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otoluminescence properties of
hybrid 1D core–shell structured nanocomposites
based on ZnO/polydopamine†

Viktoriia Fedorenko, ac Roman Viter,*ac Radosław Mrówczyński,b

Daina Damberga, a Emerson Coy b and Igor Iatsunskyi *b

In the present work, we report on the modelling of processes at the zinc oxide and polydopamine (ZnO/

PDA) interface. The PDA layer was deposited onto ZnO nanorods (NRs) via chemical bath deposition.

The defect concentrations in ZnO before and after PDA deposition were calculated and analysed. The

ZnONRs/PDA core–shell nanostructures were studied by transmission electron microscopy (TEM), X-ray

diffraction (XRD), Raman and Fourier-transform infrared (FTIR) spectroscopy, photoluminescence (PL)

measurements, and diffuse reflectance spectroscopy. The TEM and electron energy loss spectroscopy

(EELS) measurements confirmed the conformal coating of PDA, while the PL emission from ZnO and

ZnONRs/PDA samples showed a reduction of intensity after the PDA deposition. The decrease of defect

concentration participating in PL and quantum efficiency explains the PL reduction. Finally, the observed

decrease of activation energies and a shift of the PL peaks are attributed to the formation of an

additional local electrical field between the PDA and ZnO nanostructures.
1 Introduction

Zinc oxide (ZnO) nanostructures are well known materials with
advanced structural and optical properties.1–4 Due to their high
refractive index, wide band gap and room temperature photo-
luminescence, they have been used in different applications,
such as optical coatings, photocatalysis,5–8 optical sensors and
biosensors.2,9,10 The electronic and optical properties of ZnO can
be tuned by forming ZnO-composite nanomaterials.11–14 Metal
nanoparticles that exhibit surface plasmon resonance (Au, Ag,
etc.) and functional polymeric layers (polyaniline, polypyrrole,
etc.)15,16 can be deposited on ZnO by chemical and physical
methods.17,18 ZnO-composite nanomaterials have demonstrated
tunable electronic and optical properties.15,16 Moreover, specic
functional groups, for binding of different molecules, have been
formed on the surface of ZnO-based nanocomposites, opening
a broad range of applications, especially in biosensors.10,19–21

The polymerization of functional polymers (polypyrrole,
polyaniline, etc.) on ZnO surfaces requires special conditions,
such as a low pH (2–3).22,23 However, it oen results in the
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dissolution of ZnO template.24 Therefore, a possible solution is
to use an additional redox agent for triggering polymerization at
neutral pH or to deposit polymers, synthesized at higher pH (8–
10). Among the polymers of interest, polydopamine (PDA) has
a very attractive compound. PDA is a biocompatible material
that has been used as a versatile coating and platform for
biomedical application, drug delivery system preparation,
sensors and biosensors, energy storage and batteries as well as
photocatalysis.25–33 The advantage of PDA is its strong adhesive
properties that allows to coat any surface both hydrophilic and
hydrophobic. So far, PDA has been used to coat many materials
i.e. alumina, silicon, magnetite, wood, glass, nanodiamonds
and other carbon based materials.34–38 The crucial attribute
allowing to use of the PDA in different applications is its
biocompatibility, that has been proved under in vitro and in vivo
conditions.39–44 Routinely, PDA is obtained by oxidative poly-
merization of dopamine in TRIS buffer at pH 8.5, which could
be very promising for ZnO coating. PDA contains both quinone
groups and an open-chain primary amine.45 The rst one can be
used to functionalized PDA with different moieties baring
amino and thiol groups.46,47 The presence of primary amino
group was conrmed by the diazotransfer reaction on PDA
coated magnetic nanoparticles, which led to its further exploi-
tation in organocatalysis.48,49 Importantly, it is suggested that
amino and hydroxyl groups contribute to the adhesive proper-
ties of PDA.50

Indeed, it has been shown that the combination of PDA with
ZnO can lead to enhanced performance in solar cells, optical
coatings and antimicrobial materials.51–53 However, the
RSC Adv., 2020, 10, 29751–29758 | 29751

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04829a&domain=pdf&date_stamp=2020-08-11
http://orcid.org/0000-0002-8616-641X
http://orcid.org/0000-0001-8901-7009
http://orcid.org/0000-0002-4149-9720
http://orcid.org/0000-0001-9420-7376
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04829a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010050


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
5:

