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Effect of a microstructure on the formation of self-assembled laser cavities
in polycrystalline ZnO
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The optical properties of polycrystalline ZnO have been studied to elucidate the occurrence of
random laser action. The spatially-resolved refractive index has been mapped out by using the
scanning electron energy loss spectroscopy across the grain boundary. It is observed that the
refractive index decreases gradually when the probe beam is approaching to the grain boundary. A
thin reflective layer of~10 nm is found to form in the vicinity of the grain boundary, which assists

the optical scattering. The photon scattering factor of the reflective layer has been determined and
is shown to correlate well with the results of the coherent backscattering method. Together with the
cathodoluminescence studies, it is suggested that the overall structure, which includes the grain and
grain boundary, determines the laser action in ZnO. 2@1 American Institute of Physics.
[DOI: 10.1063/1.1374452

Recently, there has been a great interest in studying th&50 °C and 700 °C monitored by an optical pyrométfthe
ZnO thin films for the applications in the short wavelengththickness of the films is measured to 54000 A by using a
optoelectronic devices. In addition to its low lasing thresholdstylus profilometer. Spatially resolved EELS has been carried
and high optical gaif?> ZnO is found to possess an ability of out using a Gatan 666 PEELS in a Hitachi HF-2000 field
self-assembling laser cavities without any artificial imple-emission gun—transmission electron microsc¢peM) at
mentation. The strong optical scattering occurred in the dis200 keV. An energy resolution of 0.1 eV has been deter-
ordered ZnO can paradoxically assist the formation of ranmined by measuring the full width at half maximum
dom laser cavitied? We have used the electron energy loss(FWHM) of the zero loss peak. The current setup is capable
spectroscopyEELS) to study the microstructure of the ZnO of producirg a 2 A diameter beam with a spatial resolution
thin films and have found the refractive index difference be-higher than 1.7 nfi.The acquisition and conversion of the
tween the grain and grain boundary is the key factor in caustow loss spectra to the optical functions have been given
ing the light scattering.However, the exact scenario behind previously’® These include the single-scattering deconvolu-
the laser action of ZnO remains unresolved. In this letter, weion of removing the zero loss peak using Lorentizian peak
have combined the results of spatially resolved EELS, coheffit, convergence and angular correction, and Kramers—
ent backscatteringCBS) method, and cathodoluminescence Kronig analysis:’® The degree of light scattering of the
(CL) to understand the lasing mechanism of ZnO. It is ob-samples is estimated by using the CBS method. A frequency-
served that a reflective layer, with a width of 9—12 nm, isdoubled output X’'=410nm) of a Ti:Sapphire las€rl50
formed in the vicinity of the grain boundary. We have kHz repetition rate, 2 ns pulsed widtls used as the probed
mapped out the overall profile of the reflective layer and linklight to avoid absorption. The scattering mean free path
its influence to the degree of light scattering acquired fromthen determined by evaluating the angular width of the back-
the CBS. Combining with the CL studies, we propose thaiscattering coné? CL studies have been carried out in a scan-
the grain and grain boundary together play an important roleing electron microscope using an Oxford Instruments Mon-
in determining the laser action of polycrystalline ZnO. oCL systen?. An accelerating voltage of 6 kV and beam

ZnO thin films are deposited on amorphous fused quartzurrent of 2.33 nA, with an electron penetration depth of
by pulsed laser deposition at the growth temperature of~3100 A, are used for maximizing the light emissions

evolved from the film bulk region. The excitation is kept at

dAuthor to whom correspondence should be addressed; Electronic mai'pw power to avoid any physmal damage in the films. All the
eehcong@cityu.edu.hk measurements are carried out at room temperature.
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FIG. 1. The spatially resolved refractive index obtained from the conversion . . .
of the EELS data scanned across the grain bountesgn point A to B as photons. On the other hand, light transmits when the ratio is

