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Final Progress Report 

1. Statement of the problem studied 

Piezoluminsecence (PZL) refers to the light emission induced by mechanical stress. PZL is a promising 

energy conversion phenomena that will enable high resolution dynamic stain sensing[1], novel display 

devices[2, 3], bio imaging[4], artificial skin[5], etc. However in literature, PZL effect has been considered 

as a secondary effect and enhancing PZL intensity has not been a major research focus because of the 

complexity in directly integrating with the practical applications. We have demonstrated flexible and 

durable PZL rubber with high intensity light emission using ZnS:Cu material, which has an outstanding 

PZL performance. The ZnS:Cu system is well-known as electroluminescence material and is currently 

utilized as phosphor in displays and light sources. ZnS:Cu exhibits finite piezoelectricity, which allows 

it to generate electric potential under applied stress and strain. Coupling between electroluminescence 

and piezoelectric properties is the main driving force for the PZL effect in ZnS:Cu system. Copper 

doping induces trapped electrons in the donor state and trapped holes in the acceptor state. Under 

applied mechanical stress, the conduction and valence bands of ZnS are tilted due to the piezoelectric 
potential. As a result, the trapped electrons are detrapped into the conduction band where recombination 

occurs with light emission (Figure 1). Thus, the intensity of the emitted light strongly depends on the 

defect structure of the material and the external stress induced internal piezoelectric field. In this project, 

we have performed intensive study to enhance the emitted light intensity through defect engineering 

and optimization of mechanical properties of the flexible PZL composite. In parallel, we have explored 

various applications using developed PZL elastomers, such as optical fiber composite, which is one of 

the promising strain/damage detection component, PZL gloves, and writing tracker. 

 
Figure 1. Mechanism for inducing PZL. Schematic illustration of band diagram of H-ZnS:Cu under 

zero stress (left). The PZL effect initiates the emission process under stress (right). 

2. Summary of the most important results 

(a) Defect engineering – In order to enhance the light emission intensity in ZnS:Cu material, we have 

controlled the donor  densities resulting from introduction of sulfur vacancies via  thermal 

treatment in hydrogen atmosphere. We have developed a facile controllable method to synthesize 
H-ZnS:Cu microparticles that possess different amounts of sulfur vacancies by hydrogenation 

treatment. ZnS:Cu is a ceramic material and inherently very brittle under stress. In order to 



overcome this challenge, we dispersed H-ZnS:Cu particle into the polydimethylsiloxane (PDMS) 

matrix as an elastomer and developed flexible PZL rubber. The H-ZnS:Cu powder shows typical 

wurtzite structure without secondary phase (Figure 2a) after hydrogenation treatment. Figure 2b 

shows microstructure of the PZL rubber with well-dispersed H-ZnS:Cu particles in the PDMS 

matrix. The PZL rubber emitted green light under periodic stretching motion and the intensity of 

the emitted light is maximized with optimum volumetric contents of the ZnS:Cu particles in PDMS 

elastomer (PDMS:ZnS:Cu=2:1). Figure 3a shows the PZL spectra obtained from each composition 

with different hydrogenation conditions for the H-ZnS:Cu microparticles. The PZL intensity was 

linearly increased with increasing hydrogenation temperature up to 250°C. We found significantly 

enhanced PZL intensity at the optimum hydrogenation condition (250°C). The results indicated that 

the defect state and sulfur vacancy formation are directly related to magnitude of intensity of light 

emission and controlling concentration of sulfur vacancies is an effective method for enhancing the 

PZL effect. Our PZL rubber is much easier to be integrated with various applications due to its 

stretchability and a simple manufacturing process. For example, we have demonstrated a PZL glove 

(Figure 3b) by using PZL paste. We applied PZL paste on cotton glove and solidified it via curing. 

The PZL rubber coated glove maintains its shape during gripping-releasing motion. 

 

 

Figure 3. (a) Luminescence spectroscopy of PZL rubbers under different hydrogenation 

temperatures and periodic stretching-releasing motion. (b) Picture of PZL glove: releasing and 

gripping. 

