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ABSTRACT 

In this work, zinc oxide (ZnO) films were deposited on silicon (Si) substrates with and without Black 

Silicon (BS) using the sol-gel spin-coating method. The nanotexturing of the Si surface was performed via 

reactive ion etching, resulting in the formation of a conical nanoneedle array that enhanced light trapping 

efficiency. X-ray Diffraction (XRD) analysis confirmed that the ZnO films exhibited a polycrystalline 

hexagonal wurtzite structure. The formation of n-ZnO/p-Si heterostructures was validated through 

Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDS), and current-voltage 

(I–V) measurements. The incorporation of BS at the heterostructure interface significantly enhances the 

spectral response across the entire wavelength range due to superior light-trapping properties and an 

increased contact area at the heterojunction. These findings are highly relevant for the development of 

photodetectors and other optoelectronic devices based on ZnO and BS. 
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I. INTRODUCTION  

The unique properties of zinc oxide (ZnO), such as a wide 
forbidden transition (3.37 eV), high exciton binding energy (60 
meV), transparency in the visible range (>80%), piezoelectric 
characteristics, chemical and thermal stability, and low toxicity, 
make it a versatile material for a wide range of applications [1, 
2]. Various methods are used to obtain ZnO thin films, 
including thermal evaporation, atomic layer deposition, 
chemical vapor deposition, pulsed laser deposition, radio-
frequency magnetron sputtering, electrochemical deposition, 
and sol-gel process [3-7]. Among these methods, the sol-gel 
technology stands out due to several advantages, such as ease 
of implementation, the ability to precisely control the chemical 
composition of the films, low equipment cost, and the ability to 
obtain large-area films with high thickness uniformity [8]. 

The integration of ZnO with other semiconductors, 
particularly silicon (Si), offers promising avenues for the 
development of multifunctional and high-efficiency devices, 
such as solar cells, photodetectors, light-emitting diodes, 
sensors, and energy-harvesting systems [9-11]. Research in this 
field focuses on developing new device architectures, 

improving material quality, and optimizing the interfaces 
between ZnO and Si. For this purpose, Si with microtextured 
surfaces, such as porous Si, is widely used [5, 7, 12-14]. It has 
already been demonstrated that ZnO/Si heterostructures with 
microtextured surfaces not only exhibit excellent light trapping 
behavior, but also provide intense light emission and enhanced 
light extraction [6, 7, 15, 16]. 

In recent years, Si with a nanotextured surface, known as 
BS, has been studied to enhance light absorption [17-20]. BS 
consists of an array of densely packed cone-shaped 
nanoneedles, with dimensions smaller than the wavelength of 
incident light. The ultra-low reflectivity of BS is attributed to 
the scattering of incident light and the formation of an effective 
medium with a gradient refractive index along the height of the 
nanoneedles. In our previous study, it was demonstrated that a 
nanotextured Si surface significantly reduces reflection and 
enhances broadband light absorption when combined with 
films of metal oxides [21]. The use of BS at the ZnO/Si 
interface can also facilitate the formation of highly efficient 
heterojunctions, thereby expanding the functionality of 
photoelectronic devices based on these structures. However, 
such studies are scarcely reported in the literature. 
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In this work, ZnO films were deposited on Si substrates 
with and without BS using the sol-gel spin-coating technique. 
The resulting nanotextured n-ZnO/p-Si heterostructures 
exhibited distinct structural and electrical characteristics 
compared to planar configurations. These findings highlight the 
strong potential of ZnO/BS heterostructures for future 
electronic and photonic device applications. 

II. EXPERIMENT 

The initial substrates used in this study were p-type (boron-
doped) single-crystal Si wafers with a (100) crystallographic 
orientation and a resistivity of 1.0–3.0 Ω⸱cm. The substrates 
were first immersed in hydrofluoric acid (HF) for 10 sec and 
then rinsed with ethanol. For the comparative analysis, 
experimental ZnO/Si structures with and without BS at the 
interface (referred to as nanotextured and planar samples, 
respectively) were fabricated and studied.  

BS was formed on one side of the substrates using maskless 
Reactive Ion Etching (RIE) in an SF6/O2 gas mixture. The 
etching process was conducted at a pressure of 55 mTorr for 10 
min, with gas flow rates of 75 cm3/min for SF6 and 40 cm3/min 
for O2. After the electrochemical treatment, the working 
surface of the samples was rinsed with distilled water and dried 
using nitrogen blow-drying. A detailed description of the BS 
fabrication procedure is available in [18]. 