10
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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mechanism of ZnO/PDA interfaces formation and its impact on
optical properties has not been revealed yet. Themain challenge
regarding modelling of PDA/Semiconductor interfaces is the
lack of consensus on the PDA structure. Up to this date, scien-
tists are still debating about the nal structure of the polymeric
product of PDA, preventing for much needed Density Func-
tional Theory (DFT) or other means for modelling the PDA/
semiconductor interaction. Therefore, the use of spectroscopy
methods is still the best tool available, in order to bring some
understanding to the outstanding properties of PDA.25,54

Among the possible spectroscopy methods, photo-
luminescence (PL) is considered to be a powerful tool for
analysis of metal oxide nanostructures.55 Among those oxides,
ZnO have shown two emission bands: ultraviolet (free and
bound excitons) and visible (vacancies and interstitials).56

Reshchikov et al. showed a methodology for the estimation of
defect concentration in ZnO nanostructures by PL analysis.57,58

This method is based on the sublinear power dependence of
defect PL intensity on the excitation power.57,58 As result, the
defect concentration and quantum efficiency could be evalu-
ated.57,58 Additionally, the activation energies and exciton
binding energies in ZnO nanostructures could be evaluated
from the temperature quenching of the PL spectra.57,58 Likewise,
the activation energies and exciton binding energies provide
important information on the photoinduced processes in ZnO
and, more importantly, the role of bulk and surface contribu-
tions. Thus, PL is an ideal method for analysing ZnO/PDA
nanocomposites, which can bring further insights on the
interfacial phenomena occurring on these structures. Compar-
ison of electronic (FTIR, Raman spectroscopy) and optical
properties (PL emission) ZnO and ZnO–PDA nanostructures has
never been studied before. Mechanisms of PDA layer forming
on metal oxide surface and the role of ZnO defects on PDA
structure are not revealed yet. Understanding of the above
mentioned physical phenomena are important for further
applications of PDA-based composites for sensor and biomed-
ical purposes.

In this paper, we report on the analysis of the ZnO/PDA
interface by low-temperature PL spectroscopy. The results
allow to determine a correlation between the structural and
optical properties of ZnONRs and ZnONRs/PDA nanostructures.
Furthermore, the role of the PDA layer on PL emission intensity,
defect concentrations and the quantum efficiency in ZnO/PDA
nanostructures is analysed and discussed. Finally, the photo-
luminescence results, combined with Raman spectroscopy and
FTIR data allow us to propose a model for forming of ZnO/PDA
core–shell nanostructures. The results shown in this study
Fig. 1 Schematic diagram of ZnONRs/PDA synthesis by combining hydr
alkaline aqueous solution.

29752 | RSC Adv., 2020, 10, 29751–29758
provide a unique insight into the electronic process of the ZnO/
PDA interface and shine a new light on the understanding of the
interaction of PDA with oxide semiconductor surfaces.

2 Experimental section
2.1. Materials

Zinc acetate dehydrate, hexamethylenetetramine, 2-propanol
(IPA), ethanolamine, sodium sulphate, zinc nitrate hexahydrate
were obtained from Sigma Aldrich (Riga, Latvia), dopamine
hydrochloride 99% (10174833), and tris(hydroxmethyl)amino-
methane 99% (A18494) were purchased from Alfa Aesar
(Poland), and were used without additional purication. The
glass substrates (10 mm � 10 mm) were cleaned by successive
sonication with deionized water and isopropyl alcohol for
10 min, with proper drying prior to nal use. Oxygen plasma
treatment for 15 min was performed in order to eliminate
organic traces.

2.2. Fabrication of ZnO nanorods

ZnO nanorods (ZnONRs) were deposited by hydro-
thermochemical method (Fig. 1) as described in Viter et al.
works.16,59 Initial ZnO seed layer has been prepared on glass by
drop casting of 20 mL of 1 mg mL�1 zinc acetate methanol
solution, followed by annealing at 350 �C for 1 hour. The glass
substrates with ZnO seed layers were incubated for 4 hours in
50 mM of zinc nitrate and 50 mM of hexamethylenetetramine
containing solution in water at 95 �C. A hydrothermal growth of
ZnONRs was performed. The samples were washed by deionized
water and dried at room temperature.

2.3. Deposition of polydopamine on ZnO nanorods

As deposited glass substrates (size 10 � 10 mm2) with ZnONRs
were immersed into a Tris buffer (10 mM, pH 8.5, 50 mL) with
a dopamine concentration of 0.4 mg mL�1 at room temperature
for deposition time 2 hours. In the next step the samples were
removed and rinsed with Milli-Q water and dried with nitrogen
(N2) stream.

