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Piezophototronic-Effect-Enhanced Electrically

Pumped Lasing

Xun Yang, Lin Dong,* Chongxin Shan,* Junlu Sun, Nan Zhang, Shuangpeng Wang,
Mingming Jiang, Binghui Li, Xiuhua Xie, and Dezhen Shen*

Electrically pumped UV semiconductor lasers have significant
potential applications in information storage,l!! communica-
tions,? photonics,** medical diagnostics and therapeutics,>”!
etc. ZnO, as a direct wide band gap semiconductor (3.37 eV)
with relatively large exciton binding energy (60 meV), is con-
sidered a promising material for efficient excitonic lasing.®-1%
Meanwhile, ZnO nanostructures usually exhibit merits of
high crystalline and optical quality,®™! which favors the low
threshold lasing. Quite a few attempts have been made to
realize ZnO-based electrically pumped lasers;”'2 how-
ever, effective carrier injection and recombination in ZnO
remains one of the major obstacles for practical applications,
and the performance of the ZnO lasers needs still much
improvements.

In recent years, piezotronic and piezophototronic effects
have attracted increasing attention to tune the carrier transpor-
tation and recombination of various semiconductor devices. As
for wurtzite ZnO, such effects stem from the noncentral sym-
metry of the crystalline structure. Without strain, the cations
and anions in the wurtzite crystal are tetrahedrally coordi-
nated and the centers of the cations and anions overlap with
each other. When certain strain is applied along the c-axis of
ZnO, the centers of the cations and anions separate, leading to
the electric dipole moments which will create a piezopotential
within the crystal. The piezopotential can be used to improve
the performance of optoelectronic devices by tuning the car-
rier transportation, recombination, or separation.'3l ZnO
has the highest piezoelectric tensor among the tetrahedrally
bonded semiconductors,! which makes it a technologically
important material for many applications requiring a large
electromechanical coupling coefficient. If the two remarkable
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properties of ZnO, i.e., large exciton binding energy and high
piezoelectric tensor, can be utilized simultaneously, significant
improvements may be achieved because of the piezotronic and/
or piezophototronic effect.l'>1l The piezopotential has been uti-
lized to develop piezotronic devices from ZnO-based materials,
such as nanogenerators,!'”8 piezotronic diodes,!'>?% and field
effect transistors,???l as well as to improve the performance
of ZnO optoelectronic devices such as solar cells,?*? photo-
detectors,?>2% and light-emitting devices (LEDs).”?8l But so
far, no such report can be found for electrically pumped lasing.

In this work, we utilize piezophototronic effect to enhance
the performance of electrically pumped lasers for the first time,
and the lasers were realized in p-GaN/MgO/ZnO nanowire
(NW) structured laser diode (LD). The threshold voltage of the
lasers has been reduced from 48 to 20 V by applying a pres-
sure of 16.0 kPa on the device, and the emission efficiency and
injection current at a fixed applied voltage of 50 V have been
enhanced by a factor of 3.95 and 1.25, respectively. Meanwhile,
the output power has been enhanced by 496%. The improve-
ments of the lasing characteristics can be attributed to the
improved current injection and enhanced emission efficiency
via piezophototronic effect. The results may provide a route to
improve the performance of laser devices based on piezoelec-
tric semiconductors.

Figure 1a shows the fabrication process of LD-a. The role
of the MgO layer has been detailed in our previous work: by
hindering the electrons in the n-ZnO from entering into the
p-GaN, appropriate insulating buffer layer may help to enhance
the emission from Zn0.2%3% Moreover, the MgO thin layer can
protect p-GaN from being oxidized during the growth of the
ZnO NWs.B132 Scanning electron microscopy (SEM) images
(Figure 1b,c) show that the ZnO NWs are grown vertically
on the MgO/p-GaN structure with an average length and dia-
meter of 1.3 um and 25 nm, respectively. Transmission electron
microscopy (TEM) was used to determine the polar direction
of the ZnO NWs, as illustrated in Figure 2. Figure 2a,b shows
the schematic atomic structures of wurtzite ZnO and the unit
cells viewed along the [110] projection. Figure 2c shows the
simulated TEM images of the ZnO NWs with different polar
directions along the [110] projection by QSTEM software. The
simulated TEM images show distinct dots with a tail, and the
position of the tail depends on the +c or —c-axis direction of
the NWs. This distinction in TEM images provides a way to
determine the ZnO NWs polar direction directly. Figure 2d,e
shows the TEM image of the ZnO NWs and the corresponding
selected area electron diffraction (SAED) pattern, clear dotted
pattern is visible from the figure, indicating the high crystalline
quality of the NWs. Figure 2f shows the high-resolution TEM
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Figure 1. Fabrication of LD-a. a) Fabrication process of LD-a. A 10 nm MgO film was grown on p-GaN by MBE, then ZnO NWs were grown on the
MgO/p-GaN substrate using MOCVD. After spin-coating PMMA onto the ZnO NWs, a transparent ITO film was deposited on top of the ZnO NWs to
form an electrode. Ni/Au electrodes were prepared on p-GaN by thermal evaporation method. b,c) The SEM images of the as-grown ZnO NWs arrays

