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SUMMARY

Herewe demonstrate a novel and robust mechanism, termed as ‘‘current-induced
Joule heating activated thermal tunneling excitation,’’ to achieve electrolumines-
cence (EL) by the hot electron-hole-pair recombination in a single highly compen-
sated semiconductor microrod. The radiative luminescence is electrically excited
under ambient conditions. The current-induced Joule heating reduces the thermal
tunneling excitation threshold of voltage down to 8 V and increases the EL effi-
ciency ~4.4-fold at 723 K. We interpret this novel phenomenon by a thermal
tunneling excitation model corrected by electric-induced Joule heating effect.
The mechanism is confirmed via theoretical calculation and experimental demon-
stration, for the first time. The color-tunable EL emission is also achieved by regu-
lation of donor concentration. This work opens up new opportunities for design
of novel multi-color light-emitting devices by homogeneous defect-engineered
semiconductors in future.

INTRODUCTION

Intrinsic electroluminescence (EL), also called Destriau effect, was first observed in 1936 as ZnS:Cu phos-

phors were excited by a high electric field (Mach and Muller, 1982). It is the root of alternating current

(AC) thin-film phosphor panel technology today, based on the impact excitation of deep/isolated defect

centers, e.g., Cu, Mn, and Eu, (Ando and Ono, 1990; Howard et al., 1982; Que et al., 1998). It prevents

the carrier loss at the junction interface due to the heterostructural barriers and surface states in carrier in-

jection-based devices (Feng et al., 2019; Hao et al., 2018; Liu et al., 2018a; Ozgur et al., 2005; Wu et al.,

2016). These deep luminescent centers dominated by short-range Coulomb potentials demonstrate quite

different properties from the shallow donors and acceptors, e.g., high stability of thermal ionization, multi-

charge states, and large cross-sectional areas for carrier trapping (Grimmeiss, 1977; Kim et al., 2012; Meyer

et al., 2005). However, the major drawback of EL devices is the quenching of luminescence at temperature

greater than 400 K without thermal management, due to the increased non-radiative recombination rates

(Willander et al., 2009). The microcavity and surface plasmon resonance structures have been found to be

beneficial to enhance the luminescence for a potential approach for high brightness LEDs (Li et al., 2018; Liu

et al., 2018b; Sun et al., 2020). However, a semiconductor with a high exciton binding energy is still the root

to meet the thermal-quenching challenge, such as ZnO with an exciton binding energy of 60 meV (Ozgur

et al., 2005). Although the electrically driven light emission was first demonstrated from a biased individual

ZnO:Gamicrowire in 2017 (Jiang et al., 2017), the intrinsic EL mechanism is unrevealed so far, especially the

dual-contribution of Joule heating and impact excitation governed by the complex defect impurities, e.g.,

Ga, Sb (He et al., 2017a, 2017b; Jiang et al., 2017, 2019; Liu et al., 2017, 2018b; Sun et al., 2020).

Our previous work has demonstrated the stable acceptor-rich ZnO (A-ZnO) microrods/tubes grown by

temperature-gradient-free optical vapor supersaturation precipitation (OVSP) (Hu et al., 2018a, 2018b;

Huang et al., 2019; Wang et al., 2016, 2017a, 2017b, 2019b). The Zn vacancy (VZn) acted as an acceptor level,

activating donor-acceptor-pair (DAP) recombination with intrinsic compensation donors, i.e., oxygen va-

cancy (VO), for visible photoluminescence (PL) emission up to 773 K (Wang et al., 2017a). It forms a robust

and generic luminescent center in wide band-gap semiconductors for high-temperature EL emission.

Meanwhile, the strong self-compensation effect in A-ZnO reduces the free-carrier concentration and in-

creases the electrical resistivity, resulting in significant Joule heating under a bias current (Fan et al.,

2013; Wang et al., 2016). The highly compensated wide-bandgap semiconductor thereby provides a novel
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platform to investigate the high-temperature electron-hole-pair-related EL process for novel luminescent

applications.

In this work, we report the first observation and validation of the current-induced Joule heating activated

thermal tunneling excitation for EL emission from hot electron-hole-pair recombination in a highly

compensated ZnO (HC-ZnO) microrod. The EL emission was observed at the center of a biased HC-

ZnO microrod. The voltage threshold was reduced with the temperature increasing and the external

quantum efficiency was boosted dramatically. It is the strong evidence on thermal tunneling excitation

of hot hole and electron carriers for EL emission. This fundamentally differs from the incandescent light

mechanism in previous studies (He et al., 2017a, 2017b; Jiang et al., 2017, 2019; Liu et al., 2017). In order

to validate the contribution of electron-hole-pair recombination in EL emission, the oxygen pressure was

regulated in growth of HC-ZnO microrods for different VO-related donor concentrations. The influence of

VO-related donor concentration on EL spectrum was understood. A theoretical model was also devel-

oped to estimate the recombination rates between conduction band minimum (CBM) and defect levels

in the HC-ZnO microrod. Such a study opens up new opportunities to design novel wide-bandgap semi-

conductor EL devices with a simple structure for high-efficiency light emission at high temperature.

RESULTS

Fabrication and Characterization of HC-ZnO Microrods

Figure 1A shows the setup for growth of HC-ZnO microrods with massive VZn-related acceptors and Vo-

related donors, as proposed in our previous studies (Hu et al., 2018b; Wang et al., 2016, 2017a, 2017b).

To efficiently control the VO concentration, the O2/Ar mixed carrier gas with variable oxygen pressure ratios

(i.e., 15%, 20%, and 25%) was used during OVSP growth; a mixture of ZnO and graphite powders with a def-

inite weight ratio of 2:1 was pressed as the reactive green body rod. Figure 1B demonstrates the metal-

semiconductor-metal (MSM) setup for the EL emission from an individual HC-ZnOmicrorod. The microrod

was placed on a cleaned glass substrate and coated with In/Ga alloy electrodes at both ends for Ohmic

contacts (Wang et al., 2016). The bias voltages were applied on the microrod and the corresponding cur-

rents were measured via a source meter.