In order to understand the chemical composition and defect state of H-ZnS:Cu microparticles, 

X-ray photoelectron spectroscopy (XPS) analysis was performed. Figure 4a displays the Zn 2p3/2 

core level spectrum of six H-ZnS:Cu particles. A perfect fit to the peak located at 1022.8 eV was 

obtained corresponding to the characteristic spin-orbit 2p3/2. [6-8] This result indicates that zinc valent 

state is mainly +2 in the particles. As the hydrogenation temperature was increased, the Zn 2p3/2 

line of H-ZnS:Cu showed a peak shift of 0.35 eV towards lower binding energy in comparison to 

those of ZnS, suggesting the reduction of Zn2+ to lower oxidation states.[9] The peaks located at 

1020 eV were found to correspond to the trace Zn0 at the surface of metal sulfides.[8] For the sample 

treated at higher temperature, the peak area at 1020 eV was found to be different, corresponding to 

the ratio of 0:674:687:741:834:858 from room temperature to 400 °C respectively. The surface 

average oxidation states for H-ZnS:Cu powders were calculated to be 2, 1.75, 1.72, 1.65, 1.58, and 

0.8, respectively, with increasing temperature.[10] Sulfur non-stoichiometry in H-ZnS:Cu resulted 

from heat treatment under hydrogen atmosphere as the formation of sulfur deficiencies is an 

endothermic process. The lower average surface oxidation state for the H-ZnS:Cu powder reflects 

the compensation of sulfur vacancies by reduction of Zn. This result indicates that surface of H-

ZnS:Cu powder has non-stoichiometric formulation, ZnS1-x, and higher hydrogenation temperature 

promotes the formation of vacancies. 



Raman spectra of ZnS and H-ZnS:Cu samples were also collected to investigate the effect of 

thermal hydrogenation treatment (Figure 4b). All the Raman peaks can be indexed to the 

characteristic first and second order Raman peaks of wurtzite ZnS, indicating that as-prepared 

particles exhibit asymmetric wurtzite structure,[11, 12] belonging to the space group C6ν (6mm) in 

primitive cell. For such a structure, the following vibration modes correspond to:[11] 

Γopt=A1+E1+2E2+2B1. The B1 modes are silent modes, A1 and E1 modes are polar modes and both 

are Raman and infrared active, while E2 modes are nonpolar and Raman active. The distinctive peak 

at 350 cm-1 is assigned to the A1(LO) vibration mode. The TO overtones at L and X points[13] can 

be found at 618 and 643 cm-1 in the high-frequency region, respectively. The LO overtone at Γ is 

found at 677 cm-1. Note that A1(LO) phonon mode corresponds to atomic oscillations along the c-

axis; thus, the peak value of this mode is sensitive to lattice strain. The characteristic Raman peaks 

of the H-ZnS:Cu samples show a red shift and broadened peaks with increasing temperature, 

suggesting an increased lattice strain produced by sulfur vacancies after hydrogenation (Figure 

4c).[14, 15]This result is consistent with the XPS analysis confirming that ZnS:Cu hydrogenated at 

higher temperature possesses higher fraction of sulfur vacancies. 

The UV-visible absorption spectra of raw ZnS:Cu and H-ZnS:Cu samples were collected to 

investigate the influence of hydrogenation on the optical absorption (Figure 4d). All samples 

exhibited similar light absorption in the UV region. In comparison to unmodified ZnS:Cu, a clear 

red-shift of the absorption edge can be observed for all H-ZnS:Cu samples. Interestingly, the 

absorption edge of H-ZnS:Cu was shifted towards the visible region and the sample annealed at 

400°C shows substantially higher absorption in the region of 450-600 nm. The optical band gap (Eg) 

of a semiconductor material can be calculated from the Tauc equation,[16] (αhν)2=A(hν - Eg), where 

hν is the photon energy, α is the absorption coefficient, and A is a constant for the material. From 

Figure 4e, the calculated direct Eg values for H-ZnS:Cu are 2.87, 2.85, 2.84, 2.81, 2.79, and 2.75 

eV from original to 400 °C annealed samples, which are smaller than values for bulk ZnS (3.65 eV). 

This is related to absorption at longer wavelength from Cu2+. The red-shift phenomenon of the UV 

absorption spectra can be elucidated by the presence of defects,[17, 18] which is caused by the valence 

transition of Zn ions. These results further confirm that the number of sulfur vacancies in ZnS and 

impurity states were introduced in the band-gap of ZnS during hydrogenation. 

From the results, we found that the 400 °C sample contains a higher density of defect states 

and sulfur vacancies. The enhanced PZL performance of H-ZnS:Cu microparticles can be attributed 

to the increased number of sulfur vacancies after hydrogenation, which provide free electrons that 

play role as trap centers. The luminescence properties are closely related to the collection of excited 

electrons, electron energy transition, and recombination reactions. However, the 400 °C sample did 

not exhibit the best PZL property. From this, we could hypothesize that there is an optimum defect 

concentration to maximize the PZL intensity. In order to validate our hypothesis, we used a steady 

state fluorescence spectrometer to investigate the room temperature photoluminescence (PL) 

spectra of samples, as shown in Figure 4f. All the samples had a strong and sharp PL emission 

centered at c.a. 510 nm. The red shift is due to the structural change and defect state formed after 

hydrogenation. There are two broad emission categories: the near-band-edge (NBE) emissions and 

deep level (DL) emissions. The NBE emissions are favored by the high crystal quality and quantum 

confinement effect, and the DL emissions can be enhanced by impurities, or structural defects of 

the crystal [19]. The 510 nm emission at room temperature is mainly attributed to the sulfur vacancies 

and defect states of ZnS, which may lead to high DL-emissions to-NBE-emissions ratio [20, 21]. The 

intensity trend is the same as observed with the PZL results (Figure 2a), whereby the 250 °C sample 

shows the most effective emission and least thermal radiative recombination (TRR) energy loss. 