ZnO films were synthesized using the sol-gel spin-coating 
method. The precursor sol was prepared by dissolving zinc 
acetate in absolute isopropyl alcohol and aging the solution at 
room temperature for 48 hours. A thin seed layer was deposited 
by spin-coating at a substrate rotation speed of 2000 rpm, 
followed by preliminary drying at 250 °C for 10 min and final 
heat treatment in a muffle furnace at 450 °C for 60 min. The 
deposition and drying process was repeated until the desired 
film thickness was achieved. In the final stage, the samples 
were placed in a furnace and heated stepwise in 20 °C 
increments up to 550 °C. After synthesis, the ZnO/Si structures 
were rinsed with distilled water and dried by purging with 
nitrogen. 

The morphology of the samples, including cross-sectional 
and top-view features, was examined using a Hitachi S-4800 
(Japan) SEM. The elemental composition of the samples was 
determined via EDS, using a Bruker QUANTAX200 
spectrometer (Germany), operating at 10 kV. For structural and 
phase analysis, a Malvern Panalytical X-ray diffractometer 
(Netherlands) was employed, utilizing CoKα radiation with a 
wavelength of 1.542 Å in 2θ mode. To measure the I-V 
characteristics of the ZnO/Si sandwich structures, ohmic 
contacts were fabricated on both sides using thermal 
evaporation of aluminum (Al). The I-V measurements were 
carried out using an E7-25 voltage source (Belarus). Voltage 
was applied between the top ZnO contact and the ohmic back 
contact. In the forward bias configuration, the ohmic back 
contact was grounded, while the ZnO contact was negatively 
biased. The measurements were conducted at room temperature 
in the dark, with a voltage range from –2 to +2 V. Additionally, 
the spectral responsivity of the samples was evaluated across 
the 350–1000 nm wavelength range using a Spectroscopic 
Prism Monochromator (SPM) (Germany). 

III. RESULTS AND DISCUSSION 

Figure 1 presents representative cross-sectional and top-
view SEM images of the studied samples. As seen in Figures 
1(a) and 1(b), the RIE process yields a quasi-ordered array of 
conical nanoneedles on the Si surface, with face inclination 
angles ranging from 70° to 80°. These nanoneedles are smooth 
and free of nanowhiskers or nanoclusters, indicating the high 
isotropy of the etching process. Within microscale regions, the 
nanoneedles are randomly distributed with narrow interspatial 
gaps, typically less than 100 nm. The base diameter of the 
nanoneedles varies between 165 and 205 nm, with an average 
height of approximately 680 nm. This nanotexturing leads to an 
estimated ninefold increase in the specific surface area 
compared to the planar Si substrate. 

 

 
Fig. 1.  Cross-sectional (a, c, e) and top (b, d, f) SEM images of BS (a, b), 
ZnO/Si nanotextured (c, d), and planar (e, f) structures. All scale bars are 500 
nm. 

On planar Si in Figures 1(e) and 1(f), the deposited ZnO 
film appears uniform, exhibiting low surface roughness. The 
film consists of ordered crystallites with a uniform growth 
direction perpendicular to the Si substrate. In contrast, the ZnO 
film grown on the nanotextured Si surface displays a fibrous 
structure, as shown in Figures 1(c) and 1(d). In this case, the 
fibers grow either from the interneedle space perpendicular to 
the Si substrate or obliquely from the faces of the nanoneedles. 
The omnidirectional growth of ZnO on BS is driven by 
sufficient activation energy, allowing it to occupy the correct 
nucleation sites along the nanotextured surface [5]. The ZnO 
layer uniformly penetrates and envelops the BS matrix, 
forming a conformal coating. The average total thickness of the 
ZnO film is approximately 530 nm for both planar and 
nanotextured substrates. Additionally, SEM images reveal the 
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presence of a denser ZnO seed sublayer, approximately 80 nm 
thick, at the interface in both sample types. 