Figure 1C shows the typical morphology of an HC-ZnO microrod, of which the diameter was ~120 mm and

the length was up to 1.5 mm. The hexagonal geometry is attributed to the wurtzite-type structure along the

c-axis, i.e., [0001] direction (Wang et al., 2016). The Raman spectra were acquired by a high-resolution spec-

trometer, as shown in Figure 1D. The observation of longitudinal optical phonon (LO) modes with A1 and E1

symmetries at 576 and 589 cm�1 with the oxygen pressure reducing confirmed the increase of VO concen-

tration, owing to the low formation energy of VO determined by first-principle calculation (Janotti and Van

de Walle, 2007) and Fröhlich interaction (Alaria et al., 2006; Cheng et al., 2010). It should be noted that the

inactive E2
high Raman mode at 437 cm�1 is attributed to the polarization of excitation laser parallel to the c-

axis of the HC-ZnO microrod (Cusco et al., 2007). In Figure 1E, the XPS valence band spectra fitted by

tangent lines (dotted lines) determined the energy differences between the Fermi level and valence

bandmaximum (VBM), i.e., EF-EVBM, for the HC-ZnOmicrorods grown in 15%-O2, 20%-O2, and 25%-O2 cor-

responding to 2.85, 2.43, and 2.55 eV, respectively. It indicated the n-type of the HC-ZnO microrods fabri-

cated in this work.

Figure 1F shows the EL emission with varied colors near the centers of microrods when the bias voltage was

greater than a threshold for each sample with the specific VO concentrations. This phenomenon is similar to

the previous studies on incandescent light mechanism analog to the ‘‘hot spot’’ of tungsten filament (He

et al., 2017a, 2017b; Jiang et al., 2017; Liu et al., 2017; Luo et al., 2019). The corresponding EL spectra

with the increase of bias voltage are shown in Figure 1G. The emission covered the spectrum from visible

to near-infrared bands in the range of 400–1,100 nm, composing of several emission peaks, rather than

blackbody radiation with a broad peak (Luo et al., 2019).

Temperature and EL Characteristics of HC-ZnO Microrods

The classic theory indicates two channels for EL emission from semiconductors: (1) carrier injection from

electrodes, e.g., p-n and Schottky junctions; (2) electron-hole-pair generation by impact excitation/ioniza-

tion of defect-bound or valence electron under a high electric field, e.g., metal-insulator-semiconductor

(MIS) junctions (Zhang et al., 2016). However, the threshold of electric field intensity ~102 V/cm significantly
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Figure 1. Fabrication and Characterization of HC-ZnO Microrods

(A) Experimental setup of HC-ZnO microrods grown by OVSP.

(B) Schematic of the MSM setup for an individual HC-ZnO microrod as an EL device.

(C) Typical SEM image of an HC-ZnO microrod.

(D and E) (D) Raman spectra and (E) XPS valence band spectra of HC-ZnO microrods grown in different oxygen pressures.

(F) Optical images of EL emission from HC-ZnO microrods with different VO.

(G) Evolution of EL spectra with applied bias voltages.
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lower than the theoretical value (>104 V/cm [Lehmann, 1982]) for impact excitation/ionization promoted a

distinctive mechanism of EL emission in the HC-ZnO microrods.

Considering the thermal effects on excitation process (He et al., 2017a, 2017b; Jiang et al., 2017), the evo-

lution of current density (J), conductivity (s), and peak lattice temperature (Tp) of the 15%-O2 HC-ZnO mi-

crorod with increased bias voltage were measured, as shown in Figure 2A. The low conductivity, similar to

the undoped ZnO single crystal, confirmed the compensation effect occurring (McCluskey and Jokela,

2009). The increase of Tp with the bias voltage increasing was attributed to the current Joule heating.

The continuous reduction of s indicated the conductive property of the HC-ZnO is similar to metal mate-

rials, of which the electron mobility is reduced owing to the electron collision scattering with lattices and

defects. The negative differential resistance (NDR) effect (dJ/dV<0) with the bias voltage greater than

13.0 V indicated the metal-like electro-thermal transition in the HC-ZnO microrod (Gibson, 2018; Rashidi

et al., 2016; Wang et al., 2019a). The lattice temperature caused by Joule heating is therefore described

as (Zhao et al., 2011):

Tp = Tambexp

 
asU2

8

!
(Equation 1)

where Tp is the peak temperature at EL emission zone, Tamb is the ambient temperature, U is the bias

voltage, and a is the constant related to thermal conductivity k and Tp, where a =1/kTp. k of 15%-O2

ZnO microrod at room temperature calculated by Equation (1) was ~79 W/m$K, lower than the ZnO single

crystal with few defects (~100W/m$K [Alvarez-Quintana et al., 2010]). It is due to the reduction of mean free

path for phonon scattering resulting from the high concentration of defect in HC-ZnO (Asheghi et al., 2002).

To acquire the relationship of emission intensity and lattice temperature, the micro-EL/Raman spectra of

the biased ZnO microrod were captured by 2D point-to-point spectral mapping with a spatial step of

15 mm. The lattice temperature was estimated by the peak shift of E2
high Raman active mode under the po-

larization of excitation laser perpendicular to the c-axis of themicrorod (seeMethods). The 2D distributions

of EL intensity and lattice temperature during a 15%-O2 ZnO microrod biased by 14.5 V are plotted in Fig-

ure 2B. It can be clearly seen that the EL intensity was strongly dependent upon the lattice temperature. The

EL region was located in the range of ~200 mm from the microrod center as indicated by the white dashed

lines. Figure 2C further demonstrates the EL intensity and lattice temperature distributions on the c-axis of

the HC-ZnOmicrorod. The peak temperature at the microrod center was ~872 K with bright light emission,

of which the temperature was significantly higher than the dark zone around the electrodes of ~400 K. The

temperature of 760 K as the dashed line indicated in Figure 2C was the temperature threshold, TT, for EL

emission.

According to Wien’s displacement law (Das, 2015), the temperature of blackbody radiation at 900 nm, i.e.,

the wavelength of EL intensity peak as shown in Figure 1E, should be ~3,200 K. It is significantly higher than

the decomposition temperature of wurtzite-type ZnO at atmospheric pressure (~1,700 K [Kong et al., 2004])

and the measured temperature in Figure 2C. Figure 2D shows the bias-voltage-regulated EL emission at

the ambient temperature Tamb ranging from 293 to 723 K. The elevated Tamb reduced the voltage threshold

(marked by the dashed lines) for bright EL emission from 12.9 V at 273 K down to 8.0 V at 723 K. The cor-

responding differential of EL intensity with respect to bias voltage, dIEL/dU, was promoted by ~4.4-fold,

indicating the luminescent efficiency was boosted. Therefore, the temperature-dominated EL channel

for hot hole and electron carrier excitation and radiative recombination should be considered.

Mechanism of Current-Induced Thermal Tunneling EL from HC-ZnO Microrods

The EL dynamic process of HC-ZnO was proposed in Figure 3A. The hot electron-hole-pair excitation and

radiative recombination process includes that (1) current-induced Joule heating increases the lattice

Figure 2. EL Characteristics of an HC-ZnO Microrod Grown in 15%-O2 Condition

(A) Evolution of current density, conductivity, and peak temperature with bias voltage in EL mission.