2.4. Characterization

Structural properties of the ZnONRs–PDA nanostructures were
investigated by XRD (PANAlytical Xpert-PRO diffractometer
equipped with a Pixel 3D detector using Ni-ltered Cu Ka
radiation 45 kV/40 mA), SEM (Zeiss Evo HD15 SEM from Zeiss
Ltd (Jena, Germany)), HR-TEM (JEOL ARM 200F) high-
resolution transmission electron microscope (200 kV) with
othermal method, and dopamine hydrochloride self-polymerization in

This journal is © The Royal Society of Chemistry 2020
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EDX and EELS detector, Raman scattering measurements were
performed using a Renishaw micro-Raman spectrometer
equipped with a confocal microscope (Leica) and FTIR spec-
troscopy, using a FTIR-ATR spectrophotometer ‘Frontier’ from
Perkin Elmer (Waltham, USA). Optical properties were studied
by diffuse reectance spectroscopy, using HR2000+ ber spec-
trometer from Ocean Optics (Dunedin, USA). Low-temperature
PL properties were studied by homemade setup (see ESI,
Fig. S1†). The sample was assembled with copper holder into
vacuum chamber with quartz window. Liquid nitrogen was
injected into the cavity of the copper holder. The holder was
equipped with K-type thermocouple, contacted the surface of
the sample. The automatic temperature control was performed
with precision of�1 K. The measurements were performed with
a step of 5 K. The PL was excited by Nd:YAG laser (266 nm,
output power 29 mW) and collected by spectrometer Horiba
iHR320. The measurements were performed in the range of 77–
300 K.
3 Results and discussion

The overall process for the synthesis of ZnONRs/PDA is shown
in Fig. 1. In the rst step glass substrate was covered with
ZnONRs by hydro-thermochemical method according to
previous report/according to protocol established in our labo-
ratory (precise description is presented at experimental part).16

Further obtained glass substrate with ZnONRs was coated
with polydopamine using dopamine hydrochloride concentra-
tion of 0.4 mg mL�1 and time interval 2 hours in order to
investigate its inuence of optical properties of obtained
material. This reaction was performed in Tris buffer at pH 8.5
allowing oxidative polymerization of dopamine.

The structural properties of obtained materials were char-
acterized using X-ray diffraction (see Fig. 2a). In the presented
diffractograms peaks located at 31.7�, 34.3�, 36.5�, 47.6�, 56.5�,
62.5� and 68.3� were assigned to (see Fig. 2a) ZnO wurtzite
phase.56 In the XRD spectra of ZnONRs/PDA (see Fig. 2a) no
signicant changes on crystallinity can be found aer the PDA
coating, conrming the suitability of PDA for efficient coating of
nanosurfaces. Morphology of the synthesized ZnONRs nano-
structures was studied by SEM (see Fig. 2b). The diameter of the
Fig. 2 (a) XRD spectra of ZnONRs and ZnONRs/PDA; (b) SEM image of
ZnONRs.

This journal is © The Royal Society of Chemistry 2020
structures was found to be 50 � 10 nm, and the length was
about 550 � 50 nm.

Themorphology and integrity of the PDA coating on ZnONRs
was investigated by TEM (see Fig. 3a and b). These analyses
revealed that ZnONRs were uniformly coated with a PDA layer
with an average thickness less of �5 nm. Furthermore, electron
energy loss spectroscopy (EELS) analysis on the ZnONRs, proved
the presence of nitrogen, carbon, and oxygen, what indicated
the formation of PDA in ZnONRs/PDA nanocomposite and
conrmed the homogenous coating of ZnONRs. Moreover,
since no visible structural changes or degradation of ZnONRs
were observed, the deposit condition of PDA required no further
optimization.

In order to determine the composition of the produced
nanocomposites, Raman spectroscopy was also used.60 Raman
spectra of ZnONRs, PDA and ZnONRs–PDA are shown in Fig. 4a.
As prepared ZnONRs showed peaks at 333, 376, and 435 cm�1,
related to Ehigh

2 –Elow
2 mode, A1(TO) polar optical phonon mode,

and E2 (high) non-polar mode, respectively.61 The observed peak
at 435 cm�1 (Ehigh

2 mode) corresponds to the wurtzite phase of
ZnO, as it was also conrmed by XRD. This mode is associated
with the vibration of oxygen atoms in the crystal lattice. Raman
peak at 586 cm�1 could be related to structural disorders (such
as oxygen vacancies, Zn interstitial etc.).62 The Raman spectrum
of PDA shows two characteristic peaks: 1357 and 1576 cm�1,
corresponding to aromatic rings of PDA (stretching and
deformation).63,64

The ZnONRs–PDA nanostructures showed peaks at 466, 587,
954, 1214, 1386, 1596 cm�1. Raman peaks at 1386 and
1596 cm�1 correspond to PDA, and arise from the aromatic C–N
stretching mode of the indole structure, and from the C]C
aromatic ring vibration, respectively.65 The results thus conrm
the successful deposition of PDA over ZnONRs surface.

