 at.% (Al concentration)

has indicated higher current conduction in the dark

and light conditions compared to other Al concen-

tration. The current flows rise up in UV illumination

for both of Al concentration. Because of the Al-doped

ZnO crystallinity (in XRD analysis), the high pho-

tocurrent was measured in reverse bias. Therefore, I–

V characteristics of the heterojunction demonstrated

rectifying properties under dark condition. On the

Fig. 3 I-V characteristic of

ZnO:Al/p-Si heterojunction at

700 �C in dark and in light for

(a) 0.8% at. and (b) 1.2% at.

Al concentrations
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other hand, the curves under forward bias illustrate

lower behavior throughout to reverse bias in dark

condition up to 20 V. The curves in reverse bias have

higher values (with a rectifying property) until 5 V

than forward bias under light and reverse bias con-

ditions. The heterojunction has indicated that it has

an original potential utilization as a smart diode (at

1.2 at. % Al amount) in diode applications. The

improvement in electrical properties of the hetero-

junction was supported by using Cu ohmic contacts

derived by cold spray deposition technique.

3.1.2 Annealing temperature effect of ZnO:Al thin film

on Cu ohmic contact layer derived by cold spray

technique

The high kinetic energy causes plastic deformation

and residue of energy converts to heat. Therefore,

heat produces in microscale enables closing the

cracks and pores on the film cause of the high density

(\ 0.5 vol. % porosity) [26, 27]. There is not the

detailed information about the effect of the cold spray

technique on the annealed heterojunction with Cu/

ZnO:Al/p-Si/Al configuration considering the

heterojunction surface morphology in the literature

[26, 27, 30, 36]. The application of cold spray tech-

nique enables to avoid deficiencies in high-tempera-

ture deposition processes. The formation of the ohmic

contact derived by cold spray was performed by the

particle kinetic energy prior to impact. The Cu pow-

der with high velocity had a kinetic energy at cold

spray technique. The deposition process has been

performed by local metallurgical bonding and

mechanical interlocking. There was a deformation

within particle and inter-particle substrate interfaces

during deposition. The classical high-temperature

deposition processes (phase transformation, oxida-

tion, and residual thermal stress) cause to produce

the defects at ohmic contact production process. It

was possible to avoid from the creation of the defects

by using cold spray technique according to the

authentic cross-sectional images of the heterojunction

at Cu/ZnO:Al/p-Si/Al configuration (in Fig. 5).

Cold-sprayed Cu coating process has affected the

ZnO:Al thin-film surface due to the significant

changes in physical and mechanical properties of

ZnO:Al film as a result of the rise of the annealing

temperature of ZnO:Al film. The application of the

cold spray deposition has not been required the high-

temperature utilization at deposition process. The

particle kinetic energy had efficient impact as an

influential technique and the feedstock has remained

solid state at cold spray technique throughout the

deposition process for the production of Cu ohmic

contact. The ZnO: Al film nanospheres which were

treated at 700 �C attached on the p-Si wafer surface

via high-pressure cold spray technique in air after the

ohmic contact was fabricated by Cu-grid with a mask

at front side by cold spray for economical nanotech-

nological use as an economical way. Cross-section

SEM examinations (in Fig. 5a) indicate that ZnO:Al

film on the p-Si wafer deposited on the surface for the

junction annealed at 700 �C as a result of the growth

nanospheres of the ZnO:Al. However, there was a

slight damage on the surface as the high-pressure air

process accelerated the Cu particles (with a super-

sonic velocity at max. * 3 Mach) through the

trapezium crystals of the ZnO:Al surface after treated

at 800 �C (Fig. 5b). The original formation of the

trapezium crystals caused defects on the p-Si wafer

surface when the Cu particles were accelerated for

Fig. 4 Current density–voltage characteristics of ZnO:Al/p-Si

heterojunctions for different Al concentrations annealed at 700 �C
for (a) 0.8% at. % (b) 1.2% at
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the production step of the Cu ohmic contact by using