(B) 2D distributions of EL intensity and temperature of the microrod biased by 14.5 V.

(C) 1D distributions of EL intensity and temperature on the c-axis of HC-ZnO microrod shown as the black dotted line in

(B).

(D) Effect of bias voltage on EL intensity under different ambient temperatures (Tamb), where the inset illustrates the

effects of Tamb on differential of EL intensity with bias voltage (dIEL/dU) and voltage threshold (UT) for EL mission.
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Figure 3. Mechanism of Current-Induced Thermal Tunneling EL

(A) Schematic of excitation and recombination for EL emission in an HC-ZnO microrod.

(B) Schematic of classic and thermal tunneling excitation channels.

(C and D) Theoretical excitation probability of thermal tunneling excitation with (C) temperature and with (D) bias voltage

at selected ambient temperatures.

(E) Temperature-dependent PL spectra of an HC-ZnO microrod grown in 15%-O2, where the inset is the close-up view of

the high-energy exciton recombination at the low temperature.

(F) Temperature-dependent time-resolved PL spectra of the 15%-O2 HC-ZnO microrod. The dotted lines are the fitted

decay curves based on the decay intensities (translucent point). The two insets exhibit the evolutions of fitted tFA, tmean,

and EFA with temperature.
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temperature forming a ‘‘hot spot’’ near the microrod center, where the thermal field activated the bound

electrons in VZn into the conduct band (CB); (2) the excited electron-hole pairs were recombined by free-

electron-to-neutral-acceptor (FA) transition as well as DAP transition by relaxation of hot electrons to VO

and then to VZn-related holes.

The thermal excitation in this work was regarded as a multi-phonon process, where the transition of elec-

tron was from VZn (ground state) to CB (excitation state), as shown in Figure 3B. The tunneling excitation

occurred when the thermal energy slightly exceeded the thermal binding energy from VZn to CB, ET, rather

than a classical thermal excitation requiring energy EC (Yassievich, 1994). The excitation tunneling proba-

bility, W, according to Huang-Rhys model is determined by (Karpus and Perel, 1986)

W � exp

�
ET

Zu

�
1� b

4
� ln

�
4

b

�
exp

Zu

kBT
� 1

����
(Equation 2)

where b = 0.26 is a constant, Zu= 72meV is the phonon energy, and kB is the Boltzmann constant. Figure 3C

shows the evolution ofW with temperature elevation, where the probability threshold for EL emission,WT,

corresponds to the excitation temperature threshold of TT = 760 K in Figure 2C. Further considering the co-

effect of ambient temperature and current-induced Joule heating (see Equation S4), the theoretical bias

voltage threshold was reduced from 16.1 V at 293 K down to 3.8 V at 723 K as Figure 3D, showing good

agreement with experiments and demonstrating the high-temperature preference of the HC-ZnO for EL

emission.

Our previous work has confirmed VZn acting as stable recombination centers up to 773 K (Wang et al., 2016,

2017a). Figure 3E shows the temperature-dependent PL spectra of a 15%-O2 HC-ZnO microrod measured

by a CW 325-nm-line He-Cd laser with the polarization perpendicular to the c-axis. The elevated temper-

ature caused strong electron-phonon interaction to narrow the optical band gap as (Odonnell and Chen,

1991)

EgðTÞ = Egð0Þ � SCZuD

�
coth

�
CZuD
2kBT

�
� 1

�
(Equation 3)

where Eg(0) is the band gap energy at 0 K, S is the coupling constant, and CZuD is the mean phonon energy

related to the strength of energy loss via phonon. The fitted curve, plotted as the black dotted line as shown

in Figure 3A, yielded Eg(0) = 3.37 eV and CZuD = 40.8 meV. The mean phonon energy is significantly higher

than the standard ZnO single crystal (~12 meV [Choi and Ma, 2006]) owing to the high concentration of de-

fects in the HC-ZnO.

The sharp peaks near 3.37 and 3.36 eV at 83 K are attributed to the free-exciton (FX) and neutral-acceptor-

bound-exciton (A0X) transition, respectively (Alawadhi et al., 2007). According to our previous studies, the

A0X transition was originated from the VZn acceptor level (Wang et al., 2016). The transition of FA located at

3.31 eV and the longitudinal optical phono replicas (FA-LO) with an energy separation of ~72 meV were

observed in a wide temperature range from 83 to 793 K and 83 to 505 K, respectively. It indicates that

the FA recombination rate related to VZn is comparable with NBE transition providing an EL emission

channel.

The temperature-dependent time-resolved photoluminescence (TD-TRPL) spectra were acquired from 293

to 673 K to study the recombination efficiency related to VZn at high temperature. Figure 3F shows the

decay of FA recombination at different temperatures of the 15%-O2 HC-ZnO microrod. The redshift of

FA transition with the temperature elevation was corrected, as shown in the bottom inset. Considering

the co-existence of FA and NBE transition, a double-exponential function was used to fit the decay curve

as following (Lu et al., 2017):

ILðtÞ = ANBE exp

� �t

tNBE

�
+AFA exp

��t

tFA

�
(Equation 4)

where IL is the luminescence intensity, t is the time, tNBE and tFA are the lifetimes of NBE and FA recombi-

nation, and ANBE and AFA are the proportional coefficients, respectively. The mean luminescence lifetime

tmean (=(ANBE3tNBE
2+ AFA3tFA

2)/(ANBE3tNBE + AFA3tFA)) and tFA are shown in the top inset of Figure 3F.

The reduction of tmean from 232 to 203 ps with the temperature increasing is attributed to the aggravation

of non-radiative transition in NBE recombination, whereas tFA is decreased from 248 ps at 293 K to 239 ps at
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673 K, indicating a high thermal stability for FA recombination. The TD-TRPL spectra confirmed the VZn-

related defects acting as an efficient recombination centers for EL emission.

Mechanism of Color-Tunable EL Emission from HC-ZnO Microrods

In general, VZn composed of two fine levels, i.e., 0/1- (V1-
Zn) and 1-/2- (V2-

Zn), with 0.1–0.2 and 0.8–1.2 eV

above the VBM (McCluskey and Jokela, 2009). The VO also possessed 0/1+ (V1+
O) and 1+/2+ (V2+

O) with

~1.82 and ~2.51 eV above the VBM, respectively (Janotti and Van de Walle, 2007). In consideration of

the bandgap narrowing at the high temperature, the diagram of corrected fine energy level and the radi-

ative recombination channels are illustrated in Figure 4A. It can be seen that there are two and four poten-

tial channels of radiative recombination for FA and DAP transition, respectively, demonstrating different

photon energies in EL emission.