The XRD patterns of ZnO films deposited on planar and 
nanotextured Si surfaces are depicted in Figure 2. In both cases, 
prominent diffraction peaks are observed at 2θ values of 
31.95°, 34.64°, 36.42°, 47.87°, 57.16°, and 63.18°, 
corresponding to the (100), (002), (101), (102), (110), and 
(103) crystal planes, respectively. These peaks confirm the 
formation of a polycrystalline hexagonal wurtzite structure of 
the ZnO phase. The diffraction peak at 68.14° (400) 
corresponds to the reflection from the Si substrate. This peak is 
particularly pronounced for the nanotextured sample, indicating 
effective integration of ZnO into the BS nanoneedle array. The 
average crystallite size of ZnO was calculated along the (002) 
direction using the Scherrer formula. The crystallite size was 
found to be 71.6 nm for the planar surface and 83.4 nm for the 
nanotextured sample. The increase in crystallite size is likely 
due to the highly lyophilic nature of BS [22], which promotes 
larger crystallite formation, similar to the growth process 
observed in liquid perovskites on nanotextured surfaces [23]. 

 

 
Fig. 2.  XRD patterns of ZnO films deposited on planar and nanotextured 
Si surfaces. 

The results of EDS analysis for BS and ZnO films 
deposited on its surface are illustrated in Figure 3. In the initial 
state (upper pattern), the main element on the surface is Si, 
with a minor presence of oxygen (O), indicating the existence 
of a natural silicon dioxide film on the BS. After the deposition 
of ZnO (lower pattern), significant changes in the composition 
are observed. The spectrum clearly shows a peak 
corresponding to zinc (Zn), confirming the successful 
deposition of ZnO thin films on the BS. An increase in the 
oxygen concentration further supports its presence in the film, 
consistent with the expected results. EDS mapping reveals a 
uniform distribution of Zn across the entire BS surface (not 
shown here). In both spectra, the concentration of other 
potential impurities, such as boron from the substrate, and 
carbon and nitrogen from the air, is below the detection limit of 
the EDS method (1 at. %). 

 
Fig. 3.  EDS patterns of BS (upper) and ZnO films deposited on its surface 
(lower). 

The semi-logarithmic I-V characteristics of planar and 
nanotextured ZnO/Si samples, measured at room temperature 
in the dark over a DC voltage range of –2 to +2 V, are shown 
in Figure 4. The inset illustrates the measurement scheme. The 
obtained curves are representative and correspond to the 
average values measured across the surface of the samples. 

 

 
Fig. 4.  Semi-logarithmic I-V characteristics of planar and nanotextured 
ZnO/Si samples. The inset illustrates the measurement scheme. 

The studied samples are heterostructures composed of an n-
type ZnO film and a p-type (BS)Si substrate. Their electrical 
parameters can be determined from the obtained I-V 
characteristics using the Shockley equation, which is based on 
the thermionic emission model [24]: 

� � ������� 	
�⁄ 
 � 1�    (1) 

�� � 
�
� �� ���∗��

��
�    (2) 
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where � is the electronic charge, � is Boltzmann’s constant, � 
is the operating temperature, � is the ideality factor, ��  is the 
reverse saturation current, �� is the apparent potential barrier 
height at zero bias, � and �∗ are the contact area and effective 
Richardson constant (for undoped ZnO �∗ ~ 32 A ∙cm2 ∙K2), 
respectively. 

The values of the main electrical parameters of both 
samples are summarized in Table I. 

TABLE I.  ELECTRICAL PARAMETERS OF PLANAR AND 
NANOTEXTURED SAMPLES 

Parameters Planar Nanotextured 

Turn-on voltage (V) 0.5 0.62 
Ideality factor 2.3 3.1 

Rectification Ratio at ±2V 110 23 
Reverse saturation current (A) 7.26∙10-7 5.11∙10-5 

Barrier height (eV) 0.75 0.64 
 

Both n-ZnO/p-Si heterostructures exhibit nonlinear 
rectifying behavior in I-V characteristics (Figure 4), which is 
attributed to the formation of a potential barrier at the 
heterojunction interface. However, significant differences in 
their electrical properties are observed. For nanotextured 
samples, the measured current at zero, forward, and reverse 
bias is significantly higher compared to planar samples. 
Nanotexturing also increases the turn-on voltage, a reduction in 
the potential barrier height, and decreases the rectification ratio 
(Table I). The higher forward current suggests reduced contact 
resistance and enhanced charge transport across the 
heterojunction. However, the increased reverse current is 
associated with a higher density of defects and surface states at 
the interface, which promote the recombination of minority 
carriers and reduce their lifetime. To mitigate such losses, 
modern solar cells with a BS front surface often employ 
passivation coatings [19, 21]. Thus, while nanotexturing can 
improve certain aspects of charge transport, it also necessitates 
careful control of surface quality to minimize the negative 
effects caused by defects and recombination. 