on the MgO/p-GaN film.

(HRTEM) image of an individual ZnO NW, which shows the
same relative position of dots and tails with the simulated TEM
image of the ZnO grown along the +c-axis direction shown in
the inset of this figure. By comparing the simulated TEM image
with the measured one, we confirm that the ZnO NWs in our
case grow along the +c-axis direction. Figure 2g shows the sim-
ulated piezopotential distribution in an individual ZnO NW

(a)|001| P (b) .o .o .o .o
B01] © .0 0 0

0, 0, 0, O,

. Zn I 0@ 0 0 0

© 0 Zn-Polarity .o .o .o .o

under strain by a finite-element analysis method (COMSOL).
As wurtzite crystal has noncentral symmetric structure, relative
displacement of Zn?" and 0%~ under strain along the c-axis will
cause dipole moments, which add up to a macroscopic piezopo-
tential between two ends of the ZnO NW. A typical piezopoten-
tial drop of 1.0 V is created under an external compressive force
of 25 nN, with the —c-axis side positive.

@ [f
| \a
R , ﬂv

SIXe-0

Figure 2. ZnO NWs orientation determination. a) Stick and ball representation of ZnO wurtzite crystal structure. b) ZnO unit cell viewed along the
[110] direction. ¢) QSTEM simulated TEM images of the ZnO with different polar directions along the [110] projection. d,e) TEM image of a single
ZnO NW and the corresponding SAED pattern. f) High-resolution TEM image of the ZnO NW showing its +c-axis growth direction compared with
the simulated TEM image of the inset. g) Simulated piezopotential distributions in a single ZnO NW with and without pressure by a finite-element
analysis method, and the diameter and length used for simulation are 25 nm and 1.3 um, respectively. The electron density and mobility in the ZnO

NW are 5% 10'® cm™ and 3 cm? V-1 57, respectively.
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Figure 3. Characteristics of the as-fabricated LD-a. a) I-V curve of LD-a. b) EL spectra of LD-a as a function of applied bias, and the inset illustrates
the integrated emission intensity versus applied bias. c) Angle-dependent EL spectra at a fixed bias of 50 V, the inset shows the schematic illustration
of the measurement setup. d) The integrated emission intensity and optical images as a function of observation angle.

The current-voltage (I-V) curve of LD-a exhibits typical
rectifying behavior with a turn-on voltage of around 5.5 V, as
indicated in Figure 3a. Under forward bias, electrolumines-
cence (EL) emission can be detected, as shown in Figure 3b.
At low applied bias, only a broad emission at around 383 nm is
observed, which can be attributed to the near band edge emis-
sion of ZnO. When the applied bias is increased to 50 V, sharp
peaks emerge from the shoulder of the broad emission. As the
applied voltage increases further, more sharp peaks appear. The
integrated emission intensity exhibits a superlinear increase
with the applied bias, as indicated in the inset of Figure 3b,
which symbolizes that a lasing phenomenon has occurred.?334
The full width at half maximum of the peaks is around 0.8 nm.
By linear fitting of the integrated intensity versus bias applied,
the threshold voltage for lasing of about 48 V is obtained.
Figure 3c shows the angle-dependent emission spectra of LD-a
at a fixed bias of 50 V. The angle of theta has been defined as the
observation angle between the detector and the normal of the
sample surface, as shown in the inset of Figure 3c. Figure 3d
shows the integrated intensity and optical images of the emis-
sion at different observation angles. It is obvious that the
emission intensity reaches its maximum when the detector
is perpendicular to the surface of the sample, and the inten-
sity decreases gradually when the detector deviates from the
normal of the sample. From the above EL data, one can see that
electrically pumped lasing has been realized from the p-GaN/
MgO/ZnO NWs structure. As no elaborate Fabry-Pérot (F-P)
cavity has been introduced in the structure, the lasing should

wileyonlinelibrary.com
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originate from random cavities formed among the ZnO NWs,
note that the random lasing may have been modulated by the
weak F-P cavity formed by the indium tin oxide (ITO) glass
and substrate, and the detailed formation mechanism of the
random laser can be found in literatures.*>3”] The realization
of electrically pumped lasing lays a solid ground for the fol-
lowing piezophototronic study on the lasing.