To reveal the effect of VZn- and VO-related defect concentrations on EL emission color, the EL emission

spectra were fitted by Gaussian multi-peaks, as shown in Figure 4B. The EL emission peaks at 1.33, 1.55,

and 1.92 eV originated from DAP transition of V2+
O-V

2-
Zn, V

1+
O-V

1-
Zn, and V2+

O-V
1-
Zn, respectively, contrib-

uting themost of EL emission energy. The narrow FWHM in the range of 0.1–0.2 eV indicated the intra-band

transition caused radiation. The emission peak at 2.19 eV was attributed to the FA transition from the CBM

to V2-
Zn (e-V

2-
Zn). The high energy of hot electrons in the CB caused the FWHM of emission peak up to 0.4

eV. The missed V1-
Zn-V

2-
Zn transition was due to the cutoff detection energy of the spectrometer (1.0 eV).

The FA transition from the CBM to V1-
Zn (e-V

1-
Zn) was suppressed owing to the high binding energy of V1-

Zn

for DAP recombination (Wang et al., 2016, 2017a).

According to the transition rate of equation between the energy levels (see Figure S1) and regardless of the

non-radiative recombination, the emission ratio of DAP to FA transition (see Equations S5 and S6) is

described as

IDAP
IFA

f
kDAnD

keAn
=
keDn

keAn
=
keD

keA
(Equation 5)

where IDAP and IFA are emission intensities from DAP and FA transitions; kDA and keA are the rates of DAP

and FA transitions; keD is the relaxation rate of hot electrons at the CB captured by VO; n and nD are the

concentrations of free-electrons at the CB and donor level of VO, respectively. Equation (5) indicated

that the DAP radiative recombination was proportional to keD determined by (Milnes, 1973)

keDfseDnDv (Equation 6)

where seD is the relaxation cross-section dominated by direction of electron movement and electric field

strength and v is the thermal velocity of hot electrons following v=(2kBT/m*)1/2, in which m* is effective

mass of electrons. Assuming the hot electrons moving backward to the applied electric field vector as

well as the similar bias voltage and lattice temperature at the ‘‘hot spot’’ of the HC-ZnO microrod, the

DAP recombination rate was hence strongly dependent upon the concentration of VO, i.e., nD.

To accurately determine the concentration of VO, the equivalent parameter (RD) was proposed to represent

the concertation of VO. Figure 4C shows the XPS spectra of O1s fitted by three Gaussian-Lorentzian peaks

with the central energy of 530.3, 531.6, and 532.8 eV attributing to lattice oxygen (OL), oxygen vacancy (OV),

and surface oxygen absorption (OD), respectively (Chen et al., 2000; Lu et al., 2016; Tay et al., 2006). RD was

estimated by the peak area ratio of OV to OL to determine the concentration of VO. It can be seen that RD

was decreased with the O2 content increasing during growth. It is in good agreement with the Raman re-

sults shown in Figure 1D. The capability of VO concentration to regulate the EL emission color was therefore

validated. Figure 4D shows the emission chromaticity values in the CIE color space by the EL spectra (Wang

et al., 2016, 2017a; Yang et al., 2019). The emission color was tunable from orange (0.50, 0.44) to bright yel-

low (0.44, 0.50) with the decrease of RD from 1.45 to 0.65. i.e., the increase of O2 content from 15% to 25% in

growth.

Figure 4. Origination of Color-Tunable EL Emission from HC-ZnO Microrods

(A) Diagram of radiative recombination channels between fine energy levels.

(B) EL spectra fitted by FA and DAP-related emission peaks for HC-ZnO microrods with different VO concentrations.

(C) XPS O1s spectra of HC-ZnO microrods.

(D) Chromaticity distribution of EL emission from different HC-ZnO microrods.
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DISCUSSION

Evidence on current-induced Joule heating activated thermal tunneling excitation and hot electron-hole-

pair recombination for EL emission in a highly compensated semiconductor microrod is presented in this

work. It is confirmed that the intensity of EL emission is dependent upon the lattice temperature. The ther-

mal tunneling threshold of voltage was down to 8 V with 4.4-fold luminescent efficiency promotion under

the temperature up to 723 K. The color-tunable EL emission is also achieved by regulation of VO-related

donor concentration. The hot electron-hole-pair radiative recombination opens up opportunities for

defect-engineered wide-bandgap semiconductors as efficient light-emitting devices at high temperature.

Limitation of the Study

We have developed a mechanism named current-induced Joule heating activated thermal tunneling exci-

tation to achieve EL by the hot electron-hole-pair recombination in a single highly compensated semicon-

ductor microrod. The element doping could future regulate the EL emission with a wider color range with a

higher efficiency. The highly compensated doped-ZnO microrod is worthy of study. In addition, the struc-

ture of highly compensated semiconductors is limited in microrod by OVSP growth. The other structures,

such as films, bulks, and nanowires, might be fabricated for industrial applications in the future.

Resources Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Yinzhou Yan (yyan@bjut.edu.cn)

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All data are available from the corresponding author upon reasonable request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101210.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China (Grant No. 11674018), Bei-

jing Nova Program (Grant No. Z171100001117101), and Young Talent Program of the Beijing Municipal

Commission of Education.

AUTHOR CONTRIBUTIONS

C. Xing conceived and designed the experiments and drafted the manuscript. W.L. carried out TD-TRPL

experiment and provided technical advice on TD-TRPL results. Q.W. provided technical advice on growth

of HC-ZnO microrods. C. Xu provided the advice on theoretical model and mechanism of current-induced

thermal tunneling EL. Y.Y. proposed the project, supervised the experimental work, and prepared the

manuscript. Y.J. contributed the analysis of temperature-dependent Raman spectra and led the research.

All authors participated in the writing and review of the final draft.

DECLARATION OF INTERESTS

The authors have no conflicts of interest to declare.

Received: April 8, 2020

Revised: May 14, 2020

Accepted: May 22, 2020

Published: June 26, 2020

ll
OPEN ACCESS

10 iScience 23, 101210, June 26, 2020

iScience
Article

mailto:yyan@bjut.edu.cn
https://doi.org/10.1016/j.isci.2020.101210


REFERENCES
Alaria, J., Bieber, H., Colis, S., Schmerber, G., and
Dinia, A. (2006). Absence of ferromagnetism in Al-
doped Zn0.9Co0.10O diluted magnetic
semiconductors. Appl. Phys. Lett. 88, 112503.