The spectral responsivity is an important photoelectric 
parameter to reflect the performance of a heterostructure to the 
irradiated photon, which can be defined as: 

" � �#$ %&	⁄      (3) 

where �#$ is the response photocurrent, and %&	 is the incoming 
optical power. 

Figure 5 illustrates the spectral responsivity of n-ZnO/p-Si 
and n-ZnO/(BS)p-Si heterostructures at a reverse bias of 2 V. 
Both samples exhibit a broad spectral response across the 
wavelength range of 350–1000 nm. Two distinct photoresponse 
peaks are observed: the first peak is located at approximately 
370 nm, corresponding to photons absorbed within the bandgap 
of the ZnO film, and the second peak appears at 860 nm, 
corresponding to the absorption edge of Si. The presence of BS 
at the interface enhances the spectral response across the entire 
range compared to the planar surface. The highest recorded 
responsivity for the nanostructured samples is 1.15 A/W at 860 
nm, which is nearly twice as high as that of planar 
heterostructures. Comparative studies further indicate that 

nanotextured BS-based heterostructures universally surpass 
microtextured porous Si designs in responsivity, irrespective of 
the ZnO deposition technique (pulsed laser, chemical bath, 
electrochemical, or hydrothermal) [7, 13–15]. 

 

 
Fig. 5.  Spectral responsivity of nanotextured and planar heterostructures. 

The improved broadband photoresponse of the 
nanotextured samples can be attributed to several factors. First, 
BS exhibits high light-trapping efficiency due to its graded 
refractive index and the scattering of incident light by the 
nanoneedles [17], which promotes the intense generation of 
electron-hole pairs in Si. Second, the nanotextured samples 
have a significantly larger contact area between ZnO and Si 
compared to planar heterostructures. This leads to increased 
carrier collection efficiency and, consequently, a higher 
photoresponse.  Thus, the optimized junction properties, which 
combine efficient light trapping and improved carrier 
collection, result in enhanced photoresponse of the 
nanotextured samples. These findings demonstrate the potential 
of nanotextured n-ZnO/p-Si heterostructures for use in 
photonic devices, such as photodetectors, optical sensors, and 
other optoelectronic applications. 

IV. CONCLUSION 

In this work, zinc oxide (ZnO) films were deposited on 
planar and nanotextured silicon (Si) substrates using the sol-gel 
spin-coating method. The nanotexturing of the Si surface was 
achieved through the Reactive Ion Etching (RIE) method in the 
Black Silicon (BS) formation mode, resulting in the creation of 
an array of conical nanoneedles. Scanning Electron 
Microscopy (SEM) images and Energy-Dispersive X-ray 
Spectroscopy (EDS) analysis revealed a uniform and 
homogeneous distribution of ZnO on the BS nanoneedles. It 
was observed that the ZnO films deposited on the nanotextured 
surface exhibit a fibrous structure, attributed to the 
omnidirectional growth of ZnO crystallites along the 
nanoneedles. X-ray Diffraction (XRD) confirmed the formation 
of a polycrystalline hexagonal wurtzite structure of ZnO on 
both types of substrates. Measurements of the current-voltage 
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(I–V) characteristics of the fabricated n-ZnO/p-Si 
heterostructures demonstrated that the nanotextured samples 
exhibit a higher forward current, indicating improved charge 
transfer across the heterojunction. However, an increase in the 
reverse current and a reduction in the potential barrier height 
highlight the need for further optimization of surface quality to 
minimize recombination losses. The spectral responsivity of the 
nanotextured samples in the 350–1000 nm range was 
significantly higher than that of planar structures, which is 
attributed to enhanced light trapping and an increased contact 
area between ZnO and Si. These results underscore the 
potential of nanotextured n-ZnO/p-Si heterostructures for use 
in photonic devices. 
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