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Abstract Domain-inverted structures in 'LiNbOl are fabricated by proton exchange followed 
by rapid heaf treatment. The domain inversion mechanism is discussed in relationship to the 
pyroelectric Beld and to the eoncentmion gradient of protons. 

Recently there has been great interest in the study of domain inversion in LiNb03 because of 
its practical importance in quasi-phase-matched second-harmonic generation [1-19]. Many 
techniques have been developed to fabricate such structures. However, several problems 
related to the quality of domain-inverted structures remain unsolved. Therefore, it is 
important to understand the domain inversion mechanism. 

This article reports the fabrication of domain inversion in LiNbO3. The fabrication 
process consists of proton exchange followed by rapid heat treatment. The effect of 
heat treatment conditions on domain inversion profiles was studied experimentally. The 
domain inversion mechanism is discussed in relationship to the pyroelectric field and to the 
concentration gradient of protons. This method may be useful to the study of the domain 
inversion mechanism. 

The domain inversion in a polished z-cut LiNbO3 single crystal, which was grown by 
the Czochralski method from a congruent melt (48.6% Li20+51.4% NbZOS), is formed by 
proton exchange followed by rapid heat treatment. Proton exchange was carried out in a melt 
of benzoic acid held constant at 2 2 5 T  for a few hours. Then the samples were heat treated 
for several minutes in air at temperatures between 950 and 1100°C. The inverted region 
was observed from a cross-sectional view of the domain-inverted structure corresponding 
to the y face of LiNbO3 which was etched in a mixture of HF and HN03. Figure 1 is a 
photograph of the y face of eteched sample, which was proton exchanged for 2.5 h and 
rapidly heat treated for 5 min at 1100°C. A layer with reversed spontaneous polarization 
can be seen on the original f c  face side. 

It was found [ 1 I ]  that domain inversion could take place even in LiNb03 plates without 
proton exchange when they underwent heat treatment at high temperatures. To see whether 
domain inversion in our case has any relation to the proton exchange process, samples 
with proton exchange and without proton exchange were subjected to rapid heat treatment. 
Experiments show that domain inversion takes place on the +c face of samples with proton 
exchange. Under a given rapid heat treatment condition (say at 1100°C for about 3 min), 
the longer the proton exchange tiime, the thicker are the inverted domains. For example, 
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Figure 1. Domain inversion formed on both lhe tc and the --c faces of a LiNb03 plate. A 
four-layered smucture can be seen. 

when the proton exchange time is increased from 0.5 to 2.5 h at 225°C. the inverted depth 
changes from 9.2 to 11.5 pm. In contrast, for samples without proton exchange, no domain 
inversion was observed after rapid heat treatment at 1100°C for about 10 min. This implies 
that the domain inversion has some relation to the proton exchange process. 

The domain inversion takes place only at temperatures higher than 1000°C. The inverted 
depth increases much more quickly with the rapid heat treatment time than with the proton 
exchange time. For samples proton exchanged at 225°C for 2 h, the depth of inverted 
domains increases from 2 to 53 p m  with the increase in the rapid heat treatment time from 
1 to 30 min at 1100°C. The longer the rapid heat treatment time, the thicker are the inverted 
domains. 

In the experiments, we have observed an interesting phenomenon. If the rapid heat 
treatment time is sufficiently long (about 10 min), a four-layered structure always appears, 
which can be seen in figure 1. One can see a very thin layer of the same parity as the 
original crystal on the f c  surface. Another very thin layer of opposite parity to the original 
crystal can also be seen on the -c surface. The same phenomenon has been observed by 
Nakamura et a1 [I 11 in LiNb03 by heat treatment, but not always. 

From these results, it may be inferred that the inverted domain first nucleates near 
the +c face and then develops deep inside the substrate with increase in the rapid heat 
treatment time. When the heat treatment time exceeds some limit, part of the inverted 
region near the f c  surface re-inverts into its original parity, and a very thin layer on the 
-c surface also inverts. The mechanism of domain inversion by this method is not clear 
at present. It is usually believed [20,21] that Li deficiency near the surface will lower the 
Curie temperature TC in the exchanged region and enable the pyroelectric field, which is 
induced on the surface by heat treatment, to reverse the polarization in that region. In order 
to verify whether this is true in our case, the effect of the pyroelectric field is investigated. 
Two samples were proton exchanged for 2.5 h at 225°C. Platinum was deposited on the 
entire surface, including six faces, of one sample by the laser ablation method and then 
the sample was tightly wrapped with a platinum foil to ensure a short circuit to prevent 
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a pyroelectric field from being induced on the surface. Subsequently, two samples were 
rapidly heat teated at 1100°C for 5 min. Domain inversion was observed in both samples. 
No significant difference between the inverted depths of the two samples was found. This 
experiment implies that the metalliwtion of the sample surface has no effect on domain 
inversion and also indicates that the pyroelectric field may not be the main cause of the 
domain inversion. In the LiTaO3 crystal, both Nakamura er al [21] and Mizuucbi et al 
[22] obtained the same result. An internal electric field model was proposed to explain the 
mechanism of domain inversion at the -c face in LiTaO3, but the domain inversion at the 
+c face in LiNbO, cannot be explained by this model. 

Early in the 198Os, we proposed a model, which is related to the impurity concentration 
gradient [23], to exlain the mechanism of periodic laminar ferroelectric domain structures 
associated with rotational growth striations in LiNbO3 grown by the Czochralski method. 
It was proved that, for LiNbO3, there exists an internal electric field which is associated 
with the impurity concentration gradient, and is antiparallel to the gradient. We believe 
that it is the impurity concentration gradient which determines the spontaneous polarization 
direction. We think that this model can also be used here. 

It was experimentally verified that, for a proton-exchanged LiNbO, crystal, there exists 
a certain distribution of protons [24]. The concentration of protons is higher near the surface 
and then decreases towards the interior. That is, there exists a proton concentration gradient 
which is directed outwards from the plate. According to our model, this coiresponds to an 
internal electric field which is opposite to the gradient or directed towards the inside of the 
crystal. This field may cause domain inversion only at the +c face of LiNbO3. When the 
heat treatment time is sufficiently long (about 10 min), the proton out diffusion [25] at the 
surface layer leads to a decrease in the proton concentration near the surface, thus reversing 
the sign of the concentration gradient. This corresponds to an internal electric field that is 
directed outwards from the crystal. This can account for both the domain inversion at the 
-c face and the domain re-inversion at the f c  surface. 

In conclusion, the fabrication of domain inversion in LiNbO3 by proton exchange 
followed by rapid heat treatment has been studied experimentally. The domain inversion 
depends on the rapid heat treatment conditions as well as on the proton exchange conditions. 
The pyroelectric field has been shown not to be the main cause of the domain inversion. A 
possible model for domain inversion has been proposed. 
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