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1. Introduction

Deconvoluting the electronic landscape of ZnO
using 2D excitation—emission spectroscopy:
effects of microstructuring, doping

and restructuring

Daniel J. Oliver,t Victor V. Volkovi and Carole C. Perry (2 *

Understanding the electronic properties and energy relaxation pathways of semiconductors, is essential
for developing next-generation materials for applications in areas as diverse as medicine, flat panel-
displays and sensing. In this contribution we apply two-dimensional excitation—emission spectroscopy
to interpret energy relaxation pathways in pure and biohybrid zinc oxide (ZnO) micro- and nanostruc-
tures of differing morphologies and evaluate the effects of chemical processing and plasmonic doping.
In pure ZnO microcrystals with low surface-to-volume ratio, ultraviolet near-band-edge exciton
emission dominates relaxation. In contrast, ZnO nanorods, with high surface-to-volume ratio exhibit
strong red and near-infrared emission we ascribe to zinc interstitials, oxygen vacancies, and oxygen
interstitial defects. Hybrid ZnO structures display a redistribution of energy flow to yield a distinctly
different set of red and green emissions stimulated from lower energy states we assign to extended zinc
interstitials, oxygen vacancies, and zinc vacancies. Post-synthetic modification preferentially attenuates
lower-energy donor states, thereby enhancing higher-energy emission channels. For treatment with
polyvinyl alcohol we discuss the role of hydroxyl groups in the restructuring of surface interstitial defects
and passivation of negative zinc vacancies, while borohydride treatment can stimulate reduction-driven
compensation of positively charged defects and hydrogen ion diffusion. Application of two-dimensional
spectral analysis is critically important to avoid ambiguity in evaluation of electronic properties of
semiconductors such as zinc oxide and materials with complex networks of energy relaxation pathways.

signatures specific to band-gap excitons (of variant nature)

Zinc oxide (ZnO) is a II-VI semiconductor with a band gap of
ca. 3.3 eV, whose properties have been widely studied for at
least the past 7 decades.' The wurtzite polymorph is known
for its structural diversity with respect to native defect states.
Depending upon the preparation technique, single crystals,®
thin films,” wires,® nanocrystals® and nanobelts'® can be
formed each with different electronic and optical properties.
The tunable optical and luminescence characteristics of
ZnO'™"® make the II-VI semiconductor suitable for a range
of applications which include: medicine,"***
electronics,'®™® flat-panel displays'® and sensing devices.

ZnO emissions can be divided into two regions: ultraviolet
(UV) and visible emissions. Typically, UV spectra of ZnO bulk
and film samples demonstrate discrete narrow sets of spectral
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and closely associated transitions.>”*> In the visible spectral
range, ZnO materials can emit relatively broad spectral compo-
nents, which are often categorized as ‘green’,"*>*?* ‘blue’,*
‘yellow’,>>*® and ‘red’.”” Visible emissions are attributed to
native deep and/or shallow trap defects that stimulate conduc-
tion band (CB) — trap and trap — valence band (VB) lumines-
cent transitions of different colors according to the energy
levels of the involved trapping defects.>® The ability to tune
the spectral emission of ZnO with no additional dopants solely
through controlling defect/trap state populations is attractive
for a range of optoelectronic applications including solar
cells,?® and light emitting diodes.?* While most of the tunable
emission resides within the visible range, low energy transi-
tions have been reported to produce emission in the near
infrared region.*°

Within the past 2 decades, significant progress has been
made in the preparation of ZnO nanomaterials with nano-
plasmonic inclusions:>'® ZnO-Au hybrid structures may
provide high efficiency photovoltaic’” and photocatalytic®®™**
devices, as well as acting as sensors to demonstrate effective
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Surface Enhanced Raman Scattering.*>™*> Typically, zinc oxide
(znO) nano and micro assemblies and gold (Au) nanoparticles
are the constituents. In our recent studies,*® we presented a
novel one-pot approach to prepare ZnO-ZA2-Au materials,
where the Au nano-inclusions are embedded within the ZnO
material due to using a hybrid polypeptide sequence GLHVMH
KVAYSSGAPPMPPF (ZA2) to link the two phases. Modeling
optical absorption properties of ZnO-ZA2-Au composites sug-
gested hybrid materials may contribute to microelectronics
engineering and affect Ohmic contact processes.”

Both prediction and effective control of the electronic prop-
erties of ZnO materials by means of synthesis procedure,
doping or material combinatorics requires adequate character-
ization of the resulting electronic properties. In a recent
paper,*® we showed that when we address semiconductors with
intricate energy relaxation pathways, application of conven-
tional emission spectroscopy may be insufficient for both the
qualitative assignment of transitions and quantitative evalua-
tion of quantum yield. We approached the problem using
fitting of two-dimensional excitation-emission matrices
(2DEM) of emission spectra assembled according to excitation
wavelengths. We showed that the approach has promise to be
able to resolve energy relaxation networks in systems like ZnO,
where emission components present a complex superimposi-
tion due to transitions of different nature.

