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Nortli Carolina State University, Raleigh, NC 27695 
*Also MCNC, Electronics 'Ikchnology uivision, RTP, NC 27709-2889 
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A b s t r u  KNbO3, K(Ta,Nb)03, KTaO3, and Ta2O5 thin films have been grown 
by ion-beam sputter deposition. KNb03 has excellent nonlinear properties for 
second harmonic generation; however, high optical losses are still characteristic 
of these films. Several loss mechanisms, such as, high angle grain boundaries, 
twin domains, interface and surface scattering, and oxygen vacancies can all 
conmbute to the high losses. In order to isolate the various mechanisms, 
amorphous Ta2O5 films, epitaxial cubic KTaO3 and tetragonal K(Ta,Nb)O3 
films were grown on MgO and A1203 substrates subjected to post-deposition 
annealing treatments and various oxygen pressure conditions. The optical losses 
and refractive indices were observed to differ depending on the substrate surface 
and annealing treatments. Resonant scattering experiments were performed to 
analyze the oxyger. composition. The optical properties of these oxide thin film 
systems are reported and the breakdown of the loss mechanisms is addressed. 

INTRODUCTION 

The d m d d  ior increasing present optical recording densities can be met by blue or 
greeu 1ase1.s.~ One of the most promising methods of generating the high frequency is 
by second harmonic generation (SHG) where an IR laser can frequency double into the 
blue or green via a nonlinear material. Potassium iiiobate (KNb03) is an excellent 
candidate for SHG due to its high nonlinear coefficients, large birefringence, noncritical 



phase-matching, high damage threshold, and transparency in the appropriate 
wavelengths. Moreover, higher power densities can be achieved in a thin film 
waveguide configuration due to beam confinement, and direct integralhi With present 
semiconductor materials is possible.* 

Although SHG has been demonstrated recently in KNb03 thin films? the high 
losses present in  most film-waveguidzs u e  pwblcniatic and must be overcome for 
practical device applications. Thts research f~rii:cJ 011 LIE breakdown of loss 
mechanisms is at a nascent stage; several groups have generated valuable models? We 
approach the problem of the high KNbO3 losses by studying oxide systems with simpler 
structures where specific loss mechanisms are eliminated and isolated in order to 

understand their contribution to losses. 

as reported by previous work.5 Basic loss theory is addressed where the relevant 
mechanisms are noted. Tetragonal potassium tantalum niobate (K(Ta,Nb)03), cubic 
potassium tantalate (KTaO3), and amorphous tantalum oxide v a O 5 )  films were 
deposited by ion-beam sputtering and their properties and pertinence to the loss study 
are discussed. The characterization techniques used include prism-coupling to measure 
the refractive index, an optical fiber loss method to quantify the optical scattering losses, 
atomic force microscopy <MM) to probe surface roughness, and elastic resonant 
scattering to analyze oxygen composition. 

The microstructural and optical properties of the KNb03 films are summarized 

Ion-beam sputter deposition was used to deposit all the oxide films. For KNbO3 film 
deposition, two potassium superoxide (KO2) targets and one niobium target were 
sequentially sputtered. The details of the deposition process can be found in another 
paper.5 The films were grown on MgO, MgAl204, and KTaO3 substrates. X-ray 
diffiaction (XRD) revealed the films to be orthorhombic (1 10) single orientation. XRD 
rocking curves, Rutherford backscattering spectrometry (RBS) channeling, and 
transmission electron microscopy diffraction analyses showed the films to possess a high 
degree of epitaxy. Small grain sizes (1000 to 5000 A) were detected and the film 
surface roughnesses were low with root mean square (rms) values between 9 and 37 8, 
by AFM. The refractive indices approach bulk values indicating dense films. These 
results are summarized in Table I. 



TABLE I Summary of KNb03 thin fi.m microstructural and optical 
properties on KTa03, MgA1203, and MgO substrates. 