Wide peaks at 466 cm�1 and 1596 cm�1 were deconvoluted
in two components via Lorentzian tting. The resulting peaks
showed the next values: 457 cm�1, 482 cm�1, 1525 cm�1 and
1596 cm�1. The analysis showed good agreement with the
Fig. 3 TEM images of ZnONRs/PDA: (a), and (b); electron energy loss
spectroscopy (EELS) analysis of ZnONRs/PDA (c).

RSC Adv., 2020, 10, 29751–29758 | 29753
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Fig. 4 (a) Raman spectra of ZnONRs, PDA and ZnONRs–PDA; (b) FTIR
of ZnO and ZnO–PDA nanocomposites.

Fig. 5 PL spectra of ZnONRs and ZnONRs–PDA at room temperature
(a); ZnONRs (b) and ZnONRs–PDA (c) at 77 K, power dependence;
deconvolution of the PL spectrum of ZnONRs–PDA (d).
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present peaks – 1206 cm�1, 1528 cm�1 and 1595 cm�1, and
1386 cm�1 with the PDA Raman modes, which related to C–OH
or/and C–O, C]C, C–N, N–H and C]O vibrations, respec-
tively.65 Finally, the peak at 457 cm�1 relates to ZnO, whereas
peaks at 482 cm�1 and 954 cm�1 correspond to Zn–OH and O–H
out-of-plane deformation mode.

FTIR spectroscopy was used to identify of functional groups
present on synthesized materials (see Fig. 4b). The peak at
400 cm�1 and 560 cm�1 was attributed to ZnO vibrational
modes. The peaks located at 1288 cm�1, 1492 cm�1, 1607 cm�1,
and 3362 cm�1 corresponded to C–O, C]N or/and C]C, C]O
and –OH or/and N–H vibrational modes, respectively, these
modes are in agreement with previously date for PDA.66 It is
important to mention that the formation of PDA layer around
ZnO leads to shi the FTIR peak positions of 12–20 cm�1 to
lower values of wavenumbers.

Optical properties of the ZnO/PDA nanocomposites are not
studied well. Due to conformal coating of the PDA over ZnONRs,
changes in excitonic and defect emission of ZnONR photo-
luminescence are expected. We assume that ZnO–PDA interac-
tion might involve ZnO defects. Defect concentration and their
type affect optical and electronic properties of ZnO. Therefore,
comparison of defect and excitonic parameters in ZnONR and
ZnONR–PDA composites will clarify mechanisms of forming the
composites. Thus, analysis of PL properties of ZnONRs and
ZnONRs/PDA has been performed.

As already mentioned, PL is a simple method for surface
defects characterization.2,13,67 Moreover, the emission vs. exci-
tation power allows to evaluate the defect concentration and the
quantum efficiency.2,13,68 The room temperature PL spectra of
ZnONRs–PDA showed decrease of intensity and peak shi of
ZnO aer deposition of PDA layer (see Fig. 5a). We assume two
possible mechanisms of the change in ZnONR–PDA PL spec-
trum: optical absorption by PDA layer and change of emission
parameters of ZnO PL (decrease of emission centres concen-
tration, increase of depletion layer, etc.).

It was shown correlation between deposition time and PDA
layer thickness.69 Deposition time of 24 hours produced PDA
layers with thickness of 70–100 nm. One our deposition of PDA
increased layer increase optical density approximately to 0.02
for the whole spectra in the range of 300–800 nm.69 No char-
acteristic peaks were found. Based on calculation of the thick-
ness of PDA layer and optical absorption we can assume about
6–7% of light absorption by PDA layer in ZnO NR–PDA
29754 | RSC Adv., 2020, 10, 29751–29758
nanostructure. This optical absorption doesn't explain drastic
decrease of ZnONR–PDA PL emission and peak shi. Therefore,
a reduction of PL intensity aer the PDA deposition could be
explained due to the decrease of defect concentration and
change of depletion layer on the interface ZnO–PDA. In order to
analyse these mechanisms, low temperature measurements of
PL of ZnONR and ZnONR–PDA were analysed.

