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ABSTRACT: Screw dislocation plays a critical role in crystal growth and
significantly affects the carrier dynamics process of luminescent semiconductor
materials. In this paper, we report a novel screw-dislocation-induced ZnO:Sn
hillock microstructure. The detailed growth process and possible formation
mechanism of screw dislocation are demonstrated. The temperature-dependent
photoluminescence reveals the free exciton recombination emission mecha-
nism of the ZnO:Sn hillock microstructure. By comparing time-resolved
photoluminescence spectra with those of two other samples without screw
dislocations, it is found that the screw dislocation in the ZnO:Sn
microstructures effectively decreases the carrier lifetime. In addition, UV
Fabry−Perot lasing action is observed from the ZnO:Sn hillock microstructure,
and the numerical simulation of the standing wave pattern and light intensity
distribution further confirm the Fabry−Perot lasing mechanism. Therefore,
ZnO:Sn can be utilized as a UV laser gain medium, and its optical properties can be modulated by screw dislocation.
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1. INTRODUCTION

Crystal growth is always a hot topic for many scientists in
industry and academia. The growth mechanism and process for
most of the functional materials have been revealed in the past
several decades. It is well-known that dislocations and crystal
defects can be formed intentionally or unintentionally in the
crystal growth process. Early in the 1950s, Burton−Cabrera−
Frank (BCF) theory concluded that screw dislocation plays a
crucial role in crystal growth.1 Usually perfect crystals only
grow exceedingly slowly, and real crystals grow comparatively
rapidly because they contain dislocations and other defects,
which provide the necessary growth points and catalyst for
structural transformation and long-range order formation. To
date, screw dislocations in semiconductor crystalline media
have attracted a growing interest from the application viewpoint
for their profound influence on the optoelectronic properties of
the host materials.
In the field of luminescent semiconductor materials, GaN has

been widely investigated and successfully applied in the lighting
industry. Researchers have found that screw dislocation can
significantly shorten the carrier dynamic process, which is a
critical property for a luminescent GaN device.2−7 As another
promising near-ultraviolet light-emitting and laser material, the
cheap and easily grown group II−VI ZnO wide band gap
semiconductor was regarded as the next-generation semi-
conductor material to substitute for GaN for its much larger
exciton binding energy, which is helpful to present more stable
ultraviolet light and lasing emission from the ZnO-based
device.8,9

In the past decade, low-dimensional ZnO micro/nanostruc-
tures have attracted tremendous attention due to their unique
physical properties and wide applications in functional micro/
nanodevices. In addition, researchers have found that ZnO
electronic properties can be effectively modulated by metal-
doping, so AZO,10 GZO,11 IGZO,12,13 and TZO14−19 were
widely investigated and applied in the electronic industry.
Recently, the ZnO:Sn microstructure was fabricated by the
vapor-phase transport method to change the optical and
electrical properties.18,19 Hitherto, a great number of novel
ZnO-based micro/nanodevices, such as UV microlasers,8,9,20−22

field effect transistors,23−25 and photodetectors,26−28 have been
designed by using ZnO nanowires, nanotubes, nanotetrapods,
nanoflowers, and nanodisks29 as block units. However, the
crystal growth mechanisms of those ZnO micro/nanostructures
are still unclear, and few studies have investigated the role of
defects and dislocations in the ZnO micro/nanostructures.
Most importantly, it has not been studied how the screw
dislocation in the ZnO microstructure affects the carrier
dynamics process and nanodevices’ performances. Recently,
Prof. Jin’s group found screw dislocation in the ZnO nanotube
at low supersaturation conditions,30 but the typical ZnO
pyramid hillock structure induced by screw dislocation has not
been reported. According to BCF theory, if the supersaturation
is too low to form two-dimensional nuclei for layer by layer
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growth, the screw dislocation will be the dominant driving
factor for crystal growth. As a result, it is desirable to realize
screw-dislocation-driven ZnO growth if the supersaturation is
controlled at an appropriately low condition, and reveal the
screw-dislocation-related optical properties, which will shed
light on how to modulate the ZnO devices’ performances by
crystal structure design.
In this work, we report a vapor-phase transport method to