FWHM 
rocking XRD 0.25' 0.30' 0.84' 

RBWchanneling 
XNb, XK 7% 9%, 15% 18%, 49% 

Grain size -3-5000 A -1000 A -1200 A 
Grain tilt from 2 to 3 O  2 to 3" 10" 
1 clvl 
m-- 

Film Fdrdctive 
index, TE, TM 2.27, - 2.28,2.21 2.28,2.21 

Surface 
roughness, rms 21 A 9-19 A 18-37 %, 

The optical losses were measured by an optical fiber method. An optical fiber 
scans the length of the light streak and measures the scattering intensity where the signal 
is fed into a photodiode and nanovoltmeter. A longer scattered light streak reflects a 
lower loss for the waveguide. For the KNbO3 films, longer streaks were observed for 
thinner films as shown in Figure 1. 
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Figure 1 Streak length of KNb03 waveguide versus film thickness. 



According to loss mechanism theory, this would support a volume scattering mechanism 
rather than a surface scattering mechanism. If the majority of losses took place in the 
bulk of the film, higher losses would be observed as films became thicker. On the other 
hand, if interface and film surface scattering were dominating, then thicker films would 
possess lower losses since there are fewer reflections at the boundaries in the waveguide 
for an arbitrary distance in thicker films. 

Several volume scattering mechanisms could be contributing to the losses in the 
KNbO3 films. These include twin domains that form in the orthorhombic structure, 
grain boundary scattering and grain size, and oxygen vacancies. In addition, there is 
always a surface scattering component that is affected by the interface and film 
roughness. In order to isolate these various mechanisms, other oxide systems of simpler 
structures were grown and analyzed where the range of bulk scattering mechanisms 
gradually narrow as seen in Table 11. In the case of amorphous Ta2O5 films, the loss due 
to surface scattering can be focused in the absence of oxygen vacancies which would be 
significant in determining the minimum surface scattering contribution to losses under 
optimum conditions (devoid of bulk scattering). 

TABLE 11 Thin film oxide systems and the possible volume scattering sources. 

Thin film oxide Volume scattering source 

orthorhombic KNb03 twin domains, - main hoanciaries, 
IJAY~C%I vacaricics 

cubic KTaO3 

iwin uomains? 
grain boundaries, 
oxygen vacancies 

grain boundaries, 
oxygen vacancies 

amorphous Ta2O5 oxygen vacancies 

rPa$)j films were deposited by ion beam s p i i ~ ~  J+asition of a tantalum metal target in 
an oxygen environment. Initial films showed no light streaks and refractive indices 
higher than the bulk value of 2.20.6 Oxygen deficiency in the films was suspected and 
therefore, a film was annealed at 560°C for 20 minutes in oxygen. The post-deposition 
anneal lowered the refractive index close to that of bulk and a long light streak extending 
the length of the sample (> 8mm) was observed. Next, the oxygen flow during 
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Figure 4 Normalized oxygen content of TazOs films with increasing 
deposition rate and oxygen flow. 
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In order to further lower the losses and also to evaluate the effect of substrate 
roughness on losses, an extensive AFM study on various substrates was performed. 
First, MgO substrates from various vendors were analyzed. The substrate surface 
roughness seemed to vary depending on the vendor as seen in Table 111. 

TABLE 111 AFM data of as-received MgO substrates from four vendors. 

MgO substrate vendor Rms (A) Maximum feature 
height (A) 

Advanced Composite 23 196 
Materials 

ESP1 19 218 

Commercial Crystal Lab 48 
(C.C.L.) 

507 

Marketech 9-1 765 



One reason for the deviation Is the susceptibility to hydroxide growth of the 
MgO surface. To eliminate the surface hydroxides, the substrates were subjected to a 
high temperature anneal at 1150°C for 14 hours in oxygen. However, it was important 
to use the annealed substrate within a few days, otherwise hydroxide growth begins to 
occur as shown in Table IV. 

TABLE IV AFM m u ! a  of an annealed MgO substrate over 14 days. 

MgO substrate Rms (A) Maximum feature 

Day one of anneal 13 127 

Day four after anneal 12 107 

Day seven after anneal 32 833 

Day ten after anneal 53 1133 

Day fourteen after 48 2733 
anneal 

'l'able V compares the AFM results of other substfates that were analyzed. A sapphire 
substrate with a novel superpolisti wits obtained from Crystal Systems that exhibited an 
rms of only 3.2 A by AFM. When an amorphous Ta2O5 film was deposited on that 
substrate with the increased oxygen flow conditions, the lowest loss streak was observed 
as compared to the other Ta2O5 films. In fact with our present optical fiber setup, a loss 
was not measurable due to the low signal to background ratio. A loss of < 5 dB/cm is 
probable for that film. This result assem the necessity of a low substrate roughness in 
obtaining low losses. 