cold spray coating technique. The denser

nanospherical ZnO:Al crystallites films were

obtained. This novel diode presented the rectifying

behavior without the cracks at the ZnO:Al thin-film

surface as the result of the application of the suit-

able Cu stack layer parameters for the Cu ohmic

contact and the result of the optimum rectification

ratio (IF/IR) at a ± 20 V bias voltage of the hetero-

junction treated at 700 �C (IF/IR = 71.2). Figure 6

illustrates the I-V characteristics of the Al-doped

ZnO/p-Si heterojunctions measured at room tem-

perature in dark condition. The film samples (with

the ohmic contact derived by cold spray technique)

exhibited the genuine diode behavior over 600 �C
and the best conductivity has been noted in 700 and

800 �C. The junctions annealed at 550 and 600 �C
unable to indicate diode-like behavior. The electrons

are tunneling from ZnO:Al directly into the empty

gap states in Si as the holes make tunneling across the

heterojunction barrier from p-Si into n-ZnO:Al

[29–32, 36, 37]. Figure 7 presents the semi-log plot of

I-V curve which was temperature dependence under

Fig. 5 Cross-section SEM

image of the heterojunction at

Cu/ZnO:Al/p-Si/Al

configuration after annealing

at (a) 700 �C and (b)800 �C

Fig. 6 Measured current density–voltage characteristics of

ZnO:Al/p-Si heterojunctions for 1.2% at. Al concentration under

dark condition, annealed at different temperatures

Fig. 7 I-V characteristics of ZnO:Al/p-Si heterojunctions under

dark with 1.2% at.Al annealed at 700 �C and 800 �C
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dark condition. The forward current was classified

into two regions according to the applied voltages. In

region B, the forward current deviated from linearity

due to the effect of a resistance on the system

(above * 3.8 V). In region A, the temperature

dependence of the forward currents was expressed

(below * 3.8 V) by I = I0exp(BV). In this equation, I

is the current subject to the applied voltage V, I0 is the

saturation current, and B is the coefficient. The tem-

perature dependence of the parameter B depends on

the dominant current transport mechanism. An

almost linear current is obtained at the low voltage in

A region for V\ 1,2 V. In the region B for higher

voltage over 1,2 V, the forward current diverges from

linearity because of the resistance effects on the sys-

tem. The simple series resistance model (as a stan-

dard resistance model) I = Is exp[(qV-IRs)/nKT] was

utilized in order to linearize the features in diode

applications. The B parameter presented stable inde-

pendence of temperature and indicated an indepen-

dent feature from temperature according to the I

versus V plot (n-ZnO:Al/p-Si heterojunctions). It was

assumed that the multi-step tunneling mechanism

with a capture-emission process has displayed cur-

rent and voltage dependency at the semiconductor

junction. This improvement has provided the opti-

mum conductivity by Cu ohmic contact on ZnO:Al

thin-film layer by the cold spray deposition technique

for the use of this semiconductor thin film of the

existing knowledge in the diode applications. The

values of I0 (determined in Fig. 7) are presented in

Table 1 and the ideality factor (n) of the ZnO:Al/p-Si

heterojunction was determined from the slope of the

straight line region of the forward bias log I–V

characteristics (in Fig. 7) according to the previous

studies. The current through the diode (as a function

of voltage) was expressed by the ideal diode law

(Shockley’s equation) in I = Io(exp(qV/nkBT)-1)

equation (as the diode equation). In this equation, I is

the net current flowing through the diode; I0 is the

dark saturation current (the diode leakage current

density in the absence of light); V is the applied

voltage though the diode; q is the absolute value of

electron charge (1.6 9 10–19 C); n is the ideality factor;

kB is the Boltzmann’s constant (1.38 9 10–23 J/K); and

T is the absolute temperature in Kelvin. The ideality

factor had a decrease by using cold spray deposition

technique to obtain Cu ohmic contact layers in this

research. Hence, it was an improvement at the ide-

ality factor of the heterojunction indicating a ten-

dency to obtain an optimum conductivity in

heterojunction as the ideality factor (n) decreases by

decreasing the value of I0. I–V features in n-ZnO/p-Si

heterojunction (Fig. 8) were measured under light

condition. Although the current carrier concentration

of the junction increased after annealing at 700 �C
under UV light sources, the carrier concentration has

not changed considerably in reverse bias at 800 �C.
The photoelectric behavior was determined at 1.2 at.