In this contribution we demonstrate how two-dimensional
excitation-emission spectral analysis may help to sort and
quantify competing relaxation pathways present in ZnO mate-
rials according to synthesis conditions that affect oxide crystal-
linity, surface to volume ratio, and morphology of macro-
assemblies. Specifically, our library of ZnO materials includes
an analytical standard, microspheres,*® nanorods, polypeptide
mediated nanoplatelets and nanoflowers,>>*" as well as ZnO-
ZA2-Au composites.”” The nanoplatelet, nanoflower and ZnO-
ZA2-Au composite samples were selected to explore possible
effects of material combinatorics to involve polypeptide
mediated material structuring and plasmonic inclusions. To
address effects of post synthetic modifications of electronic
states, we also treat the samples with 0.5% polyvinyl alcohol
(PVA),>” to effect surface passivation and with 1 M NaBH, which
is reported to increase oxygen vacancies at the surface.”®

The outline of the paper is as follows: first, we review the
structural and material properties of the chosen samples;
second, we present a general outline for the results of two-
dimensional excitation emission spectroscopy; next, accord-
ing to spectral analysis and literature precedence we address
the ladder of energy states specific to ZnO materials and
specify the diversity of energy relaxation pathways quantita-
tively. Subsequently, we discuss contributions of specific
defects in the energy relaxation of ZnO in dependence on
structure, possible confinement, and chemistry imposed by
external reactants. Application of two-dimensional spectral
analysis is critically important to avoid ambiguity in evalua-
tion of electronic properties of semiconductors such as zinc
oxide and materials with complex networks of energy relaxa-
tion pathways.

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

2. Materials and methods

Details of the materials purchased, the preparation of ZnO
samples and their post-synthesis treatment with sodium
borohydride or polyvinyl alcohol (PVA) are described in the SI.

2.1. Materials characterization: size, morphology, and
structure

Structural properties of the ZnO samples were determined
using SEM microscopy JEOL JSM-7100F (JEOL Ltd., Akishima,
Japan) at an accelerating voltage of 5 keV. SEM SEI imaging was
used to determine the size and morphology of uncoated
samples with at least 50 particles being measured for each
sample. For the ZnO-ZA2-Au sample a JEOL 2100 Plus
TEM/STEM microscope fitted with a JEOL EX-24200M1G2T
EDX system (JEOL Ltd., Akishima, Japan) and a LaBs source
was used to study the nanoscale gold inclusions as described
in ref. 47.

Further structural and composition-based information was
determined using a PANalytical X’Pert PRO X-ray diffractometer
(Malvern Panalytical Ltd. Malvern, UK) having Cu Ka radiation
operating at a wavelength of 1.54056 A. The samples were
scanned over a range between 3° and 90° of 20 with a step size
of 0.02° s~ . Experiments were carried out at room temperature
with an acceleration voltage of 45 kv and 40 mA filament
current. The X'Pert-HighScore Plus 4.5 (Malvern Panalytical
Ltd. Malvern, UK) program was used to analyse and identify
peaks in the diffraction patterns, for the line spectra see Fig. S1
in SI. The crystallite domain size was determined according
to the Scherrer formula® with the following constants: X-ray
wavelength 0.15406 nm & shape factor (K) of 0.9, while B was
determined at the full width half maximum.

2.2. Two-dimensional excitation emission spectroscopy and
analysis

All fluorescence measurements of bulk samples were per-
formed using a TECAN i-control M200 Pro spectrometer (Tecan
Group Ltd. Switzerland) fitted with a monochromator and
controlled by the i-control (version 1.9.17.0) software, and black
96-well plates (Corning Inc., Corning, New York USA) to hold
solid-state samples. Spectral analysis was conducted following
a fitting procedure, as described previously.*® Initial para-
meters for adopted transitions and line-shapes are according
to literature values''>® and to ensure consistency across all
the samples considered. When discussing emissive contribu-
tions of electronic states for different ZnO materials, it is useful
to express quantum yields for transitions to allow for easier
comparison of this data with future studies which may use
different spectrometers or have a different experimental setup.
To express relative quantum yields of a sample we normalize
the contribution of each emissive component by the sum of the
contributions of all emissions as detected for the sample. These
relative quantum yields are helpful to describe how different
pathways of a sample contribute to energy relaxation. Compar-
ing the relative quantum yields of quantified pathways for

This journal is © The Royal Society of Chemistry 2026
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different samples, we may discuss the role of structure and
material compositions on energy relaxation.

2.3. Evaluation of absolute quantum yields

Relative quantum yields do not describe if a pathway of interest
for a certain material would be a better emitter than a pathway
of another material. To evaluate absolute values, we compare
emission efficiencies against rhodamine 6G>® while weighting
proportions for significantly diluted powder samples (in spec-
troscopic grade KBr) to confirm optical absorbance values for
ZnO and R6G dye which are approximately equal at 515 nm.
The evaluations are approximate since we assume the same
amount of matter with the same surface to volume ratio and the
same density of emitting states.

3. Results

3.1. Material properties

Fig. 1 presents images and size distributions for the pure ZnO
(upper row of panels) and hybrid (lower row of panels) struc-
tures included in this study. The SI file Fig. S1 and S2 present
X-ray data and low frequency Raman spectra for selected
samples. The data indicates dominance of relatively well-
established lattices in the prepared systems, save in the case
of microspheres, where vibrational spectroscopy suggests struc-
tural irregularities.””*®

Among the pure Zinc oxide polycrystalline materials, the analy-
tical standard sample comprises nonsymmetrical semi-spherical
particles with average size of 117 pum: see representative SEM
image and size histogram in Fig. 1(1). In contrast, ZnO micro-
spheres are of relatively regular, symmetric shape with average
diameter about 1.9 + 0.4 pum, Fig. 1(2) and exhibit a large
reduction in crystalline domain size (see Table 1) and deviation
of vibrational properties: see Fig. S2 in the SI file. The third, ZnO
sample, twinned ZnO nanorods have an average length of 1.4 &
0.2 um with a length to diameter ratio (L/D) of 10.7 + 1.7: see
Fig. 1(3). For the ZnO standard, microsphere and nanorod
samples, Table 1 suggests a ratio of the outer surface to internal
interdomain surface to increase from about 0.001 to 0.02 and
to 0.6, respectively. We compute these values approximating
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Table1 ZnO & Au domain sizes calculated using the Scherrer equation®*

with corresponding particle size for each sample as well as ratio of the
outer surface to the inter domain surface