shown in the insétof the film grown at 700 °C. The inset shows the grain Smaller than 1. The results averaged from ten different site
boundary structure. The arrow indicates the grain boundary. measurements are plotted in Fig. 2. It is seen that a bell-
shaped profile, with a width of10 nm, has been developed
in the proximity of the grain boundary, which effectively
The films grown at low and high substrate temperaturescatters photons. The evolution of the layer remains uncer-
are found to exhibit different structural properties. Cross sectain. However, it is speculated that the space charge region
tion TEM shows two films have a columnar structure with given rise at the grain boundary is the likely cali$é. has
the ¢ axis preferentially oriented normal to the substratebeen widely reported that a potential barrier is present at the
surface> However, the FWHMs of the x-rag/26 scans de- grain boundary region due to the imbalance of the positive
termined from low and high temperature samples are 0.22and negative charges. This barrier distorts the local band
and 0.18°, respectively, suggesting an increase in the grastructure and therefore affects the electron transitic@en-
size at a high growth temperature. Therocking curve in-  sidering that the carrier concentration and electron mobility
dicates a better vertical alignment of crystal columns, a deef the film are 8<10'%cm® and 3.1 criV's, the depletion
crease from 1.2° to 0.85°, for a sample grown at a highwidth is determined to be 9.5 nm by assuming the trap den-
temperature. As a result, higher growth temperature imsity is 7x 10*2/cn? (Ref. 10, which is comparable to that of
proves the quality of the grain core and reduces the graithe measured reflective layer.
boundary width. A similar bell-shaped profile of the scattering factor for
The optical functions of the grain boundary region havethe low temperature sample is also given in Fig. 2. The
been studied by using the spatially resolved EELS. Despitbeight and the width of the layer are found to be lower and
the fact that the films are found to be highly inhomogeneouswider than that of the high temperature. One might expect
they exhibit a similar refractive index profile at the grain the high temperature sample to have a higher scattering
boundary. Figure 1 illustrates the typical line spectra of thepower by comparing the two profiles. It is assumed the re-
refractive index scanned across the grain boundary of thduction of the light scattering factor for the low temperature
film grown at 700°C. An excitonic resonance feature issample is due to the inferior structural quality of the grain
clearly observed at the energy e6f3.2 eV in the interior core, which lowers the refractive index. A lower substrate
region of the grain. However, as the electron probe beam i'emperature impedes the surface diffusion of the clusters
moving toward the grain boundary, the excitonic structureand, therefore, promotes the evolution of defects within the
gradually diminishes. In addition, the slight decrease of thagrains during the course of deposition.
value ofn at low photon energy suggests a reduction of the  The scattering activity of the ZnO films has also been
local density of the film at the grain boundary. The extinctionmeasured by the CBS methd8We have estimated that the
coefficient(not shown at the grain boundary increases be- scattering mean free paths of the high and low temperature
low the band gap indicating that a substantial amount obamples are 2.X and 4.1\, respectively. The finite thickness
interfacial defect states have been generated. Photon scattei-the films has been taken into account. The CBS results, in
ing is caused by the multiple light reflections that are due tdact, indicate that the high temperature sample has a stronger
the refractive index difference between the grain and grairscattering than that of the low temperature sample, which
boundary’ The light scattering power of the grain boundary agrees well with the scattering factor profile. We also have
can, therefore, be understood by examining the scatteringxamined the mapping of the refractive index dispersion of
factor, which is defined as the ratio of the integrated area ofhe ZnO powder that is reported to have laser actfig. 2).
the refractive index spectrum measured at a specific point ti is found the excitonic structure of the grain interior is
that of the spectrum acquired from the grain interior. Thesimilar to that of the low temperature sample. However, the
integration is carried out from 3 to 3.3 eV, which essentiallylow packing density of the powder has made a notable air
covers the entire emission spectrum of the ZnO random lagap,~3 nm wide, exists between two adjacent grains, which
ser. If the ratio is greater than 1, the grain boundary reflectgreatly facilitates the refractive index mismatch between the
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wavelength (nm) threshold. Instead of inducing optical loss, the strong optical

scattering actually localizes photons and thereby promotes
FIG. 3. The CL spectra of the higisolid) and low(short dashtemperature  the formation of laser cavities with a ring-like geometry. If

samples. The inset shows the excitation power dependence of CL emissio - - . - : :

The band edge emissions of both the highuaré and low(circle) tempera- %e active medlum_ has a Ve,r,y hl_gh optlcal gain, laser _aCtIon
ture samples show a linear current dependence at constant accelerating vdtcCUrS once the light amplification exceeds the loss in the
age. However, the deep level emission of the low temperamiangle  cavities. Therefore, it is expected that the grain and grain
sample shows a sublinear relationship. boundary are necessary to work together in order to shape

the light emission in the random laser.

grain and grain boundary. The scattering mean free path is " short, the optical properties of polycrystalline ZnO
measured to be 1.2. Therefore, our results have clearly thin films have been studied by spatially resolved EELS,
demonstrated that the grain boundary is responsible for thgBS: and CL. A reflective layer of 9-12 nm has been ob-
light scattering and the self-formation of laser cavities. ~ Sefved in the proximity of the grain boundaries, which af-
The CL has been used for studying the optical propertie§eCts the opuc_al scattering in th_e active m.edlum. Itis fpund
of the films. The high and low temperature samples, aghat .the complnatlon of the grain apd grain boundary is es-
shown in Fig. 3, both exhibit band edge emission as well aSential to navigate the laser action in the random ZnO.
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