 

Figure. 4 (a) Normalized Zn 2p3/2 core level XPS spectra collected for ZnS:Cu and H-ZnS:Cu 

powders at different hydrogenation temperatures. (b) Normalized Raman spectra of ZnS:Cu and H-

ZnS:Cu powders at different hydrogenation temperatures. (c) High resolution normalized Raman 

spectra for all H-ZnS:Cu powders obtained at 335-365 cm-1. (d) Optical absorption spectrum and 

(e) (αhν)2 vs hν curves for ZnS:Cu and H-ZnS:Cu powders at different hydrogenation temperatures. 

(f) Room temperature photoluminescence spectra of as-prepared ZnS:Cu and H-ZnS:Cu powders 

produced at different hydrogenation temperatures with the excitation wavelength of 370 nm. 

The PZL performance recorded from the samples indicates that sulfur vacancies and defect 

states have a two-pronged effect on the electron energy transition and recombination process. First, 

sulfur vacancies (VS
··) are surrounded by Zn2+ ion 2s orbitals that are stabilized from the Zn 2s band 

due to lack of covalent bonding with the missing S2- ion; therefore, symmetrical Zn 2s orbitals at 

each Vs form shallow donor state levels [22] just below Ec that accommodate two electrons per sulfur 

vacancy. Thus, the shallow donor state originating from Zn 2s orbitals is created by loss of sulfur 

atoms, which creates a new vacancy level. Therefore, the vacancies injected during the synthesis 

process can act as donors and induce the formation of new energy levels in the band gap. We provide 

a simplified band energy diagram illustrating the electron energy transition in different H-ZnS:Cu 

microparticles which facilitates the comparative analysis. According to Haranath et al.,[23] the PZL 

green light emission is related to the electron energy transition from conduction band of ZnS to 

Cu2+ center. As illustrated in Figure 5, in the band structure, a new level is induced by VS
·· that 

promotes the generation of trapped electrons.[15] When stress is applied, piezoelectric charges are 

created within ZnS. The conduction and valence bands of ZnS are tilted due to the potential 

produced by the piezoelectric field under the applied mechanical stress. As a result, a larger number 

of trapped electrons in the upper defect state become available and this in turn increases the 

probability to be detrapped and released into the conduction band [24]. In this scenario, non-

radioactive recombination (NRR) occurs between released electrons from new defects and holes, 

transferring energy (≈2.5 eV) to the Cu2+ ion and exciting its outer shell electrons (required energy 

2.2–2.4 eV), controlling the emission intensity. An increased concentration of sulfur vacancies 

results in a higher density of detrapped electrons for recombination, which provides higher energy 

for activating Cu2+. When more excited electrons of Cu2+ ions fall back to the ground state, intense 

green color light is emitted. We hypothesize that excess defects act as the electron recombination 

centers that reduces the emission intensity. Increasing the concentration of vacancies above 



threshold value results in more excited electrons getting trapped. Some fraction of the available 

electrons will act as NRR centers and transfer the energy to Cu2+ ions for excitation. Other trapped 

electrons will go through radioactive recombination and release the energy through the thermal 

emission process.[25] Thus, there exists an optimum balance. While TRR has a larger scale than 

NRR energy transfer, there will be a diminishing PZL light emission due to less availability of 

excited Cu2+. The former has higher probability in materials with an excess number of defects.[26-28] 

Therefore, the sample annealed at 250°C has the optimum number of defects with trapped electrons 

that can effectively undergo NRR, indicating that it has the best NRR to TRR ratio. 

 

Figure 5 The piezoluminescence effect initiates the emission process: the case with optimum 

amount of VS
·· (left) and the case with excess VS

·· (right). 