Particle/ Domain  Outer surface
Sample assembly size to inter-domain
components size (um) (nm) surface
Standard: ZnO 117 £ 38 52+ 9 0.001 £ 0.0005
Microsphere: ZnO 1.9+ 04 18+ 5 0.02 + 0.01
Nanorod: ZnO 1.4 +0.2 23 £7 0.6 = 0.06
Platelet (GT16): ZnO 0.8 4+ 0.1 18 + 2 0.14 + 0.04
Flower (ZA2): ZnO 5.4 +£0.3 46 £ 6 0.68 £ 0.36
ZnO-ZA2-Au: ZnO 5.0 £ 0.3 45+ 4 0.23 £ 0.11
ZnO-ZA2-Au: Au 0.019 £ 0.007 19+ 6

a domain and a particle volume (to fill) to be under rectangular
cuboid geometry.

In the group of hybrid ZnO based systems, related by syn-
thesis protocol,>>>"*>> the nanoplatelets have an average dia-
meter of 0.8 + 0.1 um and a L/D of 0.2 + 0.1 pm, and the flower
like assemblies have an average diameter of 5.4 £+ 0.3 pm: see
Fig. 1(4) and (5), respectively. The flowers consist of nanorod-
like structures, which stem from a common centre. The length
of each such nanorod is about 1.7 4+ 0.1 um with L/D ratio of
3.7 £ 0.4. For the platelets and nanorods of the flower assem-
blies, the domain size data, Table 1 suggests the ratio of the
outer surface to internal inter-domain surface to increase from
about 0.14, to 0.68, respectively.

The last sample, ZnO microparticles with Au inclusions. SEM
image and histogram of sizes in Fig. 1(6) suggest pseudo-spherical
micro-assemblies with average diameter of 5.0 £ 0.3 pm, while
TEM images the SI file describe the assemblies to contain discrete
nanoscale gold inclusions to be distributed quite uniformly in the
ZnO hosting matrix.*® Data in Table 1 list the domain size for gold
nano-inclusions in ZnO-ZA2-Au systems to be 19 + 7 nm,
comparable with the average gold nanoparticle diameter. This
suggests the metal component to demonstrate well an established
lattice that corresponds with diffractograms for ZnO-ZA2-Au
accounting Auq1), AUpoo) & Aups) peaks: see Fig. S1 in the SI
file. For this sample, with the merged rod-like structural elements
to demonstrate length and width to vary 1200 + 200 and 250 +
50 nm, respectively, the ratio of the outer surface to internal
inter-domain surface is about 0.23. This is comparable with the
ratios we anticipate for the other biohybrid composites.
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Representative scanning electron microscopy (SEM) micrographs (A) and size distribution data determined from multiple areas (B) for the ZnO

library: The numbers denote: (1) analytical standard, (2) microspheres, (3) nanorods, (4) nanoplatelets, (5) nanoflowers & (6) ZnO-ZA2—-Au composite.
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3.2. ZnO two-dimensional excitation emission spectra

The upper set of panels in Fig. 2 present data for the considered
materials as prepared and treated with PVA or NaBH,. The
spectra suggest a wide diversity of energy relaxation pathways
in the selected materials. With excitation varying from 300 to
600 nm, the experimental data exhibit intricate convolutions of
emission bands detected in the wavelength range from 350 to
800 nm.

To take advantage of the 2D format, which orders emission
spectra in respect to excitation wavelength, we conduct numer-
ical fitting of the experimental spectra (see Fig. S4-S6 in SI file)
according to procedures and software as described previously.*®
Comparing the results of fitting we generalize the energy
ladder manifold specific to ZnO based materials (see the lower
set in Fig. 2). The developed manifold offers a template to
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facilitate/speed-up a quantitative review of the diversity of
energy relaxation pathways in such materials. Of course, this
is according to the spectral resolution as present in experiment:
for example, optical phonon progressions under line narrowing
at liquid helium temperature are not in the scope of our
resolution at room temperature.

Factoring of the detected emission is not trivial because
both radiative and non-radiative channels may compete and
combine. A search for the proper ladder of emitting states can
be facilitated by the following instructions: (i) the electronic-
state characteristics of different samples are relevant®° in
respect to complementary theoretical work,””® (ii) diagonal
emissive components (with close excitation and emission
wavelengths) are direct measures of the ladder states, particu-
larly helpful for identification of in-gap donor trap states,

300 400 500 600300 400 500 600300 400 500 600300 400 500 600300 400 500 600300 400 500 600

Excitation (nm) Excitation (nm) Excitation (nm)

521596 544626
1 NN N e

3.22|CB |

3.0 SHT/Znj ' l l — —

2.8 ex-Znj H—t+——ren: ] non: [—ron:

2.38 g+ .} jrad: ——rad: rad. -

21 4 ————t————

N L T T T T T T T B

1.4 O I N T TR TS —

11 0 T

08 Vi LI 20 T 25 T T N I L

8 Vo | : I 5
| I

03 V0 - v v v Vv - v V \ 4 v v

0.0 v

<
@

Fig. 2 Upper set: 2D spectra of the ZnO library (A), 0.5% PVA treated (B) and 1 M NaBH, treated (C). The numbers denote: (1) analytical standard,
(2) nanorods, (3) microspheres, (4) nanoplatelets, (5) nanoflowers & (6) ZNO-ZA2—-Au composite. Lower set: energy relaxation diagram we generalise
according to our 2D spectroscopy fitting to account emissive components specific to Band Gap/Exciton, ultraviolet, blue, green and yellow excited

groups of emission and non-radiative (non. rad.) relaxation, as observed
provides further specifications.