fabricate the screw-dislocation-induced ZnO:Sn microstruc-
tures at low supersaturation conditions, the temperature-
dependent and time-resolved photoluminescence spectra of
the ZnO:Sn microstructures are measured, and the exciton-
related carrier dynamics process is discussed. In addition, the
lasing action is observed from the ZnO:Sn hillock micro-
structure, and the lasing mode is further discussed on the basis
of the numerical simulation. To explain the fast carrier dynamic
process related to the screw dislocation and unintentional
intrinsic oxygen vacancy defect, two undoped ZnO nanorod
samples are fabricated to serve as reference samples. By
comparison to the undoped ZnO nanorod array samples, the
result indicates that the screw dislocation in the ZnO:Sn
microstructure effectively accelerates the quenching of exciton
emission and results in a very fast carrier decay process.

2. EXPERIMENTAL SECTION
ZnO:Sn microstructures were synthesized by a typical vapor-phase
transport method. A mixture of ZnO powder (0.25 g), SnO2 powder
(0.023 g), and graphite (0.25 g) was ground and loaded in a ceramic
boat to serve as the source material. The ceramic boat filled with the
source material was placed in a quartz tube (length, 30 cm; diameter, 3
cm). A clean silicon substrate of 3 cm × 0.5 cm dimensions was placed
10 cm downstream from the ceramic boat. The tube loaded with the
ceramic boat and the silicon substrate was pushed into a horizontal
furnace. The temperature at the quartz boat was 1000 °C. In the
reaction process, oxygen and argon gases were loaded into the
horizontal furnace with flow rates of 10 and 150 sccm, respectively. To
realize the low supersaturation condition for screw-dislocation-driven
growth, the pressure in the tube was kept at 5 Torr by a mechanical
pump. After 1 h of reaction, the product was deposited on the
substrate.
Two reference samples (RS1, RS2) of the ZnO nanorod array

without obvious screw dislocation were fabricated using the ZnO and
graphite as source materials by the vapor transport method at different
oxygen carrier gas flows (20 and 10 sccm). Other growth conditions
(temperature, pressure, growth time) were the same as those for
growing ZnO:Sn. RS1 has a low oxygen vacancy density, and RS2 has
a high oxygen vacancy density.
The morphology of the as-grown sample was investigated by

scanning electron microscopy (SEM), and the elemental distribution
was measured by energy-dispersive spectrometry (EDS). The X-ray
diffraction (XRD) pattern was obtained using Cu Kα radiation (λ =
0.154 nm).
To explicate the photoluminescence mechanism, the temperature-

dependent photoluminescence of the ZnO:Sn microstructure was
measured by a spectrometer using a 325 nm He−Cd continuous wave
laser as the excitation source. To investigate the carrier dynamical
process, time-resolved photoluminescence (TRPL) spectra of the
ZnO:Sn microstructure were obtained at room temperature by an
optically triggered streak camera system (C5410, Hamamatsu) at 295
nm from frequency doubling of the fundamental 120 fs pulses at 590
nm with a repetition rate of 76 MHz (Mira OPO, Coherent). To
explicate the effect of screw dislocation and the oxygen vacancy defect
on the carrier dynamics, the TRPL of RS1 and RS2 was measured for
comparison with that of the ZnO:Sn hillock structure. Finally, Fabry−
Perot lasing was observed from the hillock structure under the
excitation of a 325 nm femtosecond laser. The standing wave pattern

and light field distribution in the Fabry−Perot cavity structure were
simulated.

3. RESULTS AND DISCUSSION
SEM images of the ZnO:Sn microstructure with a Sn content of
about 0.9% at different magnifications are shown in Figure 1.