TABLE V. Surface roughness of various substrates. 

Substrate Rms (A) Maximum feature 
height (A) 

quartz 11 643 

sapphire (C.C.L.) 12 198 

sapphire super polish 3.2 
(Crvstal SvstemsS 

234 





CUBlC KTaO; F E M S  

The cubic structure of KTaO3 films would assure a film without twin domains. KTaO3 
films were deposited on MgO subswses by sputtering a Ta metal target and two KO2 
targets. At first, no light streaks and faow refractive indices were observed. In light of 
the amorphous Ta2O5 results and the possibility of oxygen deficiency, different post- 
deposition annealing treatments were applied to the KTaO3 films. The first anneal took 
place at 560°C for 20 minutes in an oxygen environment alone. The film resulted in 
poor quality visually and light-coupling was not possible. Potassium volatility of the 
film surface was suspected to be the problem. Consequently, KNb03 powder placed in 
the crucible during annealing helped to preserve the original visually translucent fiIm 
surface. Nart, fi!m v:ere snnealed ar an increased temperature of 85OOC for both 2 and 
1 0  holm in 0 2  a d  KNb03 powder. Again, high losses were present and in this case, 
the cause was attributed to ihe increased surface roughness after the high temperature 
anneal. Figure 6 displays the film roughess in terms of maximum feature height and rms 
as a function of increasing anneal temperature and time. 

0 

unannealed Immsing anneal temperature and time 

Figure 6 AFM results of KTaO, films with increasing anneal temperature 
and time. 

These results clearly show that there are critical limits of annealing conditions due to 
film roughnening. Finally, a KTaO3 film was annealed at a compromised temperature of 
650°C for 2 hours in 0 2  and KNb03 pawder. The refractive index increased slightly, 
from 2.178 to 2.185 (bulk value is 2.225) and a long light streak was observed (> 8mm). 
Therefore, a KTaO3 film was deposited awith a higher oxygen pressure during deposition 



in order to provide adequate oxygenation and a low film roughness. As expected, the 
resultant film displayed a > 7mm light streak and the rms was only 16 A. 

performed on KNb03 films with various oxygen flow conditions to explore the 
possibility of oxygen deficiency in those films. Increasing oxygen composition was 
observed for films deposited at higher oxygen pressures as seen in Figure 7. 

In light of these results, preliminary resonant scattering experiments were 
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Figure 7 Resonant scattering oxygen peaks of a bulk KNbO, crystal 
and KNbO, films deposited at increasing oxygen flows. 

However, the original KNbO3 films appeared to possess near stoichiometric oxygen 
composition as normalized to a KNb03 bulk crystal suggesting that oxygen vacancies is 
not a major factor in the volume losses. The high losses both in the KNbO3 and 
K(Ta,Nb)03 films are most likely caused by the twin domains. The effect of grain 
boundaries and grain size on losses can also be significant and should be investigated. 

CON CI ,US ION 

High quality KNb03, K(Ta,Nb)03, KTa03, and Ta2O5 films were deposited by ion- 
beam sputter deposition. The amorphous Ta2O5 films, in the absence of oxygen 
vacancies, offer a study where the sole loss mechanism is atmbuted to surface scattering. 
A Ta2O5 film was deposited on a super-polished sapphire substrate and the low loss 
achieved indicated that a low substrate roughness is mandatory for low overall losses. 
Post-deposition annealing treatments of both the Ta2O5 and KTa03 films showed that 
the possibility of oxygen vacancies in oxide films should be considered since they can 
make significant contributions to volume losses. At the same time, post-deposition 



anneals are limited due to the increased film roughness that also increases the surface 
scattering losses. Initial resonani scaileriiig cxperiments suggest that the KNb03 films 
pobsess nciii stGichiomztric oxygen compozitioii ;tiiJ iiierefore, the main source for the 
high bulk scattering losses in these films is likely attributed to twin domains. 
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