J. Mater. Chem. C

in the considered ZnO based microstructures: Discussion in the main text
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(iii) fitting the 2D line-shapes is constrained by the dephasing
limit width (since the lack of coherence) along the excitation
axis, (iv) sample modifications only redistribute energy to flow
according to the same ZnO specific ladder manifold, (v) all
detected transitions under different excitation wavelengths
must agree with energy differences between donor and acceptor
states of the same ladder manifold.

In the SI file, we present a detailed assignment outline of the
energy ladder we developed accounting: (1) fitting of 2D con-
volved spectral components as observed under different excita-
tions, (2) discussions of experimental outcome as reported in
literature and (3) suggestions of theoretical studies. Fig. S9 in
the SI presents examples to show that fitting conventional 1D
spectra (which are slices from naturally present convolutions)
cannot help in the identification of the transitions involved due
to convolution of neighbouring (along the excitation axis)
relaxation contributions.

According to our review of the energy ladder to confirm the
detected 2D spectral signatures, we conclude that the two-
dimensional spectra do not support discussion on a unique
source of a “green”, or “blue”, “red” emission. Instead, the
approach offers quantitative sorting to specify how the energy
manifold (specific to ZnO based materials in this case) may
sustain pathways under different excitations to yield emissions
of similar colors. Accordingly, we demonstrate that ZnO may
emit similar color “green” or “blue” emissions due to different
relaxation pathways under different excitations. Two-dimen-
sional spectroscopy allows such contributions to be included
with Fig. 2B showing a pictorial example of the approach for the
systems studied. Furthermore, fitting 2D spectra we may review
and compare energy relaxation diagrams for different ZnO
systems and on the effect of external perturbations, as we
present in Fig. 3-5. The observed alterations in energy relaxa-
tion pathways are related to the structure of the materials
themselves and to their mode of formation and further treat-
ment as we discuss below.

2 CB
HT/Znj

View Article Online
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For example, considering Fig. 2(1A), we may clearly see
that UV emission at ca. 372 nm (3.33 eV) is dominant for
the analytical standard, while ZnO nanorods (Fig. 2(24))
demonstrate a rich palette of emitting components with main
emission in the visible spectral range to account so-known
‘red’ and ‘green’ luminescence at about 605 and 496 nm,
which are typically attributed to surface associated traps in
ZnO.”” In the case of microspheres (Fig. 2(3A)), the unusually
blue shifted signature at about 425 nm governs the spectrum.
The spectra of the ZnO-polypeptide hybrid materials
(Fig. 2(4A) and (5A)) exhibit relatively compact line shapes
(in terms of 2D bandwidth), but shifted from 500 to 600 nm,
which is commonly ascribed to ZnO trap emission.”****° The
case of the ZnO-ZA2-Au composite (Fig. 2-6A) demonstrates
a rich set of emitting components, which appears to combine
spectral signatures specific to both, pure and hybrid ZnO
materials.

Spectral fitting suggests a unique resolving capacity. For
example, our analysis of the spectrum in Fig. 2(2A) reveals that
emission at about 530 + 30 nm may be excited using different
pathways: we may stimulate it using excitation at 340, 430, and
460 nm: see Fig. S9BB in SI file. Additionally, two-dimensional
spectra of the selected samples demonstrate differences, which
would not be noticeable while using conventional spectroscopy:
for example, 1D spectral samplings would not allow identifying
samples of nanoflowers, Fig. 2(5A) and platelets, Fig. 2(4A).
Further, we note that fitting of two-dimensional spectra pro-
vides an opportunity to quantify energy flow. Specifically,
comparing with emission of rhodamine 6G, we estimate quan-
tum yields of CB — VB emission as 1.5 x 1073, 1.0 x 10~ %
4.0 x 107°,1.0 x 107°,7.0 x 1077, 5.0 x 10~ for the analytical
standard, microspheres, nanorods, nanoplatelets, nanoflowers
and ZnO-ZA2-Au composite, respectively. In the following,
we review relaxation properties using relative quantum yield
values, which are proportional to the evaluated absolutes
values.
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Fig. 3 Panel A: energy relaxation in pure ZnO materials: analytical standard (red), microsphere (black) and nanorod (cyan) via emission and non-radiative
(non. rad.) pathways. Panel B: energy relaxation in hybrid ZnO systems: nanoplatelet (orange), nanoflower (blue) and Au including microstructure

(magenta). Thickness of arrows is proportional to quantum yields, computed using 2D fitting protoco

1.*8 Numbers 1, 2 and 3 indicate leading, next and

third relaxation pathway for the corresponding material according to color. We fade colors from weaker transitions.

This journal is © The Royal Society of Chemistry 2026

J. Mater. Chem. C


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00969g

Open Access Article. Published on 14 May 2026. Downloaded on 6/4/2026 9:58:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2C8 1 1 2 1

HT/Zn; 322

View Article Online

Journal of Materials Chemistry C

own

X-Znj
++

3 A

Brh BPNW 0ON
©
S

©
0 sb
] (=]

O BE NN N W

||

A4

|
>
| <"

Fig. 4 PVA passivation effects. Panel A: energy relaxation in pure ZnO materials: analytical standard (red), microsphere (black) and nanorod (cyan) via
emission and non-radiative (non. rad.) pathways. Panel B: energy relaxation in hybrid ZnO systems: nanoplatelet (orange), nanoflower (blue) and Au

including microstructure (magenta).