To study the piezophototronic effect on the lasing charac-
teristics of the p-GaN/MgO/ZnO NWs structure, the emission
characteristics of the structure under pressure have been inves-
tigated, as indicated in Figure 4. Figure 4a shows the depend-
ence of the output power of LD-a on the applied pressure at a
fixed bias of 50 V. In this paper, the pressure is calculated by
dividing the applied force by the overall contact area between
the p-GaN layer and the ITO electrode for simplicity. The fill
rate of the NWs is less than 5%, as estimated from the size
(around 25 nm in diameter) and density (around 90 um=2) of
the NWs. We also note that since the devices were formed by
direct contact method, the contact uniformity is poor, only less
than 1% area of the devices bear the pressure and take effect
as estimated by dividing the emission area by the overall con-
tact area, as shown in Figure S1 (Supporting Information).
Thus the actual pressure on the working ZnO NW can be three
or four orders of magnitude higher. The output power of the
device increases gradually with the pressure, and an enhance-
ment factor of 4.96 (from 6.8 to 33.7 nW) has been achieved
by applying a pressure of 16.0 kPa on the device. The remark-
able enhancement of the output power can also be identified

Adv. Mater. 2017, 29, 1602832
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Figure 4. Performance improvements of LD-a by applying pressure. a) Output power enhancement and optical images at a fixed bias of 50 V as a
function of pressure. b) Decrease of threshold voltage under different pressure. c) I-V curves as a function of pressure applied onto the structures,
and the inset shows the direction of forward bias and piezopotential. d) Logarithm plot of current at a fixed bias of 30 V and the calculated additional
external voltage (Vaqq) as a function of applied pressure. e) Changes in relative injection current I./ly and relative external efficiency 1./1 versus pres-
sure. f) Schematic band diagram of the p-GaN/MgO/ZnO NWs before (black line) and after (red line) applying of pressure with c-axis of ZnO NWs

pointing away from p-GaN.

from the optical images. The dependence of the threshold
voltage of the lasing on the pressure applied has been derived,
as indicated in Figure 4b. The threshold voltage of LD-a shows
a monotonic reducing from 48 to 20 V with the increase of the
applied pressure from 0 to 16.0 kPa, indicating that the pres-
sure has great effect on the lasing threshold voltage of the
p-GaN/MgO/ZnO NWs structure.

To explore the origin of the pressure-dependent lasing char-
acteristics, the carrier transport and emission efficiency of the
structure under pressure have been studied. Figure 4c shows
[-V characteristics of LD-a under different applied pressure.
The current increases with applied pressure under forward bias
and decreases under reverse bias. The asymmetric change of
[-V characteristics is mainly a result of the polarized piezopo-
tential in the ZnO NWs because other factors caused by external
pressure, such as band shifting, piezoresistance, or contact area
variation, will induce symmetric changes of I-V characteristics,
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regardless of the direction of the bias.l?®3% It is reasonable to
consider that the piezopotential exists mostly in the ZnO NWs
because the strain occurs mainly on the ZnO NWs rather than
on the dense GaN film.1*%] According to the simulation, an addi-
tional positive piezopotential will be created at the interface
of ZnO NW and MgO under compressive strain (Figure 2g).
The piezopotential in the ZnO NWs may work together with
the applied external bias as an additional positive bias (Vagq),
as shown in inset of Figure 4c, which may reduce the depletion
layer width.>>*% So the current injection may be improved by
the piezopotential, thus leading to the improved emission. The
current of a p—n junction can be determined by*!!