Alawadhi, H., Tsoi, S., Lu, X., Ramdas, A.K.,
Grimsditch, M., Cardona, M., and Lauck, R. (2007).
Effect of temperature on isotopic mass
dependence of excitonic band gaps in
semiconductors: ZnO. Phys. Rev. B 75, 205207.

Alvarez-Quintana, J., Martinez, E., Perez-Tijerina,
E., Perez-Garcia, S.A., and Rodriguez-Viejo, J.
(2010). Temperature dependent thermal
conductivity of polycrystalline ZnO films. J. Appl.
Phys. 107, 063713.

Ando, M., and Ono, Y.A. (1990). Role of Eu2+

luminescent centers in the electrooptical
characteristics of red-emitting CaS-Eu Thim-film
electroluminescent devives withmemory. J. Appl.
Phys. 68, 3578–3583.

Asheghi, M., Kurabayashi, K., Kasnavi, R., and
Goodson, K.E. (2002). Thermal conduction in
doped single-crystal silicon films. J. Appl. Phys.
91, 5079–5088.

Chen, M., Wang, X., Yu, Y.H., Pei, Z.L., Bai, X.D.,
Sun, C., Huang, R.F., and Wen, L.S. (2000). X-ray
photoelectron spectroscopy and auger electron
spectroscopy studies of Al-doped ZnO films.
Appl. Surf. Sci. 158, 134–140.

Cheng, B., Sun, W., Jiao, J., Tian, B., Xiao, Y., and
Lei, S. (2010). Disorder-induced Raman scattering
effects in one-dimensional ZnO nanostructures
by incorporation and anisotropic distribution of
Dy and Li codopants. J. Raman Spectrosc. 41,
1221–1226.

Choi, M.H., and Ma, T.Y. (2006). Influence of
substrate temperature on ultraviolet emission of
ZnO films prepared by ultrasonic spray pyrolysis.
J. Mater. Sci. 41, 431–435.

Cusco, R., Alarcon-Llado, E., Ibanez, J., Artus, L.,
Jimenez, J., Wang, B.G., and Callahan, M.J.
(2007). Temperature dependence of Raman
scattering in ZnO. Phys. Rev. B 75, 11.

Das, R. (2015). Wavelength- and frequency-
dependent formulations of Wien’s displacement
law. J. Chem. Educ. 92, 1130–1134.

Fan, J.C., Sreekanth, K.M., Xie, Z., Chang, S.L.,
and Rao, K.V. (2013). p-Type ZnO materials:
theory, growth, properties and devices. Prog.
Mater. Sci. 58, 874–985.

Feng, S., Dong, B., Lu, Y., Yin, L., Wei, B., Wang,
J., and Lin, S. (2019). Graphene/p-AlGaN/p-GaN
electron tunnelling light emitting diodes with
high external quantum efficiency. Nano Energy
60, 836–840.

Gibson, G.A. (2018). Designing negative
differential resistance devices based on self-
heating. Adv. Funct. Mater. 28, 1704175.

Grimmeiss, H.G. (1977). Deep level impurities in
semiconductors. Annu. Rev. Mater. Sci. 7,
341–376.

Hao, Z., Feng, S., Lu, Y., and Lin, S. (2018). Gate
tunable surface plasmon resonance enhanced
graphene/Ag nanoparticles-polymethyl

methacrylate/graphene/p-GaN heterostructure
light-emitting diodes. Opt. Express 26, 25257–
25264.

He, G., Jiang, M., Li, B., Zhang, Z., Zhao, H., Shan,
C., and Shen, D. (2017a). Sb-doped ZnO
microwires: emitting filament and homojunction
light-emitting diodes. J. Mater. Chem. C 5,
10938–10946.

He, G.-H., Jiang, M.-M., Dong, L., Zhang, Z.-Z., Li,
B.-H., Shan, C.-X., and Shen, D.-Z. (2017b). Near-
infrared light-emitting devices from individual
heavily Ga-doped ZnO microwires. J. Mater.
Chem. C 5, 2542–2551.

Howard, W.E., Sahni, O., and Alt, P.M. (1982). A
simple-model for the hysteretic behavior of ZnS-
Mn thin-film electroluminescent devices. J. Appl.
Phys. 53, 639–647.

Hu, S., Wang, Y., Wang, Q., Xing, C., Yan, Y., and
Jiang, Y. (2018a). Synthesis of highly conductive
thin-walled Al-doped ZnO single-crystal
microtubes by a solid state method. J. Cryst.
Growth 491, 97–102.

Hu, S., Yan, Y., Wang, Q., Lu, Y., Wang, Y., and
Jiang, Y. (2018b). Optimized optical vapor
supersaturated precipitation for time-saving
growth of ultrathin-walled ZnO single-crystal
microtubes. J. Cryst. Growth 498, 25–34.

Huang, Z., Yan, Y., Xing, C., Wang, Q., Li, J.,
Zhang, Y., Zeng, Y., Zhao, Y., and Jiang, Y. (2019).
Enhanced properties of hierarchically-
nanostructured undoped acceptor-rich ZnO
single-crystal microtube irradiated by UV laser.
J. Alloys Compd. 789, 841–851.

Janotti, A., and Van de Walle, C.G. (2007). Native
point defects in ZnO. Phys. Rev. B 76, 165202.

Jiang, M., He, G., Chen, H., Zhang, Z., Zheng, L.,
Shan, C., Shen, D., and Fang, X. (2017).
Wavelength-tunable electroluminescent light
sources from Individual Ga-doped ZnO
microwires. Small 13, 1604034.

Jiang, M., Mao, W., Zhou, X., Kan, C., and Shi, D.
(2019). Wavelength-tunable waveguide
emissions from electrically driven single ZnO/
ZnO:Ga superlattice microwires. ACS Appl.
Mater. Interfaces 11, 11800–11811.

Karpus, V., and Perel, V.I. (1986). Multiphoton
ionization of deep centers in semiconductors
located in an electric-field. Zh. Eksp. Teor. Fiz. 91,
2319–2331.

Kim, T.I., Jung, Y.H., Song, J.Z., Kim, D., Li, Y.H.,
Kim, H.S., Song, I.S., Wierer, J.J., Pao, H.A.,
Huang, Y.G., et al. (2012). High-efficiency,
microscale GaN light-emitting diodes and their
thermal properties on unusual substrates. Small
8, 1643–1649.

Kong, X.Y., Ding, Y., Yang, R., and Wang, Z.L.
(2004). Single-crystal nanorings formed by
epitaxial self-coiling of polar nanobelts. Science
303, 1348–1351.

Lehmann, W. (1982). Investigations on long-living
Destriau-type electroluminescent phosphors.
J. Electron. Mater. 11, 341–354.