Different from the previously reported typical one-dimensional
ZnO rod and wire structures with a symmetric hexagonal cross-
section, the ZnO:Sn microstructure presents a hillock structure
with a deformed hexagonal cross-section, which has an average
height of 4 μm. The average diameters of the base and the top
surface of the hillock structure are about 5 μm and 500 nm,
respectively. A very interesting phenomenon is that the ZnO:Sn
hillock seems to be composed by a multilayer structure with an
average height of each layer step of about 20 nm, and more
than 50% of the microhillocks present a spiral pattern on their
top surface with their diameters decreasing continuously, as
shown in the enlarged ZnO:Sn hillocks in Figure 1c,d. To
clearly demonstrate the spiral step evolution path, the blue lines
in Figure 1e,f denote the step structures of the two ZnO:Sn
hillocks shown in Figure 1c,d. In the growth of semiconductor
microstructures, thread dislocation, stacking faults, and other
dislocations can coexist in the sample; however, a spiral step
structure is usually regarded as a characteristic of screw-
dislocation-driven growth. As for the formation mechanism of
screw dislocation of the ZnO:Sn microstructure, Sn doping
probably plays a critical role in forming the screw dislocation.
Previous reports have revealed that metal doping can form the
core of screw dislocations.6,31,32 Similarly, we suggest that Sn
atoms stack on the nanocrystal surface and substitute for the Zn
atom in the growth process, but the Sn atom has a smaller
radius than the Zn atom; maybe the doping of Sn forms an
atom step which induces the initial screw dislocation. With

Figure 1. (a−d) SEM images of the ZnO:Sn microstructures at
different magnifications. (e−f) Spiral screw dislocation edges (blue
lines) of the ZnO:Sn microstructures shown in (c) and (d).
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growth continuing, the step spirals and presents the screw
dislocation. Such a screw-dislocation-induced self-perpetuating
growth spiral is schematically demonstrated in Figure 2. At the
beginning of forming screw dislocation, a step was formed as
shown in Figure 2a. With the growth continuing, the spiral step
advances forward by the screw dislocation. Therefore, screw
dislocation will result in the hillock structure as shown in Figure
2b. The hillock structure can be further understood from the
step velocities at the core (vc) of the hexagon and at the outer
edge (v0) as denoted in Figure 2c.33,34 The ZnO microstructure
usually has a growth preferential in the ⟨0001⟩ direction; i.e.,
the growth direction along ⟨0001⟩ is normal to the dislocation
spiral. When v0 is less than vc, the screw dislocation usually
induces the growth of a one-dimensional tube structure.33 If v0
is equal to vc, all the steps propagate at the same velocity; this
similarity in step velocity makes the hillock present a nearly
uniform step width and height, which will induce the
microstructure of our sample in Figure 1. As shown in Figure
2c, the hillock structure has height h and width λ. The slope of
the hillock p = h/λ is determined by the supersaturation in the
growth process.33

XRD and EDS were measured to characterize the crystal
structure of the ZnO:Sn hillock and testify the existence of Sn
elements in the hillock structure. The XRD pattern of the
sample shown in Figure 3a revealed that the ZnO:Sn hillock
microstructure had a wurtzite crystal structure. No obvious
diffraction peaks from SnO2, SnO, and ZnSnO3 can be found.
The crystal constants were calculated as a = 0.324 nm and c =
0.520 nm. The lattice spacing of ZnO:Sn is a little smaller than
that of the pure ZnO, because the ionic radius of Sn4+ is 0.69 Å,
which is smaller than that of Zn2+ (0.74 Å).19 The EDS
spectrum of the sample is shown in Figure 3b. Typical Zn and
O signal peaks can be observed, and weak Sn EDS peaks can be
distinguished. According to the element analysis, the atomic
contents of Zn, O, and Sn are 49%, 40%, and 0.9%, respectively.
The EDS result reveals that only a very low content of Sn is
doped in the microstructure.
In our experiment, we found that when the Sn content is low,

screw dislocation can be found in the ZnO:Sn microstructures,
and when the Sn content is more than 10%, ZnSnO3 and ZnO/
SnO2 hybrid microstructures will be formed. By increasing the
mass of SnO2 powder in the source materials, ZnO:Sn
microstructures with a Sn content of 5.1% are obtained, as
shown in Figure 4. Where a lot of ZnO:Sn microdisks were
formed, their surfaces also present spiral structures, but the step
height is much lower than that shown in Figure 1.
Figure 5a shows the exciton photoluminescence spectrum of