3

.22 CB

.0 SHT/Zn; -
.8 ex-Znj

.38 Vd* N
1 i
4
1

28 Zi
v i

O;

Ozn

R NNN NW

|

||

Vzn 1;

—
<
<

\741
VB

eo 9
ow

A4

>

\/ W

Fig. 5 NaBH, surface activation effects. Panel A: energy relaxation in pure ZnO materials: analytical standard (red), microsphere (black) and nanorod
(cyan) via emission and non-radiative (non. rad.) pathways. Panel B: energy relaxation in hybrid ZnO systems: nanoplatelet (orange), nanoflower (blue) and

Au including microstructure (magenta).

4. Discussion

4.1. Energy relaxation in pure and hybrid ZnO materials

For a convenience the energy levels in the energy relaxation
diagrams (Fig. 3-5) are presented using straight lines at the
levels corresponding to the minima and maxima of a corres-
ponding band. To reflect different efficiencies, we use arrows
with widths scaled according to relative quantum yields of the
transitions, specific to each considered material.

According to the results of spectral fitting, in Fig. 3A and B
we present energy relaxation diagrams for a ZnO standard,
nanorod and microsphere and three hybrid ZnO materials,
respectively. Numbers 1, 2 and 3 indicate leading, next and
third relaxation pathway for the corresponding material accord-
ing to color. We fade colors for the weaker transitions.

Comparing the relative contributions of the NBE emission
generated by the CB — VB transition, it is observed that all ZnO

J. Mater. Chem. C

structures have band-gap exciton emission, centered at ca.
372 nm (3.33 eV). The relative contributions for pure ZnO
structures, such as the analytical standard, microspheres and
nanorods, are 42, 1.2 and 2.7% respectively. In the case of
hybrid nanoplatelets and nanoflowers, the role of exciton
emission is nearly negligible, about 0.2% in both cases. Exciton
contribution in hybrid ZnO microstructures with gold inclu-
sions is about 1.5% of the emission. Dominance of the exciton
emission in the analytical standard is due to both, the relatively
large size of crystalline domains and small surface to volume
ratio of this material.

Both the microspheres and analytical standard have low
populations of Vo and Zng defects. Structurally most compar-
able, it may be expected that the NBE emission for these
materials should be comparable; however, the microsphere
sample is dominated by two transitions formally ascribed to

This journal is © The Royal Society of Chemistry 2026
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CB — Vz,° (30%), as well as to shallow trap (SHT) — Vz,° and
Zn; — Vz,° (13%) transitions. Dominance of these “blue”
transitions (with wavelengths at about 425 and 459 nm) makes
microspheres outstanding in the series of ZnO samples stu-
died. As we reported previously, such emission may suggest the
contribution of polariton phenomena due to the nearly ideal
spherical cavity of the particles to trap light.*® Polariton physics
due to light entrapment in a particle as a cavity is outside the
scope of linear spectroscopy, though the energy ladder to seed
cavity modes does have its own contribution. The observed
dominant contribution of SHT/Zn; — V,° transitions suggests
that the synthesis procedure used’® stimulates nonuniform
distributions of metal cations that leads to the co-presence of
Zn interstitial and Zn vacancy defects. At the same time,
apparently, both, the decrease of crystallinity and the relative
increase of the outer surface contribute to the reduction of
emissions.

Among the considered pure ZnO materials, the nanorod
sample demonstrates the richest set of spectral components as
shown in Fig. 2-2A. The role of the surface is likely important
for this material form of ZnO. Emission of the system is
dominated by Vo" — VB, Vo' — V,°, and ex-Zn; — Vg~
transitions at about 605, 690 and 496 nm, respectively. In
contrast to the other pure ZnO systems, nanorod photolumi-
nescence is controlled by deep donors and Zn interstitial
sites:”>”7> both regular and extended. The detected spectral
superposition agrees with the emissive properties reported for
well-faceted ZnO nanorods.”®

Next, we consider the ZnO-hybrid systems, where ZnO is
made in the presence of a peptide. Comparing emission spectra
for similar pure ZnO nanorods (Fig. 2-2A) and unit elements of
a ZnO flower (Fig. 2-5A) may suggest additional electronic
controls in such sub-micron structures upon bioinorganic
synthesis. Also, while the former is pure ZnO, the latter
nanorod is a hybrid that involves the ZA2 polypeptide: the
same ZA2 polypeptide participates in ZnO-ZA2-Au hybrids.

In contrast to the ‘pure’ ZnO materials, the hybrid systems
demonstrate dominance of oxygen vacancies and extended zinc
interstitials as the emitting sites, and zinc vacancies as accept-
ing states. Thus, the hybrid systems show a strong tendency to
emit green radiation of different origins: we refer to spectral
components at 496, 564 and 521 nm, as shown in Fig. 3B.