Li, Z., Jiang, M., Sun, Y., Zhang, Z., Li, B., Zhao, H.,
Shan, C., and Shen, D. (2018). Electrically pumped
Fabry-Perot microlasers from single Ga-doped
ZnO microbelt based heterostructure diodes.
Nanoscale 10, 18774–18785.

Liu, Y., Jiang, M., He, G., Li, S., Zhang, Z., Li, B.,
Zhao, H., Shan, C., and Shen, D. (2017).
Wavelength-tunable ultraviolet
electroluminescence from Ga-Doped ZnO
microwires. ACSAppl. Mater. Interfaces 9, 40743–
40751.

Liu, Y., Guo, J., Zhu, E., Liao, L., Lee, S.-J., Ding,
M., Shakir, I., Gambin, V., Huang, Y., and Duan, X.
(2018a). Approaching the Schottky-Mott limit in
van der Waals metal-semiconductor junctions.
Nature 557, 696–700.

Liu, Y., Jiang, M.M., Zhang, Z.Z., Li, B.H., Zhao,
H.F., Shan, C.X., and Shen, D.Z. (2018b).
Electrically excited hot-electron dominated
fluorescent emitters using individual Ga-doped
ZnO microwires via metal quasiparticle film
decoration. Nanoscale 10, 5678–5688.

Lu, M.-P., Chen, C.-W., and Lu, M.-Y. (2016).
Charge-separation kinetics of photoexcited
oxygen vacancies in ZnO nanowire field-effect
transistors. Phys. Rev. Appl. 6, 054018.

Lu, J., Jiang, M., Wei, M., Xu, C., Wang, S., Zhu, Z.,
Qin, F., Shi, Z., and Pan, C. (2017). Plasmon-
induced accelerated exciton recombination
dynamics in ZnO/Ag hybrid nanolasers. ACS
Photon. 4, 2419–2424.

Luo, F., Fan, Y., Peng, G., Xu, S., Yang, Y., Yuan, K.,
Liu, J., Ma, W., Xu, W., Zhu, Z.H., et al. (2019).
Graphene thermal emitter with enhanced Joule
heating and localized Light emission in Air. ACS
Photon. 6, 2117–2125.

Mach, R., and Muller, G.O. (1982). Physical
concepts of high-field, thin-film electro-
luminescence devices. Phys. Status Solid. A 69,
11–66.

McCluskey, M.D., and Jokela, S.J. (2009). Defects
in ZnO. J. Appl. Phys. 106, 71101.

Meyer, B.K., Sann, J., Hofmann, D.M., Neumann,
C., and Zenner, A. (2005). Shallow donors and
acceptors in ZnO. Semicond. Sci. Technol. 20,
S62–S66.

Milnes, A.G. (1973). Deep Impurities in
Semiconductors (Wiley-Interscience Pub).

Odonnell, K.P., and Chen, X. (1991).
Temperature-dependence of semiconductor
band-gaps. Appl. Phys. Lett. 58, 2924–2926.

Ozgur, U., Alivov, Y.I., Liu, C., Teke, A.,
Reshchikov, M.A., Dogan, S., Avrutin, V., Cho,
S.J., and Morkoc, H. (2005). A comprehensive
review of ZnO materials and devices. J. Appl.
Phys. 98, 041301.

Que, W.X., Zhou, Y., Lam, Y.L., Chan, Y.C., Kam,
C.H., Liu, B., Gan, L.M., Chew, C.H., Xu, G.Q.,
Chua, S.J., et al. (1998). Photoluminescence and
electroluminescence from copper doped zinc
sulphide nanocrystals polymer composite. Appl.
Phys. Lett. 73, 2727–2729.

ll
OPEN ACCESS

iScience 23, 101210, June 26, 2020 11

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)30395-3/sref1
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref1
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref1
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref1
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref1
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref1
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref2
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref2
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref2
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref2
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref2
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref3
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref3
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref3
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref3
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref3
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref4
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref4
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref4
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref4
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref4
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref5
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref5
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref5
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref5
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref6
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref6
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref6
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref6
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref6
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref7
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref7
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref7
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref7
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref7
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref7
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref8
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref8
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref8
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref8
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref9
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref9
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref9
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref9
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref10
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref10
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref10
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref11
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref11
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref11
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref11
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref12
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref12
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref12
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref12
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref12
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref13
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref13
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref13
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref14
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref14
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref14
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref15
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref15
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref15
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref15
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref15
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref15
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref16
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref16
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref16
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref16
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref16
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref17
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref17
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref17
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref17
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref17
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref18
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref18
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref18
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref18
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref19
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref19
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref19
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref19
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref19
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref20
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref20
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref20
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref20
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref20
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref21
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref21
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref21
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref21
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref21
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref21
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref22
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref22
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref23
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref23
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref23
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref23
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref23
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref24
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref24
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref24
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref24
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref24
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref25
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref25
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref25
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref25
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref26
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref26
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref26
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref26
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref26
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref26
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref27
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref27
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref27
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref27
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref28
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref28
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref28
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref29
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref29
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref29
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref29
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref29
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref30
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref30
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref30
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref30
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref30
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref30
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref31
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref31
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref31
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref31
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref31
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref32
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref32
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref32
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref32
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref32
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref32
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref33
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref33
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref33
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref33
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref34
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref34
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref34
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref34
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref34
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref35
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref35
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref35
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref35
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref35
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref36
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref36
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref36
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref36
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref37
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref37
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref38
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref38
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref38
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref38
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref39
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref39
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref40
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref40
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref40
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref41
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref41
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref41
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref41
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref41
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref42
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref42
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref42
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref42
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref42
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref42


Rashidi, M., Taucer, M., Ozfidan, I., Lloyd, E.,
Koleini, M., Labidi, H., Pitters, J.L., Maciejko, J.,
and Wolkow, R.A. (2016). Time-resolved imaging
of negative differential resistance on the atomic
scale. Phys. Rev. Lett. 117, 276805.

Sun, Z.P., Jiang, M.M., Mao, W.Q., Kan, C.X.,
Shan, C.X., and Shen, D.Z. (2020). Nonequilibrium
hot-electron-induced wavelength-tunable
incandescent-type light sources. Photon. Res. 8,
91–102.