the ZnO:Sn hillock microstructure at a temperature of 4 K. The
dominant emission peak at 369.5 nm is attributed to the donor-
bound exciton (DX) line, and the weak shoulder appearing at
367.08 nm (3.378 eV) originates from free exciton (FX)
emission of ZnO:Sn.35−37 Two other emission bands at 3.307
and 3.236 eV are located at the lower energy side with an

interval of about 71 meV, and the emission band at 3.307 eV is
also lower than that of the free exciton with a 71 meV energy
gap, so the peaks at 3.307 and 3.236 eV can be attributed to the
longitudinal optical photon replicas of the free excitons, i.e., 1-
LO and 2-LO phonon replicas of the free exciton. From the
low-temperature PL spectra, we can find that the band gap of
the ZnO:Sn microstructure has a value similar to that of the
undoped ZnO micro/nanostructures. This indicates that a very
low content of Sn doping does not change its band gap.
Furthermore, the PL spectra were studied within a temperature
range of 4−260 K. With the temperature increasing, the free
exciton emission intensity increases and shifts to the lower
energy side; meanwhile, the DX, 1-LO, and 2-LO photon
replica emission intensities decrease, and their emission bands
are broadened due to the exciton thermal delocalization effect.
Eventually the FX and DX emission bands are broadened and
mixed together to form a single UV emission band when the
temperature is increased to room temperature. The inset of
Figure 5a shows the whole PL spectrum of the sample at room
temperature. Except for the exciton emission band, the PL
spectrum also shows a visible band at 530 nm which is generally

Figure 2. Schematic propagation of screw dislocation growth spirals.

Figure 3. XRD (a) and EDS (b) patterns of the ZnO:Sn hillock
microstructure.
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regarded to originate from the oxygen vacancy defect level.1,38

The defect emission intensity increases with the temperature,
but its center wavelength at 530 nm remains unchanged. From
the PL result, we can find that the screw-dislocation-induced
ZnO:Sn hillock microstructure also contains rich oxygen
vacancy defects.
In the following, we mainly discuss the carrier dynamics

process in the ZnO:Sn hillock structure. It is well-known that
the carrier dynamics process is strongly dependent on the
crystal quality. Each kind crystal structure defect, including
screw dislocation, point defect and thread defect, can affect the
carrier dynamics process. The TRPL of ZnO:Sn hillock
structures was measure to characterize the carrier dynamics
process.10,12,35,36 Then TRPL of RS1 and RS2 were measured
to compare with that of the ZnO:Sn hillock. The inset of Figure
6 shows the TRPL mapping image of the ZnO:Sn for the
exciton emission band. The TRPL mapping image presents a

very fast decay of the exciton emission. The decay process of
the probe wavelength of 383 nm corresponding to the center
exciton emission wavelength is plotted in Figure 6. The decay
process of ZnO:Sn can be fitted by a biexponential decay
function: I(t) = A1e

−(t/τ1) + A2e
−(t/τ2), where I(t) represents the

PL intensity as a biexponential function of time, A1 and A2 are
the relative weights of the two exponential decays with time
constants τ1 and τ2, respectively. From the fitting curves, the
estimated decay time constants τ1 and τ2 are 4.12 ± 0.17 and
37.48 ± 4.15 ps. In general, the exciton lifetime reflects the
decreased rate of population of the excited states.35,37 Previous
reports revealed that the exciton lifetime ranges from tens to
hundreds of picoseconds for different ZnO samples. Generally,
the longer decay might correspond to the bound exciton
recombination, while the shorter decay is attributed to the free
exciton recombination. At room temperature the UV emission
band is mainly dominated by the free exciton recombination.
The exciton decay fitting result shows the weight of the faster
lifetime of 4.12 ps is much larger than that of the slow lifetime
of 37.48 ps, which indicates that the fast lifetime of 4.12 ps is
attributed to free exciton recombination, and the slow lifetime
of 37.48 ps originates from bound exciton recombination. Here
the lifetime of the free exciton is much faster than the
previously reported results. The above SEM and PL results
have revealed that the ZnO:Sn microstructure contains both
screw dislocation and oxygen vacancy defects. Screw dislocation

Figure 4. SEM images of ZnO:Sn with Sn doping of about 5.1%.