This divide between the emissive patterns of pure and
hybrid ZnO materials suggests that, during synthesis, the
presence of polypeptides alters organization at the lattice level
significantly. In particular, the polypeptides used in this study,
GT16 (GLHVMHKVAPPRGGGC) and ZA2 (GLHVMHKVAYSS-
GAPPMPPF) are derived from the G-12 (GLHVMHKVAPPR)
sequence reported to bind to Zn0.***" Both, the G-12 and
GT-16 sequences associate with (0001) and (1010) facets in
the developing crystal, mediating growth along the a and c axes
respectively.®® However, the GT16 sequence preferentially binds
to the (0001) plane restricting growth along the c-axis.®® The
facet preference for ZA2 polypeptide is not characterized;
although, since the primary sequences share commonality over
the 9 amino acids at the N-terminus, as a first approach, we
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may consider that binding of ZA2 polypeptide may follow
tendencies similar to those described for the parental G-12
polypeptide. Indeed, Raman spectra (see Fig. S3 in SI file)
indicate that, when next to a ZnO surface and in hybrid
composites, G12, G16 and ZA2 polypeptides have similar Amide
I signatures, which are typical for contributions of beta fold and
random coil. Therefore, upon synthesis ZA2 may interact with
both, (0001) and (1010) facets. The (0001) facet is a Zn**
terminated surface, and the (1010) facet is a Zn** and O*~
mixed terminated surface, meaning that interactions with these
surfaces may produce variant populations of Zn and O vacan-
cies. If this is the case, such polypeptide induced defects would
tend to be a volume specific property.

Quantitative consideration of the energy relaxation pathways
for the hybrid systems shows the percentile contributions of the
different transitions. Ex-Zn; — Vgz,° at about 496 nm is a
dominant transition for the nanoplatelets and nanoflower
materials contributing 23% of the total emission, in both cases.
This transition is quite small (2 and 5%) in the analytical
standard and in the microspheres but is a 13% contribution
in the nanorod sample. The V," — VB transition at 6 nm (see
the thick orange, blue, magenta arrows next to the 496 nm set
in Fig. 3B) plays the second and the third role for nanoflowers
(19%) and platelets (17%), respectively. In contrast, for the
ZnO-ZA2-Au system, the leading pathway for energy relaxation
is Vo'" — VB emission with a relative yield of 21%. The same
channel is secondary (22%) and tertiary (15%) for the platelets
and nanoflowers, respectively. More curiously, shallow traps
and Zn; states are the second (16%) and the third (13%) leading
pathways stimulating SHT/Zn; — V,° and SHT/Zn; — Vg~
transitions respectively: see magenta arrows at 459 and 564 nm,
respectively, in Fig. 3B.

What makes the hybrid systems unique is that polypeptide
participation enhances relaxation channels with participation
of both, zinc interstitial (Zn; and ex-Zn;) and oxygen vacancy
(Vo' and V,'") as the most competitive emissive states. This
lends some support to the idea that polypeptide mediation
contributes to an increased contribution of these defects.
However, while the 2DEM spectra of nanoplatelets and nano-
flowers (see Fig. 2(4A) and (5A), respectively) demonstrate
obvious similarities, ZnO-ZA2-Au composites demonstrate
stronger contributions of the second ‘“blue” excited emission
set, indicating that, when available to interact with gold, the
ZA2 polypeptide imposes less of a perturbation on the Zn>*
terminated (0001) facet.

In comparison, for both the analytical standard and micro-
spheres, transitions with participation of zinc interstitial
(ex-Zn;) and oxygen vacancy (Vo' and Vi'") states contribute
less than 5% into their total emission. However, for the
nanorods the ex-Zn; donors provide 13% of the total emission.
This suggests that HMTA hydrothermal synthesis is more
“unpredictable” in respect to a pure ZnO lattice, the larger
the role of the surface. Also, this supports the fact that HMTA
synthesis forming nanorods with a preferred direction of
growth along the c-axis,”" growth increases the contribution
of the (1010) facet with its mixed terminations."***
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Further, it is interesting to note that, while ZnO nanorods
(Fig. 1(3A)) and the structural element of nanoflowers
(Fig. 1(5A)) exhibit similar dimensions and the enhanced role
of the surface, their emissive properties are different. Polypep-
tides involved in the synthesis play a distinct role that impacts
how electronic properties compete with surface effects. Since
there is a proposed impact on the population density of
extended Zn interstitial states, ex-Zn;, it is important to remem-
ber that these defects are usually associated with the volume of
a ZnO structure.®>®® If this is the case, we may suggest that
polypeptides affect the volume lattice to the extent that its role
in the electronics of the material becomes competitive in the
systems, where surface effects are considered to dominate.

The complex interplay between defect states and resultant
emissive transitions have been harnessed with a range of
surface coatings reported in the literature targeting passivation
or introduction of defect states.”>>**>® From these reported
surface treatments two are of particular interest: 0.5% PVA
surface passivation,® and 1 M NaBH, surface activation, which
is reported to increase oxygen vacancy defects at the surface.>
In the following sections, we detail and discuss the effects of
the two modifications.

4.2. PVA “passivation”

Fitting two-dimensional spectra of PVA treated materials, as
shown in Fig. 2(1B)-(6B) yields quantitative information
expressed in the energy relaxation diagram presented in
Fig. 4. The PVA treatment impacts emission of the nanorod
and nanoflower samples and does not significantly affect
energy relaxation in the other systems. Qualitatively this is
obvious by a visual inspection comparing the spectral plots of
the A and B sets of panels in Fig. 2.

This observation shows that PVA application has the most
impact where the ratio of surface to volume is sufficiently high,
Table 1. Considering this, next it is instructive to address the
surface chemistry of the ZnO materials in the presence of PVA.