Tay, Y.Y., Li, S., Sun, C.Q., and Chen, P. (2006).
Size dependence of Zn 2p 3/2 binding energy in
nanocrystalline ZnO. Appl. Phys. Lett. 88, 173118.

Wang, Q., Yan, Y.Z., Zeng, Y., Lu, Y., Chen, L., and
Jiang, Y.J. (2016). Free-standing undoped ZnO
microtubes with rich and stable shallow
acceptors. Sci. Rep. 6, 27341.

Wang, Q., Yan, Y., Qin, F., Xu, C., Liu, X., Tan, P.,
Shi, N., Hu, S., Li, L., Zeng, Y., et al. (2017a). A
novel ultra-thin-walled ZnO microtube cavity
supporting multiple optical modes for bluish-
violet photoluminescence, low-threshold
ultraviolet lasing and microfluidic
photodegradation. NPG Asia Mater. 9, e442.

Wang, Q., Yan, Y.Z., Zeng, Y., and Jiang, Y.J.
(2017b). Experimental and numerical study on
growth of high-quality ZnO single-crystal
microtubes by optical vapor supersaturated
precipitation method. J. Cryst. Growth 468,
638–644.

Wang, M., Wang, C.-Y., Wu, C., Li, Q., Pan, C.,
Wang, C., Liang, S.-J., and Miao, F. (2019a). S-
type negative differential resistance in
semiconducting transition-metal
dichalcogenides. Adv. Electron. Mater. 5, 173118.

Wang, Q., Yan, Y., Tong, F., Zhai, T., Xing, C.,
Zeng, Y., Feng, C., Zhao, Y., and Jiang, Y. (2019b).
Angle-dependent excitonic luminescence in
semiconductor microtube cavity: the self-
absorption effect. J. Lumin. 208, 238–244.

Willander, M., Nur, O., Zhao, Q.X., Yang, L.L.,
Lorenz, M., Cao, B.Q., Perez, J.Z., Czekalla, C.,
Zimmermann, G., Grundmann, M., et al. (2009).
Zinc oxide nanorod based photonic devices:
recent progress in growth, light emitting diodes
and lasers. Nanotechnology 20, 332001.

Wu, Z., Lu, Y., Xu, W., Zhang, Y., Li, J., and Lin, S.
(2016). Surface plasmon enhanced graphene/p-

GaN heterostructure light-emitting diode by Ag
nano-particles. Nano Energy 30, 362–367.

Yang, L., Li, L., Wang, Q., Xing, C., Ma, L., Zeng,
Y., Zhao, Y., and Yan, Y. (2019). Over 1000-fold
enhancement of the unidirectional
photoluminescence from a microsphere-cavity-
array-capped QD/PDMS composite film for
flexible lighting and displays. Adv. Opt. Mater. 7,
1901228.

Yassievich, I.N. (1994). Recombination-induced
defect heating and related phenomena.
Semicond. Sci. Technol. 9, 1433–1453.

Zhang, C., Zhang, J., Liu, W., Xu, H., Hou, S.,
Wang, C., Yang, L.,Wang, Z.,Wang, X., and Liu, Y.
(2016). Enhanced ultraviolet random lasing from
Au/MgO/ZnO heterostructure by introducing p-
Cu2O hole-injection layer. ACS Appl. Mater.
Interfaces 8, 31485–31490.

Zhao, J., Sun, H., Dai, S., Wang, Y., and Zhu, J.
(2011). Electrical breakdown of nanowires. Nano
Lett. 11, 4647–4651.

ll
OPEN ACCESS

12 iScience 23, 101210, June 26, 2020

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)30395-3/sref43
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref43
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref43
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref43
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref43
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref44
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref44
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref44
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref44
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref44
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref45
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref45
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref45
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref46
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref46
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref46
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref46
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref47
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref48
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref48
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref48
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref48
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref48
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref48
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref49
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref49
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref49
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref49
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref49
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref50
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref50
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref50
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref50
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref50
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref51
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref51
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref51
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref51
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref51
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref51
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref52
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref52
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref52
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref52
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref53
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref54
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref54
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref54
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref55
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref56
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref56
http://refhub.elsevier.com/S2589-0042(20)30395-3/sref56


iScience, Volume 23

Supplemental Information

Current-Induced Thermal Tunneling

Electroluminescence in a Single Highly Compensated

Semiconductor Microrod

Cheng Xing, Wei Liu, Qiang Wang, Chunxiang Xu, Yinzhou Yan, and Yijian Jiang



TRANSPARENT METHODS 

Fabrication of HC-ZnO microrods. The HC-ZnO green body rod was synthesized by 

99.99% ZnO (Alfa Aesar) and graphite powders with a definite weight ratio of 2:1. The 

mixture powder was pressed into a rod by isostatic pressing with 70 MPa for 30 mins. 

The dimensions of the green body rod were typically 6 mm in diameter and 10 mm in 

length. The optical vapor supersaturation precipitation (OVSP) was performed in an 

optical image furnace (Crystal Systems Co., Ltd. 10000H–HR-I-VPO-PC) equipped 

with four halogen lamps. The power of each lamp was first increased to 600 W for 

~1000 °C on the top of green body rod within 10 mins. Then the lamp power was hold 

for 5 mins for OVSP process. Finally, the power was reduced to zero within 10 mins to 

relax the residual thermal stress. The green body rod was rotated with 10 rpm and the 

mixed carrier gas (O2/Ar) was pumped into the chamber with 200 mL/min during 

growth.  

Characterization of electrical properties. An individual microrod was placed onto a 

silica substrate. The In/Ga electrodes was deposited onto both ends of the microrod for 

ohmic contact. The bias voltage U and current I were applied and measured by a source 

meter (Keithley SMU2600B). The morphology of HC-ZnO microrod was simplified 

into a hexagonal prism in calculation of electric parameters. The current density J and 

conductivity σ are therefore calculated by      

{
𝐽 =

8√3 𝐼

9𝐷2

 𝜎 =
𝐽𝐿

𝑈
    

                          (S1) 

where D=120 μm is the typical diameter of an HC-ZnO microrod and L=1 mm is the 

distance between two electrodes. 

SEM characterization. An HC-ZnO microrod was directly placed onto a polished 

highly-conductive silicon wafer for morphological examination by SEM (Hitachi 

SU9000).  