Figure 5. (a) Exciton-related recombination emission band at 4 K.
The inset is the full emission band of the sample at room temperature.
(b) Temperature-dependent PL spectra.

Figure 6. Time-resolved PL spectrum of the ZnO:Sn hillock sample.
The inset is the corresponding lifetime decay image collected by a
streak camera.
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and oxygen vacancy defects can quench the exciton emission
and provide fast decay channels for exciton recombination. To
distinguish the effect of the screw dislocation and oxygen
vacancy defects on the carrier dynamics, two reference samples
(RS1, RS2) of the ZnO nanorod array without screw
dislocation were fabricated. Actually, the ZnO:Sn micro-
structure without screw dislocation is the best reference sample
for discussing the effect of screw dislocation on the carrier
dynamics, but we found that the screw dislocation is very easily
formed even if an extremely low content of Sn is doped in ZnO.
Therefore, the TRPL spectra of the undoped ZnO samples
were studied for comparison with that of the screw-dislocation-
induced ZnO:Sn hillock microstructure. As shown in Figure 7a,
RS1 fabricated at higher oxygen flow shows a strong UV
emission peak at 390 nm and a weak broad defect emission at
525 nm, which indicates that RS1 has a lower oxygen vacancy
defect density than that in the ZnO:Sn hillock structure. The
insets show the cross-section and top-view SEM images of RS1,
which present a perfect ZnO nanorod array structure with
typically regular hexagonal cross-sections without screw
dislocation. Figure 7b shows the PL spectrum of RS2 fabricated
at low oxygen flow. The PL spectrum shows a very strong
emission band at 530 nm. This indicates that RS2 has a high
oxygen vacancy defect density. Figure 7c shows the TRPL
spectrum of RS1 at the exciton emission wavelength. The
carrier decay process is also fitted by a biexponential function
with τ1 = 13.82 ± 0.02 ps and τ2 = 127.6 ± 0.35 ps. Similarly,
these two decay processes correspond to free exciton and
bound exciton recombination, respectively. Obviously, the
exciton decay time of the reference sample is much longer than
that of the ZnO:Sn hillock structure. Figure 7d shows the
TRPL spectra of RS2 with a high oxygen vacancy defect
density. The inset shows the TRPL mapping of RS2. The decay
process for the exciton emission wavelength at 390 nm contains
two decay time constants, τ1 = 11.58 ± 0.01 ps and τ2 = 95.52
± 0.19 ps, which are shorter than those of RS1, but a little
longer than those of the ZnO:Sn hillock structure. From the
TRPL spectra of RS1 and RS2, we can conclude that oxygen
vacancy defects can shorten the exciton lifetime. Both oxygen
defects and screw dislocation can shorten the lifetime of the
carrier,7 and here, screw dislocation of the ZnO:Sn micro-
structure further hastens the exciton decay process.
The doping of Sn in ZnO can increase the carrier density and

reduce the resistance.39,40 This can facilitate its application in
laser and light-emitting devices. On the basis of the
photoluminescence experiment, we further investigate if the
lasing emission can be obtained under focused excitation. By
focusing the excitation laser spot at the center of the top surface
of the selected microhillock, the UV lasing emission from the
ZnO:Sn hillock is observed, as shown in Figure 8. When the
excitation power density is less than 500 KW/cm2, the
spectrum shows a broad spontaneous emission band centered
at 393 nm. When the excitation power density is increased to
550 KW/cm2, three clear sharp emission peaks appear at
392.13, 392.73, and 393.43 nm, respectively, and more peaks
emerge as the excitation power is further increased to 750 KW/
cm2. Such an optical phenomenon is attributed to lasing action
in the hillock. In the traditional ZnO microstructure with a
perfect hexagonal cross-section, usually whispering gallery
mode (WGM) lasing can be formed, where the WGM is
formed by the multiple internal reflection induced hexagonal
optical loop path.20,21 However, in the present case, ZnO:Sn
shows a deformed hexagonal cross-section for the screw

dislocation effect, so the WGM laser optical resonator cavity
structure is unachievable. From the SEM result, the height
between the top and bottom parallel facets of the microhillock
is about 4 μm. It is reasonable to attribute the lasing mode to
the vertical Fabry−Perot mode (FPM) generated between the
top and bottom surfaces of the ZnO:Sn hillock microstructure.9