Following our assignments, under PVA nanorod photolumi-
nescence is controlled by conducting band, Vz, acceptors, and
by both, regular and extended Zn; sites. Considering the
estimated energy flow redistribution, it seems that application
of PVA depletes densities of ex-Zn; (to be photoexcited), that
relaxation changes along the non-radiative relaxation from CB
to provide Vo' — VB (28%) main, and SHT/Zn; — Vg’
secondary pathway, instead. This indicates possible correlation
of donor and acceptor defects implying spatial inhomogene-
ities and distance (between donor and acceptor densities)
effects, which is plausible upon structural confinement. We
may suggest PVA hydroxyl moieties®® participate in correlative
restructuring of ex-Zn; and V," oxygen vacancies and, possibly,
stimulate a compensation of V,°. If such reorganizations
occur, these would affect the analogous emission components
in microspheres, but to a lesser extent due to the smaller
surface to volume ratio in the microspheres. Concerning the
role of the surface, here, it is instructive to review the effect of
PVA application to nanoflowers, where structural elements are
similar in dimension to the nanorods. According to our
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assignments, for this system, application of PVA depletes
contribution of ex-Zn; states analogously to the described
passivation processes in nanorods. This suggests that similar
shape and surface to volume ratio as anticipated for these two
systems govern the involved defects densities.

Next, we use current examples to generalize the approach:
according to our experimental observations and the fitting
outcome, for all the considered cases under attention, PVA
treatment is not observed to affect much the participation of
Vo' vacancies in the emission data. At the same time, if we
compare a 1D spectrum (a vertical slice) excited at 3.3 eV for a
ZnO nanorod sample as prepared and treated by PVA, we do
observe the decay of the in-gap transition with a wavelength
shift from near infra-red toward blue-green and red emission
components (see cyan arrows change in Fig. 3 and 4 in respect
to RGB code color bar), consistent with literature.®> We believe,
this is a good example to show that measuring and fitting
2DEM spectra is critically important for quantitative evaluation
of different relaxation pathways, while accounting the full
ladder of involved states.

4.3. NaBH, “activation”

In Fig. 2(1C)-(6C) we present two-dimensional spectra of the
materials after NaBH, treatment. From analysis of the data we
show that both, the analytical standard and microspheres see an
increase in exciton emission (at ca. 335 nm, 3.7 e€V) from 42% to
69% and from 3% to 24%, respectively. The noticeable and
significant redistributions of energy relaxations (in favor of the
exciton emission) in the analytical standard and in microspheres
are due to the slight attenuation of the CB — V™ transition and
an abatement of the CB — V,,,° contribution, respectively.

Here, we would like to stress that the arrow thickness in
Fig. 3-5 reflects relative quantum yield, not absolute yield. For
example, the exciton emission in microspheres does not experi-
ence any enhancement upon NaBH, treatment, but its relative
role in total energy relaxation increases (thickness of the black
arrow #1 in Fig. 5A) because the originally dominant relaxation
pathway CB — V,° gets quenched significantly: see panels 3A
and 3C in Fig. 2.

In the case of ZnO nanorods, the sample demonstrates no
exciton component when treated with NaBH,: compare Fig. 3
and 5. Concurrently, the treatment leads to a complete attenua-
tion of the main “red” and “infrared”” emissions of the “ultra-
violet excited” set. In result, there is a relative increase of the
564 nm “‘yellow” luminescence (from 10% to 15%), as well as
the 459 nm “ultraviolet” (from 0% to 22%) emission compo-
nents of the ‘“ultraviolet” excitation set. According to our
assignments, we ascribe this redistribution of energy flow in
nanorods to a significant depletion of ex-Zn; sites, and a
decrease of regular Zn; sites. Overall, in nanorods, the energy
flow redistribution is similar regardless of PVA or NaBH,
treatment. In both cases, we deal with the systems where
surface plays a larger role. However, the nature of the agents
is different.

To explain the observations in the pure ZnO systems under
NaBH,, we propose that as expected for this agent a reduction
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process would provide partial compensation of positively
charged defects and would induce possible restructuring to
stimulate local Zn° clustering next to the surface that would
involve merging of previously Zn>" interstitial sites. Because of
the small surface to volume ratio for the standard and micro-
sphere samples, we may ascribe the effective reducing capacity
of NaBH, to high diffusion mobility of hydrogen in this system
with relatively small crystalline domains.*®

Here, it is important to note that, in the case of pure ZnO
systems, Vo' — VB transition does not play any significant role
(few percent in the standard and in the microspheres), but in
nanorods, it accounts a 11% contribution. At the same time, in
all pure ZnO structures, application of NaBH, does not affect
the Vo™* — VB energy relaxation channel.

For the polypeptide mediated hybrid structures, when
untreated, the leading terms of the ¢“blue” excited set
(496 nm ex-Zn; — Vz,° and 605 nm ex-Zn; ~ Vo — VB), and
the “green” excited set (521 nm Vo'~ — VB) dominate in energy
relaxation: see Fig. 3B. The role of these transitions, in parti-
cular, discriminate the behavior of platelets and nanoflower
hybrids from the ZnO standard and microspheres, where the
near band-gap terms dominate. When untreated, ZnO-ZA2-Au
composites share with the other hybrids significance of the
Vo'™" - VB path with 495 nm Zn; — Vz.° and 564 nm
Zn; — Vg, pathways to play secondary and tertiary roles.

In the cases of platelets (orange arrows), upon NaBH,
application, we do not observe any change for the leading
ex-Zn; — Vg, emission, but exZn; ~ Vo' — VB and
Vo' — VB components become smaller, providing for the
relative increase of the Zn; — V.’ ultraviolet emission at
459 nm. Overall, upon NaBH, treatment, 2DEM spectrum of
the platelet sample shows it to be the most conservative:
compare Fig. 2(4A) and (4C).

