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Second harmonic generation in laser ablated zinc oxide thin films
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We have observed large second-order nonlinear optical response from zindZmx{@ethin films
deposited on sapphire substrates by pulsed laser ablation. By comparing the second harmonic signal
generated in a series of ZnO films with different crystallinity and thickness, we conclude that a
significant part of the second harmonic signal is generated at the grain boundaries and interfaces.
© 1998 American Institute of PhysidsS0003-695(98)03131-3

There has been much interest in the development of newWwhe polarization direction of the fundamental beam could be
nonlinear optical materials for potential application in inte- changed by rotating a half-wave plate placed in front of the
grated optics. Impressive progress has been made in nonlinsample. A low-pass filter was placed after the sample to
ear optical waveguides made of LiNBOLiTaO;, and  block the fundamental beam. The polarization of the second
KTP.2~* However these waveguides are fabricated from exharmonic signal was checked by a linear polarizer placed
pensive single nonlinear optical crystals. Therefore it is degfter the filter.
sirable to fabricate thin films with large nonlinear optical We first measured the second harmonic signal from two
responsé&? In this letter, we report second harmonic genera-znQ thin films with almost the same thicknegss45 nm but
tion (SHG) measurement on ZnO thin films deposited onyery different crystallinity. From x-ray diffraction measure-
sapphire substrates by pulsed laser ablation. The second Qfient, the full width at half maximuntFWHM) of (0002
der su_scgptibilityxg)zwas found to be as large as 10 pm/V. . rocking curve of sample 1 is 0.15°, indicating high crys-

_Thin films 0f (0001 ZnO were deposited of®001) sap-  ajinity of the film. However the FWHM ofs-rocking curve
phire substrates by pulsed laser ablation. A detailed descrip;; sample 2 is 0.7°, showing poor crystallinity. Figure 1

tti)on of our gerWtT] ?ggpgrgtﬁs an& ErOWth prolcedu;ishaveshows the intensity of the transmitted second harmonic sig-
een given elsewhere. Briefly, a KrF excimer laset nal from sample 1 as a function of the incident angle of the

nm, 300 mJ pulse energy, 5 Hz .repet|t|0n yaias used to. fundamental beam. We checked the polarization of the sec-
ablate a hot pressed ZnO target in a vacuum chamber with 81d harmonic sianal. and found it is alw olarized no
base pressure ofX110  Torr. Films were deposited in an ghal, P

oxygen partial pressure ofX10 4-1x10 3 Torr at sub- mattBer ?sn:uggﬁmimzl tiezrr::jpgaolaélzczc:] osr:-epct)rlfel:tlztﬁz. SHG
strate temperature of 500—700°. y paring FIgs. W

X-ray diffraction (XRD) measurement and transmission intensity from sample 2 is almost twice larger than that from

electron microscopyTEM) have been carried out for struc- sgmple L although those two films have almost.the. samg
tural study of ZnO films. X-ray6/26 analysis indicates that thickness. This suggests that the second harmonic signal is

ZnO films are textured with the-axis oriented perpendicular

to the substrate plane. Plan view TEM images show that ZnO 0.4 [
films consist of closely-packed grains. The grains appear in .
irregular shapes rather than in a well-defined hexagonal pat- 0.35

tern.

Polarized SHG measurement was performed on ZnO
films in the transmission mode. The 1.@6n output of a
Q-switched YAG laser(10 Hz repetition rate, 5 ns pulse
width) was used as the fundamental beam. To minimize the
influence of laser output power fluctuation, the fundamental
beam was split into two beams. One beam passed the ZnO
film, and the other passedYacut quartz plate. The intensity
of SHG from the ZnO film and that from the quartz are
measured by two identical photomultiplier tubes, and then
signal averaged by two identical boxcar integrators. The in-
tensity of the second harmonic signal from the ZnO film was 0 bl
normalized by that from the quartz plate, and thus the effect -40 -30 -20 -10 0 10 20 30 40
of laser power fluctuation was eliminated. The sample was
mounted on a motorized rotation stage so that the incident

angle of the fundamental beam can be continuously varied:IG. 1. Measured transmitted second harmonic intensity from sample 1 as a
function of the incident angle of the fundamental beam, when the funda-
mental beam is-polarized(crossey and p-polarized(closed circley re-
¥Electronic mail: h-cao@nwu.edu spectively. The solid curves correspond to theoretical fitting.
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. . . FIG. 3. Measured SHG intensities from two thicker ZnO films as a function
FIG. 2. Measured transmitted second harmonic intensity from sample 2 as & e incident angle of the fundamental beam, when the fundamental beam
function of the incident angle of the fundamental beam, when the funda;g p-polarized. The FWHM ofu-rocking curves of those two films are 0.1°
mental beam is-polarized(crossey and p-polarized(closed circley re- (crossel and 0.26%closed circlel respectively.
spectively. The solid curves correspond to theoretical fitting.