(b) Study of piezoelectric potential on PZL intensity – Besides the physical properties of ZnS that 

determines the PZL performance of elastomers, sample configuration is also important, because 

higher applied stress results in higher PZL intensity. For better understanding of the PZL 

mechanism, we have investigated the relationship between applied stress and piezoelectric 

potential through numerical simulation using COMSOL. For this simulation, we assumed 25 

μm-diameter ZnS particles are well-dispersed in the PDMS elastomer of 28.5 μm × 28.5 μm × 

161.1 μm volume. The internal stress profile and induced electrical potential were calculated 

when 10% strain was induced in PZL elastomer along length direction. Figure 4 shows internal 

stress (left) and electrical potential (right) profiles with different ZnS content. The stress and 
electric potential in PZL elastomer increases with increasing ZnS content. The trend of stress 

change between ZnS particles is very close to the experimental result in the mechano-stretch 

test under 10% strain (Figure 6). The induced stress exponentially increases near 100:45 

composition in simulation (Figure 7a). However, we found that the stiffness of PZL elastomer 

is increased with increasing volume ratio of ZnS:Cu particles up to 100:50 composition and 

after that the stiffness starts to dramatically decrease to lower value in experimental results 

(Figure 7b). This may be because the induced stress exceeds tensile strength of the PDMS (5.13 

MPa) polymer near 100:60 composition leading to breakage of links between ZnS particles. 

These inside cracks are generated in PZL elastomer after several stretching-releasing test cycle 

that decreases the stiffness of PZL elastomer. The induced electric potential, which is the 

driving force to excite trapped electrons, exhibits similar trend with applied stress in ZnS 



interior. This result is well aligned with piezoelectric theory, since the electric field and stress 

exhibit linear relationship following relation E=gX where, E, g, and X are electric field, 

piezoelectric voltage constant, and applied stress, respectively (Figure 7c). In the same way, 

PZL intensity of the elastomers trends with stiffness, because different stiffness results in 

variation of stress applied on ZnS:Cu particles under same strain. (Figure 7d). This is important 

observation as it provides data on balancing the particle-particle contact with the stiffness of 

the matrix. During this program, we will utilize the contact theory and micromechanics models 

to understand the nature of particle-particle contact and its influence on light emission. 

 

Figure 6. Numerical simulation for stress induced electric potential in PZL elastomer with 

varying ZnS content 

 

Figure 7. (a) Simulation results of internal stress in PZL elastomers with different PDMS:ZnS:Cu 

volume ratio (b) Mechano-stiffness test on PZL elastomer samples with different PDMS:ZnS:Cu 

volume ratios (100:10 to 100:60). The measured size of each sample is 1 cm × 3 cm × 0.1 cm (width, 

length, thickness). (c) Simulation results of internal piezoelectric petential in PZL elastomers with 



(c) Applications 

The PZL rubbers emitted green light under periodic stretching motion and the intensity of the light was 

maximized at optimum volumetric content of the ZnS:Cu particles in PDMS elastomer 

(PDMS:ZnS:Cu=2:1) (Figure 8a). Furthermore, we developed flexible electroluminescence light 

emitting rubber with different color (Figure 8b) using this technique. Our PZL rubber technique can be 

easily applied on various applications due to its stretchability and simple manufacturing process. For 

example, we have demonstrated a PZL writing pad (Figure. 8c) by using PZL composite paste. The pad 

enables tracking of the writing motion and is detectible with wireless sensors (eg. photodiode arrays). 

Our PZL rubbers provides various emission color (green, blue, orange, white, etc) by controlling doping 

level of the Cu dopant. For future applications, we have demonstrated PZL sensing gloves with various 

color (Figure 8d). The PZL rubbers were attached at the joints of fingers and luminescence was observed 

during gripping-releasing motion. The intensity of the PZL was varied with different deformation and 

motion speed of the fingers, which is a promising behavior for the non-contact strain sensor and motion 

information devices. 

 

Figure 8. Applications of PZL elastomer. (a) light emission from PZL elastomer under stretching 

motion (b) flexible electroluminescence light emitting rubber with different color (c) PZL writing pad 

(d) PZL gloves 

(d) Technology transfer 

A great merit of the PZL composite is that we can synthesize it in the desired form factor. Optical fiber 
composite with PZL is one of the promising strain/damage detection system in structures and wearable 

kinesiological sensors, etc. We have initiated collaboration on PZL particles and composite processing 

technique with Dr. Wetzel at Army Research Laboratory (ARL) for developing novel PZL optical fiber. 

ARL has an outstanding technique to fabricate glass and polymer optical fiber using thermal drawing 

process (TFD, Figure 9 (left)), which has advantages in achieving high microstructural complexity with 

short lead time. Our goal is to realize stretchable and flexible optical wave guide fiber containing PZL 

particles. As the fiber is deformed (stretching, compressing, bending, vibrations. etc.), luminescence 

occurs and the light concentrates through internal reflection sending most of the generated photons 

through the fiber ends. Dr. Wetzel’s team has initiated PZL polymer fiber synthesis using our 

hydrogenated ZnS:Cu particles. The light intensity was shown to be higher in the PZL composite 

(Figure 9(right)). 



 

Figure 9. (a) Schematic of optical fiber and thermal drawing process technique (b) PZL polymer fiber. 
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