% Al concentration in 700 �C under light condition.

The current carrier concentration values of ZnO:Al/

p-Si heterojunction in dark and UV illumination are

illustrated at a 10 V reverse bias (in Table 2). The

carrier concentration of current increased gradually

in each temperature values under UV illumination.

Fill factor (FF) was determined to make an assess-

ment for the quality of power conversion efficiency.

FF was controlled by several factors in FF ¼ VmpImp

VocIsc
�

100 equation. In this equation, Vmp is the maximum

voltage value, Imp is the maximum power of current,

Isc is the short circuit current, and Voc is the open

circuit voltage. The value of power conversion effi-

ciency was determined by these parameters. The

highest FF was determined at 800 �C (in Table 3) to

make the assessment of the diot applications.

Current density–voltage characteristics have con-

tributed the valuable data to determine the rectifying

behavior of a diode for the use in to semiconductor

applications. The current concentration increased

with UV illumination, and the curves presented the

photocurrent results under reverse bias in Fig. 9.

Their results have indicated its novel multidisci-

plinary approaches about Al-doped ZnO structure

quality in XRD results. Current density–voltage

properties of the heterojunction explained the recti-

fying behavior at 700 �C under dark and illumination

for its use in semiconductor devices and applications.

Electrically controlled Cu switch layer derived by

cold spray method resulted with the rapid coating

process avoiding the oxidation at Cu ohmic contact

Table 1 I0, n and IF/IR values for ZnO:Al/p-Si heterojunctions

annealed at 700 �C and 800 �C

Al temperature (�C) I0 (A) n IF/IR

700 1.428 9 10–8 2.138 71.2

800 2.488 9 10–4 3.345 4.63
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layer. The utilization of high-purity Cu particles

(with * 1 lm-average grain size) at the cold spray

method has supported to improve the I–V

characteristics of ZnO:Al/p-Si heterojunction. Hence,

the development of this heterojunction was possible

for the use in industrial electronics product with cost-

effective nanotechnological applications focusing on

fabrication of optoelectronics. The development of Cu

ohmic contact layer was performed by the cold spray

method on ZnO:Al nanospheres and the develop-

ment of Cu ohmic contact layer indicated the

importance of the annealing temperature of the

ZnO:Al thin film at 700 �C for the enhancement of the

structural characteristics of ZnO:Al thin film and the

Fig. 8 I-V characteristics of

ZnO:Al/p-Si heterojunctions

(at 1.2% at. Al) annealed at

(a) 700 �C and (b)800 �C

Table 2 Current at - 3 V under dark and light for heterojunctions

annealed at 700 �C and 800 �C

Annealing temperature (�C) I dark I light

700 - 1 9 10–5 - 9.24 9 10–5

800 - 9.9 9 10–5 - 2.004 9 10–3
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electrical properties of the ZnO:Al/p-Si heterojunc-

tion. It was assumed that there was the limitation of

corrosion by the cold spraying technique for the use

in different analytical solutions and this event has

supported to avoid high resistivity and to obtain

oxidation resistance with the enhanced functional

performance of the heterojunction. The results of this

study indicated that the Cu ohmic contact layer

(derived by cold gas dynamic spraying on ZnO:Al

thin film for Cu/ZnO:Al/p-Si/Al configuration) was

suitable for the use in electronic systems including

semiconductor equipments at large areas. The Cu

ohmic contact layer was applicable at the effective

operation of the ZnO: Al/p-Si heterojunction (as the

functional system) in harsh mechanical environment

with the high-speed microparticles (such as Cu

powder with * 1 lm-average grain size) at the

supersonic velocity (maximum * 3 Mach). The

functional behavior of the ZnO:Al thin film has

described the high-performance requirements of the

Cu ohmic contact layer (derived by cold gas dynamic

spraying) for use in the earth and space systems. The

Cu ohmic contact layer (derived by cold gas dynamic

spraying) has emphasized the relation to the specific

effect level of Al (in at.%) on the effective surface of

the ZnO:Al thin film. The electrically controlled

switch was developed as the innovative contact layer

for practical and economic development of electrical

circuit devices.