Izls[exp(vl]—l} (1)

where I is the reverse saturation current and V7 is the thermal
voltage. Atlarge voltage (when V>>V7), exp(V/Vy) —1~exp(V/ V1),
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thus Inl = InI; + V/ V. In consideration of the Vjqq, InI can be
expressed as follows

Inl=lng,+v2 V. 2)
T VT

Because the piezopotential has a linear relationship with the
applied pressure,[?>2642 In] at a fixed bias should change linearly
with the pressure applied onto the NWs, as shown in Figure 4d
(red line). Using linear fitting of the voltage with logarithm of
current (between 25 and 30 V), one can estimate the equivalent
Vadq under variant pressure. As shown in Figure 4d (blue line),
the calculated Vjgq shows linear changes with applied pressure.
The calculated equivalent Vg4 of LD-a under 16.0 kPa pressure
is 7.6 V, which is distinctly larger than the pressure induced
piezopotential in ZnO NWs. Thus, to improve the current injec-
tion and output power, only a small piezopotential in ZnO NWs
is needed to influence the carrier transport.

Piezopotential also has a strong impact on emission effi-
ciency due to the piezophototronic effect. External quantum
efficiency (EQE), the ratio between the externally produced
photo flux and the injected electron flux, can be expressed by
the following formulal2]

Ne = 3)

~ |~

e
hv
where P is the output power, I is the current, e is the electron
charge, h is Planck constant, and v is the frequency of the

(2)

4

Current (mA)
o

30 20 10 0 10 20 30
Voltage (V)
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emitting light. Figure 4e shows the changes in relative injection
current (I./Iy) and relative external efficiency (n./no) of LD-a at
50 V, as a function of applied pressure. The injection current
and the emission efficiency have been enhanced by a factor of
1.25 and 3.95, respectively, under a pressure of 16.0 kPa. The
change in relative injection current is much smaller than that
of relative external efficiency, which indicates that the change of
output power is mainly caused by the enhanced EQE due to the
piezophototronic effect.

To understand the effect of the piezophototronic effect on
the lasing characteristics of the p-GaN/MgO/ZnO NW struc-
ture, a schematic band diagram of the structure before (black
line) and after (red line) applying pressure has been plotted,
as shown in Figure 4f. In this structure, since the conduction
band offset between the ZnO and MgO layer is as large as
3.55 eV, which forms a huge barrier that can confine electrons
in the n-ZnO side when the structure is forward biased, while
holes in the p-GaN layer can be injected into ZnO layer because
of the much smaller barrier height (0.9 eV). Furthermore,
because of the dielectric nature of the MgO layer, the voltage
will be mainly applied onto this layer, thus the conduction band
and valence band of the MgO layer will be bent greatly under
forward bias, and the effective thickness of the barrier that hin-
ders the injection of holes will be decreased significantly. Then
the holes can be injected from the p-GaN side into the ZnO
side and recombine radiatively with the electrons confined in
the ZnO layer. The emitted photons will undergo strong scat-
tering when they comes out of the ZnO since the refractive
index of ZnO (2.45) is much larger than that of polymethyl
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Figure 5. Characteristics of the as-fabricated LD-b. a) I-V curve. b) EL spectra of LD-b as a function of applied bias and the dependence of integrated
emission intensity on applied bias is shown in the inset. c¢) Angle-dependent EL spectra at a fixed bias of 50 V, the inset shows the schematic illustra-
tion of the measurement setup. d) The integrated emission intensity and optical images versus observation angle.
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methacrylate (PMMA) filling the interspace of the nanowires
(1.49). The large surface of the nanowires provides an ideal
arena for the scattering. In certain cases, the photons may
return to its original site after several scattering processes, then
closed loops will form. At larger injection current when the
gain in the closed loops exceeds the loss, lasing will occur.®2%
As demonstrated in Figure 2g, the +c-axis of the ZnO NWs is
pointing away from the p-GaN side, so compressive strain will
create a positive piezopotential in the ZnO NWs at the p—n
junction region. The piezopotential creates a downward bent in
the valence and conduction band of the ZnO. Electrons tend to
be temporarily trapped and accumulated near the interface of
ZnO and MgO by distortion in the band, which increases the
recombination rate of electrons with injected holes, resulting
in the enhanced emission efficiency.?>?! The improved cur-
rent injection and enhanced emission efficiency will thereafter

(b)

www.advmat.de

increase the output power and reduce the bias threshold of
lasing significantly.