frequencies involved are far from resonances, Kleinman's

generated not only inside crystallites, but also at grainy ymetry condition can be applied to further reduce the

boundaries. number of independent components to twel)=x!2,

We have modeled our sample as a four-layer system: _2)_ _@2)_ _@2)_ . (2) %) : A
P L : = Xooiz= Xyyz= Xaxx= Xzyy and x37;. Assuming that indi-

ar fllnzjs#bstratg a]ir. Absorpt!on at |'b9g|h fu_ndarr:ﬁntalhaPok/idual crystallite average to a texture axis, the tensorial prop-
second harmonic frequency 1S negligivle since the photo rty of the ZnO film(including all the crystallites and the
energies at those frequencies are rr_1uch smaller than t_ ain boundariés is equivalent to that of an isotropic

band-gap energy of ZnQ. The transmitted second harmoni niaxial medium. This assumption is supported by the ex-

intensity I,, as a function of the incident angle of the perimental observation that the SHG signal is always

fundamental beam can be writterf as polarized no matter the fundamental beans-olarized or
12873 (ta)*(152)2(12R)? p-polarized. Therefore when the fundamental beams-is
l20(0)= —& (N, €05 0,.) polarized,
,[2mL\? " ,Sir? @ X = XS5 Sin 0, ()
Xl %) (el gz @ \When the fundamental beam pispolarized,
where A is the area of the incident beam spb}, is the x %= x'2(cos 6,,, sin 26,,+sin 6,, cos 6,,)
intensity of the incident fundamental beain,is the film 2) o 2
thicknessn,, (n,,,) is the refractive index at the fundamental F X222 SIN O3, SINC 0, (4)
(second harmonjdrequency in the ZnO film, and,, (6,,,) To deduce the values ¢f® for the ZnO film from Eq.
is determined by si#=n,, sin 6, (sin #=n,, sin 6,,). ® cor- (1), we need to know the value df/A. To get it, we re-
responds to the coherence length placed the ZnO film with &-cut quartz plate, and measured
2L its second harmonic intensity as a function of the incident
©=——(n,, C0S 6, Nz, COS 3,). (2) angle of the fundamental beam. Sing&) is known for

quartz, we can deduce the valuel étA. After substituting it

ti;/ represents the transmission coefficient of the fundamentanto Eqg. (1), we curve-fit the data in Figs. 1 and 2 to deduce
beam from air to the ZnO film, angl indicates the polariza- the values ofoff?. Then using Eq(3) and Eq.(4), we de-
tion direction.t?? andt2? represent the transmission coeffi- duced the values of{?) and x2,. For sample 1, we got
cients of the second harmonic beam from the ZnO film to they(2)=2 pm/V, andy{2=10.8 pm/V. For sample 2, we de-
substrate and from the substrate to the air, respectively. Nouced y{2)=3.6 pm/V, andy{2=13.4 pm/V. These results
the second harmonic beam is alwaypolarized. indicate that the ZnO films have large second order nonlinear

x2 in Eq. (1) represents the effective second order susoptical response. Furthermore, the ZnO film with lower crys-
ceptibility. Since ZnO has the hexagonal close padkex) tallinity has larger second order optical nonlinear response
structure, with the 6 mm symmetry, individual crystallite than the film with higher crystallinity.
should have only four independent nonzero components of Finally we measured two thicker films of ZnO. The
the second order susceptibility tensop@=x{2., ¥  thickness of both films is about 235 nm. The FWHM of

xzx_ Xyzyr Xxxz

=X, x%=x%),. andx{2,, where the coordinates corre- (0002 w-rocking curves of those two films are 0.1° and

spond to the crystal axes of individual crystallite. When the0.26°, respectively. Figure 3 shows the measured second har-
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monic signal from those two samples as a function of thegrain boundaries and interfaces. However, the effect of grain
incident angle of the fundamental beam, when the fundamerboundaries and interfaces on SHG is not well understood and
tal beam isp-polarized. We found the film with lower crys- requires further study.

tallinity generates stronger second harmonic signal than the )

film with higher crystallinity, consistent with our result on This work was supported by the MRSEC program of the
thinner films. For the film with higher crystallinity, we de- National Science FoundatidbMR-9632472 at the Materi-
duced X(2)~1-0 pmIV, andX(2)~4.1 pm/V. For the film als Research Center of Northwestern University.
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