The results of this study have indicated the futur-

istic researches that the practical collection conditions

of the cost-effective metallic microparticles can be

developed for the microsize metal-rich asteroid par-

ticles (such as Au microparticles) with worth quad-

rillions in space.

4 Conclusion

The development of the cold gas dynamic spraying

parameters (with the accelerated metallic micropar-

ticles through the nanospherical ZnO:Al thin film)

has been provided to avoid the oxidation of the

ohmic contact layer with high purity.

(1) The determination of the critical cold spray

deposition parameters has provided the improve-

ment of the electrical properties of the ZnO:Al thin

film.

(2) The ZnO:Al thin film was fabricated by low-cost

sol–gel dip-coating technique and annealed at two

different annealing temperatures such as 700 and

800 �C in vacuum. Substantial improvements at the

ZnO:Al thin-film surface resulted in adding new

information about the cold spray deposition

parameters.

(3) The bombarded ZnO:Al thin film with Cu

micrometallic particles at the ultrahigh-speed sup-

ported the modification of the functional modifi-

cation of ZnO:Al/p-Si heterojunction. The

Table 3 VOC, ISC, VMP, IMP,

and FF of heterojunction under

light

Annealing temperature (�C) VOC (V) ISC (lA) VMP (V) IMP (lA) FF

700 0.1476 - 15 0.0538 - 760 %18.40

800 0.0646 - 30.75 0.0235 - 18.5 %21.88

Fig. 9 Current density–voltage characteristics of ZnO:Al/p-Si

heterojunctions (at 1.2% at. Al) annealed at (a) 700 �C and

(b) 800 �C
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acceleration of Cu powder (with the supersonic

velocity at max. * 3 Mach) has emphasized the

relation to in-depth surface-specific density.

Because the well-regulated grain boundary

resulted with the dense packet form (via hexagonal

ZnO:Al thin film annealed at 700 �C).
(4) The determination of the optimum cold spray

deposition parameters of the Cu ohmic contact

layer had supported the improvement of the

rectifying diode behavior (with the enhancement

of the electrical conductivity due to the modifica-

tion of the performance of I–V characteristics). The

improvement of mechanical resistance of ZnO:Al

thin film has been targeted against the accelerated

high-density particles (as Cu powder with high

purity) to use in the optoelectronics at aerospace

industry. The comprehensive examination of cold-

sprayed Cu coating derived on ZnO:Al has pro-

vided to determine the utilization conditions of Cu

microparticles (not be larger than * 1 lm-average

grain size with the purity at least 99,5%).

(5) The developed heterojunction has provided to

determine the optimum rectifying behavior. The

heterojunction has been derived without the cracks

after the grains of surface ZnO:Al was annealed at

700 �C. Hence, the accelerated Cu microparticles

have not had the considerable damage at the

ZnO:Al thin film (as 1.2 at. % Al) with finer grains.

Consequently, the Al doping controlled at the

atomic level (as 1.2 at. %) in ZnO:Al thin film has

presented new advantages for its use in the

advanced semiconductor devices. The develop-

ment of the rectifying behavior (with the result of

the optimum rectification ratio IF/IR = 71.2 at

a ± 20 V bias voltage of the heterojunction treated

at 700 �C) has indicated the novel critical fabrica-

tion parameters of the Cu ohmic contact layer

(derived by cold spray deposition) of this smart

diode (without the cracks at the ZnO:Al thin-film

surface at 1.2 at.% Al concentration).
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36. Y. Köse, MSc Thesis, Istanbul Technical University, Material

Science Engineering, Thesis No: 421255, (2015) https://tez.

yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp

37. N. Baydogan, M. Baydogan, H. Cimenoglu, Y. Gökçe,
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