To further verify whether such an enhancement in lasing per-
formance is induced by piezophototronic effect, another struc-
ture (ZnO NWs/MgO/p-GaN) with +c-axis of the ZnO NWs
pointing toward the p-GaN has also been fabricated, which is
named as LD-b for clarity. The fabrication process of LD-b has
been illustrated in Figure S2 (Supporting Information). Similar
lasing behaviors have been obtained from LD-b (Figure 5), with
a threshold voltage of about 43 V. The performances of LD-b
under pressure have also been studied, as shown in Figure 6.
The current of LD-b shows opposite behaviors under pressure,
decreasing at positive voltage and increasing at negative voltage,
as shown in Figure 6a. Figure 6b shows the decrease of InI and
negative equivalent Vjqq under applied pressure of LD-b. The
emission efficiency of LD-b also decreases under pressure, as
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Figure 6. Lasing characteristics of LD-b under pressure. a) I-V curves as a function of applied pressure and the inset shows the direction of forward
bias and piezopotential. b) Logarithm plot of current at a fixed bias of 30 V and the calculated additional external voltage (Va4q) versus applied pressure.
c) Changes in relative injection current I./ly and relative external efficiency n./1o under pressure. d) Schematic band diagram of the p-GaN/MgO/ZnO
NWs before (black line) and after (red line) applying of pressure with c-axis of ZnO NWSs pointing toward p-GaN. e) Decrease of output power and
optical images at a fixed bias of 50 V versus pressure. f) Increase of threshold voltage under different pressure.
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shown in Figure 6¢. In contrary to LD-a, a negative piezopo-
tential is created in the ZnO NWs of LD-b at the p—n junction
region under pressure. The negative piezopotential in the ZnO
NWs may cause the valence and conduction band of the ZnO
to bend upward (Figure 6d), which will reduce the density of
electrons near the interface of ZnO and MgO, and increase
the depletion layer width. The shortage of electrons near the
Zn0O/MgO interface will lead to a decrease in the recombina-
tion rate of electrons and holes. Accordingly, the output power
of LD-b at 50 V has been decreased from 194 to 14 nW, and the
threshold voltage increased from 43 to 80 V by applying a pres-
sure of 38.1 kPa, as shown in Figure 6e,f. The deteriorated EL
performances of LD-b under pressure confirm that the reduced
threshold and enhanced emission efficiency observed in LD-a
are caused by the piezophototronic effect.

In summary, the piezophototronic effect has been employed
to improve the lasing characteristics of semiconductor lasers for
the first time. The output power of the laser can be enhanced by
a factor of 4.96, and the threshold voltage can be decreased from
48 to 20 V by applying a pressure of 16.0 kPa. The mechanism
for the reduced threshold and enhanced emission efficiency
can be understood well with the piezophototronic model.
The results reported in this paper may be expanded to other
polar semiconductors, thus may provide a promising route to
enhanced lasing performance of piezoelectric semiconductors;
meanwhile, the results may also open another application area
for the piezophototronic effect.

Experimental Section

To study the piezophototronic effect on lasers, two p-GaN/MgO/ZnO
NWs structures with opposite ZnO polarity orientation were fabricated,
i.e, LD-a and LD-b. A structural diagram and schematic fabrication
process of LD-a are shown in Figure 1a. The p-GaN film was grown on
c-plane sapphire by molecular beam epitaxy (MBE), and the thickness,
hole concentration, and Hall mobility of the p-GaN are 1.3 pm,
5.3 x 10" cm3, and 16.4 cm? V' 571, respectively. Then a 10 nm MgO
film was deposited onto the p-GaN film in the MBE system. After that,
ZnO NWs were grown on the MgO/p-GaN structure via metal-organic
chemical vapor deposition (MOCVD) technique. After spin-coating
PMMA on the ZnO NWs and exposing the top of ZnO NWs via oxygen
plasma, an ITO glass was clipped onto the ZnO NWs to form an
electrode. Ni/Au was deposited onto the p-GaN by thermal evaporation
method acting as another electrode. For LD-a, the +c-axis direction of
the ZnO NWs is pointing away from p-GaN.

For the fabrication of LD-b, ZnO NWSs were first grown on sapphire
substrate via MOCVD, and then the ZnO NWSs were spun coated with
PMMA. Meanwhile, p-GaN films were grown on sapphire substrate
via MBE, and a thin MgO film (10 nm) was deposited onto the GaN
layer. After that, the PMMA-coated ZnO NWs and the MgO-coated
p-GaN were bonded together to form the LD-b, see Figure S1
(Supporting Information). Metallic indium was deposited onto the ZnO
NWs as an electrode and Ni/Au deposited onto the p-GaN as another
electrode. Note that in this case, the +c-axis of the ZnO NWs is pointing
toward the p-GaN, contrary to that of LD-a.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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