Inuence of excitation laser power on PL emission of
ZnONRs and ZnONRs–PDA nanostructures was investigated at
77 K (see Fig. 5b and c). Different excitation laser powers were
achieved by using neutral lters. The decrease of excitation
power resulted in decrease of the PL intensity (Fig. 5b and c). UV
emission intensity decreased more drastically, compared to the
visible emission. It points to different nature of emission
mechanisms.67

Previously, we have shown analysis of the ZnO PL spectra
and calculations of emission parameters (quantum efficiency
and defect concentration).67 Due to complex behaviour of ZnO
emission deconvolution of the emission spectra on separate
emission peaks by using Gaussian function is required.67 The
deconvolution of the PL spectrum of ZnO–PDA (Fig. 5 d) showed
peaks, located at 2.05, 3.27, 3.348, 3.368 eV. The peaks, located
at 3.27–3.368 eV and 2.05 eV were related to exciton and defect
emission, respectively.70 It was found that excitation power
dependence of the integrated intensity at 77 K showed sublinear
dependence for peaks in the visible range and a superliner
dependence for the UV peaks (see Table S1, ESI†). It is known
that defects in ZnO are the source of charge carriers, charge
traps and emission centres (centres of PL).67,71,72

To simplify calculations, we assume that only one emission
centre is presented in the forbidden zone of ZnO and the
absence of electron and hole traps (Fig. 6a). In this case, the
dynamic equation of trapped and free electron concentrations
will be described by the following kinetic equations:73

dnt

dt
¼ n� ðNd � ntÞ � Cn � nt � Cp � p (1)
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Diagram of possible radiative and nonradiative transitions (a).
The power dependences of integrated intensities for ZnO and ZnO–
PDA (b).
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dn

dt
¼ G � n� ðNd � ntÞ � Cn � n

t
(2)

where G – excitation power, nt – electron concentration in defect
levels, Nd-defect concentration, n – free electron concentration,
p-free hole concentration, Cn,p –electron and hole capture
coefficients.

Solving the eqn (1) and (2), the following expression for the
emission intensity will be obtained:73

I ¼ Nd

a� sr
ln

�
1þ Nd � h

a� sr
� P

�
(3)

where a – absorption coefficient, parameter sr characterizes the
recombination lifetime, P – average laser excitation power, and
h – quantum efficiency.

The power dependences of integrated intensities for ZnONRs
and ZnONRs–PDA, replotted in photon per cm2 are shown in
Fig. 6b. The tting of the curves gave following values for the
defect concentration and quantum efficiency: 1.5 � 1015 cm�3

and 0.28 and 1.2 � 1014 cm�3 and 0.12 for ZnONRs and
ZnONRs–PDA, respectively.

Low-temperature PL provides valuable information on the
quenching of the emission mechanism of the system.
Temperature dependence of PL for ZnONRs and ZnONRs–PDA
in the temperature range 77–300 K are presented in Fig. 7a and
b. Two effects were observed in both ZnONR and ZnONR–PDA
nanostructures: temperature quenching of the PL and shi of
the peaks. The increase of the temperature resulted in red shi
of PL peak in UV region and blue shi of the visible emission.
The effects of the peak shi have been previously dis-
cussed.58,67,74–76 Change of UV peak position is related to
Fig. 7 Photoluminescence temperature dependence of ZnONRs (a)
and ZnONRs–PDA (b).

This journal is © The Royal Society of Chemistry 2020
temperature dependence of ZnO band gap and transitions
between bound and free excitons.67 Temperature range of this
paper (77–300 K) is too high for existence of the bound excitons.
As the ZnO band gap continuously decreases with temperature
the shi of exciton emission towards lower values is followed.67

The increase of the temperature increases the lattice vibra-
tions.67,75,76 In a number of reports the blue shi of visible
emission was explained by electron-phonon coupling.67,75,76 The
phonon coupling resulted in increase of the emitted photon
energy.