Under the same treatment of nanoflowers and ZnO-ZA2-Au
composites, the main change is similar to that observed for the
platelets: the 521 nm V"' — VB transition gets smaller and the
459 nm Zn; — V,,° ultraviolet emission becomes dominant.
Accordingly, in the case of the nanoflowers sample, the relative
contributions of the emissions stimulated photoexciting ex-Zn;
are attenuated. At the same time, for the ZnO-ZA2-Au compo-
site, fitting suggests a relative enhancement (from 6% to 18%.)
of the CB — V,,° ultraviolet emission. For the other hybrid
systems, the near band-gap emissions remain below a few
percent, regardless of whether the samples are treated or not.

In contrast to the results of PVA treatment, when under
NaBH,, 2DEM spectra of nanorods and nanoflowers do not
demonstrate changes to distinguish surface contributions. This
we ascribe to NaBH, redox chemistry, which we consider affects
structural properties of ZnO deep below the surface due to the
high diffusion mobility of hydrogen.®®

In general, as we evaluate, in all hybrid systems under
NaBH,, we may note a significant attenuation of the ‘“green”
excited set 521 nm radiative Vo'" — VB energy relaxation
pathway, which plays a prominent role in energy relaxation of
the untreated samples. Specifically, Vo' — VB transition
efficiency changes from 22% to 13% in platelets, from 15% to
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10% in nanoflowers and from 21% to 13% in ZnO-ZA2-Au
composites. This is contrary to the view that NaBH, may
introduce oxygen vacancy defects.>® Due to the reported redox
chemistry of NaBH,,*”"*® we would consider OH™ and H species
and electron transfer mechanisms as having a role in passivat-
ing oxygen vacancies. Our perspective is based on analysis
accounting the relative efficiency of relaxations stimulated to
excite all available band-gap and in-gap transitions, as we detail
in this contribution.

The examples of quantitative two-dimensional spectral ana-
lysis of pure and hybrid ZnO microstructures have provided an
opportunity to generalise the energy ladder manifold specific
to ZnO based materials. Energy relaxation pathways can be
reviewed quantitatively in dependence on structure, crystal-
linity, role of surface and external modifications with a critical
message that there is no unique source of a ‘“‘green”, or a
“blue”, a “red” emission in ZnO materials, but similar “green”
or “blue” emissions due to different relaxation pathways under
different excitations. Further, if a 2D sampling format is
adopted, the generalised energy ladder manifold offers a con-
venient artificial intelligence format*® to quantify and sort types
and conditions of ZnO bulk and interfaces in nano and micro-
electronic devices.">"*° Beside possible tailoring of electronic
states, robust and selective ZnO emission was reported effective
to contrast latent fingerprint on aluminum, stainless steel,
clear and black glass surfaces.® Here, considering the sensi-
tivity of ZnO to external factors, we may suggest that 2D
excitation emission microscopy of ZnO treated fingerprints
may provide detail on the chemistry and biochemistry of a
person prior to the actual crime scene.

5. Conclusions

Adopting recently established quantitative 2DEM spectroscopy,*
we address the electronic states and explore energy relaxation
pathways within the band-gap of three pure ZnO systems and of
three hybrid materials. Results of 2D spectral analysis does not
support a perspective on any unique “green”, or “blue”, or “red”
emission transition, but specifies a ZnO energy manifold, which
provides at least five sets of pathways (we excite using different
wavelengths) to emit colors, which are similar in some cases. We
believe this approach is critically important to avoid ambiguity in
analysis of electronic properties of zinc oxide and other semicon-
ductors, which possess analogously intricate networks of energy
relaxation pathways.

2D spectral fitting suggests that, in the analytical standard,
the ultraviolet exciton band-gap component dominates
in emission under all conditions. In the microspheres,
CB — Vz,° and Zn; — V,,° transitions provide the observed
diversity of high energy emissive components. In the case of
pure ZnO nanorods, where the surface to volume ratio is
higher, populated non-radiatively from zinc interstitials,
“red” and “infrared” emissive transitions from oxygen vacan-
cies Vo' — VB and Vo" — Vz,° govern the 2D spectrum. In a
contrast to the pure ZnO systems, 2D spectra of polypeptide
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mediated hybrid structures demonstrate ex-Zn; — Vg’ and
non-radiative populated Vo' — VB transitions of the “blue”
excited set, as well as the V,'" — VB transition of the “green”
excited set to govern energy relaxation. Since the surface to
volume ratio for a pure ZnO nanorod and for a structural
element of a nanoflowers are comparable, it is obvious that
polypeptide mediated structures demonstrate unique deep in-
gap opto-electric properties not attainable in pure ZnO systems.

Application of PVA to nanorod and hybrid systems tends to
attenuate the lower energy donor defects to stimulate emission
from higher energy donors. According to the observed spectral
changes, we discuss PVA hydroxyl moieties® to participate in
surface (and next to it) restructuring of zinc interstitials. Effects
of NaBH, treatment demonstrate similar tendencies, however,
these are less surface specific. In contrast to PVA, we consider
NaBH, to initiate reduction processes to provide partial com-
pensation of positively charged defects and consequently
induce possible restructuring to stimulate local Zn° clustering
next to surface to involve merging of previously Zn>" interstitial
sites, and to seed hydrogen to diffuse into volume.

Having elaborated examples to sort the nature of emissive
states and quantify efficiency of relaxation along different
pathways in dependence on structure, composition and exter-
nal treatment, we suggest that two-dimensional excitation
emission spectroscopy helpful for industrial applications to
certify electronic states and conditions in the bulk and at
interfaces in nano and microelectronic devices. Further, we
report that that a combination of the approach with microscopy
of ZnO treated latent fingerprints may be informative far
beyond just a person’s identification.
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