XPS and valence band spectrum. The XPS and valence band spectra were acquired 

by a photoelectron spectrometer (Thermo Fisher Scientific ESCALAB 250Xi) with 

monochromatic Al-Kα radiation and low-energy electron flooding for charge 

compensation. The binding energies were calibrated using C1s hydrocarbon peak at 

284.8 eV to compensate to surface charges. The background elimination and multi-

peak fitting were performed in the equipment software (Thermo Advantage).                                                                                                                                            

Temperature-dependent EL, PL and TRPL spectrum. A spectrometer (Horiba 

Jobin Yvon iHR550) equipped with a 100 lines/mm grating and a 5×/NA0.13 objective 

(Thorlabs LMU-5×-NUV) was employed to acquire temperature-dependent EL and PL 

spectra. For EL spectral analysis, the electrodes were synthesized similar with the I-V 

measurement as mentioned above. For PL spectra acquisition, a 325-nm-line CW He-

Cd laser (Kimmon Koha IK3301R-G) was used as excitation source. For TD-TRPL 

measurement, an optically triggered streak camera system (Optronis SG-10) was used 

and the excitation source was a 325-nm-line femtosecond pulsed laser (Coherent Libra-

F-HE) with a pulse duration of 150 fs. In all above-mentioned spectral measurements, 

the HC-ZnO microrod was horizontally placed onto a plate-heater in a vacuum chamber, 

in which the temperature can be controlled from 83 K to 723 K by liquid nitrogen. 

Raman spectrum analysis and temperature calibration. The Raman spectra were 

acquired by a high-resolution spectrometer (Horiba Jobin Yvon iHR550) equipped with 

a 2400 lines/mm grating in backscattering configuration. A 633-nm He-Ne linear 

polarization laser (Thorlabs HNL210) was employed as the excitation source. In order 

to activate the LO modes (576 cm-1 and 589 cm-1), the laser beam with the polarization 

perpendicular to the c-axis was focused down to ~2 μm on the surface of a horizontally 

placed HC-ZnO microrod by a 20×/NA0.40 objective (Olympus MPLN20×). It should 

be noted that the Raman peak at 437 cm-1 (E
high 

2 mode) was inactive under this 

configuration. 

During EL emission of HC-ZnO, the temperature elevation resulting in the thermal 

expansion of the lattice varied the Raman shift of E
high 

2 mode (with a polarization of 



excitation laser parallel to the c-axis). Therefore, the lattice temperature, T, can be 

determined by the Raman peak shift ΔT, which is calculated by (Cusco et al., 2007) 

𝛥𝑇 = −𝜔0𝛾 ∫ [𝛼𝑐(𝑇) + 2𝛼𝑐(𝑇)]
𝑇

0
𝑑𝑇                (S2) 

where ω0=437 cm-1and γ=2.02 is the Grüneisen parameter of E
high 

2 ; αc(T) and αa(T) are 

the linear thermal expansion coefficients of ZnO parallel and perpendicular to the c-

axis, respectively. They are described as (Iwanaga et al., 2000) 

{
 𝛼𝑐(𝑇) = 5.2042 + 0.522 × 10

−5𝑇 + 12.13 × 10−9𝑇2

 𝛼𝑎(𝑇) = 3.2468 + 0.623 × 10
−5𝑇 + 12.94 × 10−9𝑇2

        (S3) 

 

Excitation probability at different ambient temperatures. For thermal ionization of 

a deep center, the electron had to absorb sufficient energy from the lattice. According 

to the Eq. (1), the influence of ambient temperature and Joule heating can be rewritten 

by substitution of T with Tp in Eq. (2). Excitation probability can therefore be derived 

as  

𝑊~  𝑒𝑥𝑝 {
𝐸𝑇

ℏ𝜔
[1 −

𝛽

4
− 𝑙𝑛 (

4

𝛽
(𝑒𝑥𝑝

ℏ𝜔

𝑘𝐵𝑇𝑎𝑚𝑏𝑒𝑥𝑝(
𝛼𝜎𝑈2

8
)
− 1))]}       (S4) 

where ET=2.2 eV is the thermal binding energy of electron from V
2-

Zn to CB (see Figure 

4(a)). 

Simplified dynamics model of electron transitions. The schematic of electron 

excitation and radiative recombination in an HC-ZnO microrod for EL emission is 

shown in Figure S1, in which the non-radiative recombination and fine energy of Vo 

and VZn are ignored. 



 

Figure S1. Schematic of electron excitation and radiative recombination in an HC-ZnO microrod 

for EL emission. Related to Figure 4. 

 

For the simplified energy levels system, the rate equations are described as 

{
 
 

 
  

𝑑𝑛

𝑑𝑡
= −𝜅𝑒𝐴𝑛 − 𝜅𝑒𝐷𝑛 + 𝜅𝐴𝑒𝑛𝐴   

𝑑𝑛𝐴

𝑑𝑡
= −𝜅𝐴𝑒𝑛𝐴 + 𝜅𝑒𝐴𝑛 + 𝜅𝐷𝐴𝑛𝐷

𝑑𝑛𝐷

𝑑𝑡
= −𝜅𝐷𝐴𝑛𝐷 + 𝜅𝑒𝐷𝑛       

                (S5) 

where nA is the concentration of electron at the acceptor level of VZn and κAe is the rate 

of excitation. For a steady-state EL emission, the dynamic equilibrium of electron 

transitions between CB, acceptor level and donor level are expressed as 

𝑑𝑛

𝑑𝑡
=

𝑑𝑛𝐴

𝑑𝑡
=

𝑑𝑛𝐷

𝑑𝑡
= 0                      (S6) 

Considering Eq. (S5), 𝜅𝐷𝐴𝑛𝐷 = 𝜅𝑒𝐷𝑛.  

Chromaticity values of EL emission. The chromaticity values were calculated from 

EL spectra, following the standard color matching functions in CIE1931. The 

tristimulus values were calculated by 

{
 
 

 
 

 

𝑋 = ∫ 𝐼(𝜆)𝑥′(𝜆)𝑑𝜆
780

380

𝑌 = ∫ 𝐼(𝜆)𝑦′(𝜆)𝑑𝜆
780

380

𝑍 = ∫ 𝐼(𝜆)𝑧′(𝜆)𝑑𝜆
780

380

                    (S7) 



where I(λ) is the intensity distribution of an EL spectrum in the range of 380 nm to 780 

nm; x'(λ), y'(λ) and z'(λ) are CIE's color matching functions. The chromaticity values (x, 

y) in CIE1931 color space were therefore derived by 

{ 
𝑥 =

𝑋

𝑋+𝑌+𝑍

𝑦 =
𝑌

𝑋+𝑌+𝑍

                          (S8) 
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