Temperature quenching of photoluminescence provides
information about activation energies and exciton binding
energies.67 The following equation was used for the evaluation
of ZnO and ZnO/PDA activation energy of PL quenching:74

I � 1

1þ A� exp
�
�

Ea

kBT

� (4)

where Ea, kB and T are activation energy, Boltzmann constant
and temperature, respectively. The obtained dependences I(T)
were plotted in as 1/I versus 1/T and tted by an exponential
function (Fig. 8a and b) to calculate activation energies. The
calculated values are shown in the Table 1. The activation
energies obtained for UV peaks correspond to free excitons
(0.056 eV) and defect-bound excitons (0.024 and 0.018 eV) in
ZnO. It is clearly seen that forming of a PDA layer over the
ZnONRs resulted in the decrease of the activation energies,
which could be due to the formation of the additional local
electrical eld between ZnO and PDA layer.

Following model of forming ZnO/PDA interface is proposed.
The model scheme of ZnO/PDA nanostructure is represented in
Fig. 8c. Based on FTIR and Raman analysis, we assume that PDA
is attached to the ZnO via –OH groups in PDA structure. Based
on PL analysis, the intensity of the peaks and the defect
concentration decreased aer deposition of PDA over ZnONRs.
Fig. 8 Exponential approximation for activation energy calculations (a
and b). The model of forming ZnO/PDA interface (c).
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Table 1 Evaluation of ZnO and ZnO–PDA activation energies

2.14–2.09
eV

3.28–3.27
eV

3.34–3.33
eV 3.367 eV

ZnO 0.074 0.018 0.024 0.053
ZnO–PDA 0.064 0.01 0.013 0.044
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Forming of ZnO/PDA interface involves ZnO defects, particu-
larly doubly ionized oxygen vacancies/or oxygen interstitials. It
is assumed that forming of ZnO/PDA interface decrease the
concentration of ZnO defects. Due to new surface states, the
local electrical eld is formed increasing the depletion layer of
ZnO. Forming of the additional local eld results in a decrease
of activation energies and shi of the PL peaks. Previously, it
was shown that PL intensity is modulated by the value of the
depleted layer in ZnO.71 Taking into account that the value of
depleted layer is proportional to the Debye length, we assume
that changes of the Debye length will affect the PL intensity. The
Debye length can be estimated as:71

LD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k � T � 3� 30

Nd � q

s
(5)

where k, T, 3 and 30 are the Boltzmann's constant, absolute
temperature, a dielectric permittivity of ZnO (3 ¼ 8.5) and the
electric constant (30¼ 8.85� 10�12 F m�1), respectively. The full
donor or charge carrier concentration in ZnO was taken from
the literature and was equal to 1 � 1016 cm�3.77–79 As for ZnO/
PDA, the estimated density of emission centres, which are
associated with donor defects, is approximately 0.87 � 1016

cm�3. The calculated value of the Debye length difference
between ZnO and ZnO–PDA is about 1.2 nm. The increase of
Debye length induces expansion of the depleted layer into the
bulk section of the sample and as result, PL quenching and
changing of peak position.

The proposed mechanism of PL quenching, proposed for
ZnONR–PDA nanostructures here could be spread to other
materials and composites where the depleted layer modulation
is presented. Taking into account that the depleted layer may be
changed under different external factors (e.g. adsorption of
molecules; external coverage; heterojunction formation; mate-
rial irradiation etc.), the proposed mechanism could also
explained the principal of operation of (bio)sensors and
detectors.
4 Conclusions

In summary, we have represented a comprehensive modelling
of the processes on ZnO/PDA interface. The defect concentra-
tions in ZnO before and aer PDA deposition were calculated
and analysed and decrease of concentration of defects, partici-
pating in PL and quantum efficiency was shown. The correla-
tion between structural and optical properties of ZnO/PDA
nanostructures was evaluated. TEM results demonstrated the
ability to produce conformal PDA coating over ZnO nanorods.
29756 | RSC Adv., 2020, 10, 29751–29758
Change of FTIR and Raman spectra, due to the formation of
ZnO/PDA composite suggest that PDA is attached to the ZnO via
–OH groups in PDA structure. Defect levels of ZnO (oxygen
vacancies) are involved in forming ZnO–PDA interface. Inter-
action of the defect levels with hydroxyl groups causes
a decrease of the defect concentration, PL intensity and
quantum efficiency. A decrease of activation energies and shi
of the PL peaks observed in ZnONR–PDA nanostructures is
explained by formation of additional electrical local eld
between PDA and ZnO.

Our studies show the applicability of PDA coatings for
controlling and improving semiconductor surfaces. Moreover,
the results here presented provide further insights on the
electronic response of PDA/Semiconductor materials toward
their many optical and electronic applications in sensors and
catalysis.
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