The excited area of the ZnO:Sn hillock is only of about 1 μm
radius. Only the FP mode in the excited area can be formed.
The schematic optical resonant path in the hillock is shown in

Figure 7. (a, b) PL spectrum of the reference samples RS1 and RS2.
The insets are the SEM images of the reference samples. (c) Time-
resolved PL spectrum of RS1. The inset is the corresponding lifetime
decay image collected by a streak camera. (d) Time-resolved PL
spectrum of RS2. The inset is the corresponding lifetime decay image
collected by a streak camera.
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the inset of Figure 8. The Fabry−Perot mode spacing is given
by Δλ = λ2/(2L(n − λ(dn/dλ))), where L is the cavity length, n
is the refractive index of the ZnO medium, and dn/dλ is the
dispersion relation. The mode spacing between two adjacent
cavity modes is 2.7 nm according to the measured lasing
spectrum. Using the dispersion of ZnO, the corresponding
refractive index is n = 2.4, and λ(dn/dλ) = −0.012 at the
wavelength of 397.59 nm. The cavity length L is calculated to
be 4.1 μm, which agrees with the height of the hillock structure.
By using the finite-difference time-domain (FDTD) method,37

the optical field distribution in the vertical FP microcavity was
simulated. For simplicity, a rectangular region of 4 × 1 μm2 was
constructed as the FP cavity. The length of 4 μm corresponds
to the height of the ZnO:Sn hillock, and the width of 1 μm
corresponds to the diameter of the excited region. Figure 8b
shows the electrical field distribution of the optical resonance
mode in the ZnO FP microcavity. The wavelength is 390.5 nm,
which is one of the resonance wavelengths of this FP
microcavity. It can be seen that a clear standing-wave pattern
of the photon oscillation was formed in the cavity. Figure 8c
shows the simulated optical intensity distribution of light at a
wavelength of 390.5. In the simulation, a linearly polarized
plane Gaussian light beam with a width of 5 nm was projected
on the top of the vertical FP cavity. We can clearly see that the
light intensity in the cavity presents a periodic pattern
distribution inside the cavity, which is due to the optical
resonance effect. In addition, most of the light emits from the
top surface; this is because the FP cavity has a high optical
transmittance, so most of the light emits from the top air/ZnO
interface. In addition, the lifetimes and the lasing action were
also measured (see Figure 9) in the ZnO:Sn sample shown in
Figure 4. The lifetimes of free and bound excitons are 2.86 and
18.47 ps, respectively, which also present a very fast photon
decay process. The above experimental and numerical results
prove that the ZnO:Sn microstructure can still have a perfect
UV lasing gain medium, so ZnO:Sn can be used as the
candidate material for UV lasers.

4. CONCLUSIONS

In summary, we reported a vapor-phase transport method to
realize the screw-dislocation-driven growth of the ZnO:Sn
hillock microstructures. The detailed morphology and structure

of ZnO:Sn were characterized, and a screw dislocation growth
mechanism was proposed to explain the growth process of the
ZnO:Sn hillock structure. The exciton photoluminescence
property was discussed using the temperature-dependent
photoluminescence spectral technique, and the free and
bound exciton lifetimes (4.12 and 37.48 ps) were measured
by the time-resolved photoluminescence technique. To
demonstrate the effect of oxygen vacancies and screw
dislocation on the carrier dynamics, a reference sample of the
ZnO nanorod array was investigated. The comparison result
reveals that the oxygen vacancies and screw dislocation in the
ZnO:Sn hillock play critical roles in shortening the lifetime of
the exciton. In addition, the UV lasing action in the ZnO:Sn
microstructure and the numerical simulation of the Fabry−
Perot lasing mechanism were demonstrated. There, the result is
significant for further investigating the optical property and its
application to ZnO-based material.
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