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ABSTRACT 

Because of their compatibility with the planar concept of integrated optics, 

grating couplers offer the most satisfactory means of coupling light into thin film 

optical waveguides. The purpose of this dissertation has been to study the 

behaviour, both theoretically and experimentally, and fabrication of grating couplers 

in nonlinear waveguides. A theory of nonlinear grating couplers is presented based 

on a coupled-mode approach. The dependence of coupling efficiency on incident 

beam intensity, beam size, beam position, incident angle, chirp rate, and waveguide 

losses have been examined all in the presence of nonlinearities in the waveguide. It 

is reported that, in the presence of nonlinearities, the coupling efficiency decreases 

with increasing incident power. Different ways of optimizing t;~e coupling 

efficiency at high incident power levels are presented. These include adjusting the 

beam size, the coupling angle, and chirping the grating. 

A new technique is reported for fabrication of regular period, chirped, and 

curved photoresist gratings. The experimental arrangement is essentially based on 

Lloyd's mirror fringes and is characterized by its stability, simplicity, and versatility. 

We also report on successful use of Reactive Ion-Beam Etching (RIBE) with 

C2F6 gas in producing very smooth and deep gratings with high aspect ratios in 

different waveguide structures. Experimental coupling efficiencies of up to 40% are 

reported in polystyrene waveguides using etched grating couplers. Experiments are 

reported in support of the theoretical findings of this dissertation using a polystyrene 

waveguide with thermal nonlinearity. 

xii 



CHAPTER ONE 

INTRODUCTION 

Beam Couplers 

Integrated and fiber optics are based on the guiding of electromagnetic energy 

at optical frequencies along thin dielectric waveguides. Depending on geometry 

waveguides can be grouped in three classes as shown in Fig. 1.1. Figure 1.1 (a) 

shows an optical fiber which is a two dimensional waveguide (confines the beam in 

two dimensions) with cylindrical cross-s0ction. Fibers are successfully used for 

transmission of optical signals over very large distances with extremely low losses. 

Figure 1.1 (b) shows a planar waveguide where the beam confinement is in one 

dimension only. Thus. unlike fibers. non-collinear interactions such as Degenerate 

Four Wave Mixing (Karaguleff et al. 1985) and Coherent Anti-Stokes Raman 

Scattering (Hetherington III et al. 1984) are possible in a planar waveguide. Figure 

1.1 (c) shows a channel waveguide which is essentially a two dimensional waveguide 

with non-cylindrical cross-section. Propagation distances in waveguides are 

determined by absorption and scattering losses of the guiding medium. In the case 

of optical fibers this distance is many kilometers and in the case of planar and 

channel waveguides the propagation distance is typically a few centimeters. 

In order to carry out efficient linear and nonlinear opticai interactions in a 

waveguide it is essential to couple light into the waveguide structure with high 

efficiency. Hence. the development of techniques for coupling light into and out of 

waveguides have played an important role in the development of integrated optics. 

In general light can be coupled into a waveguide in one of the following four ways: 
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Figure 1.1 Examples of optical waveguides. (a) Tae optical fiber. (b) the planar thin 
film waveguide. and (c) the channel waveguide. 
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(l) End-fire Coupler: This method (Marcuse and Marcatili 1971) is shown in Fig. 

1.2 where a laser beam is directly focused onto the end of a waveguide using a lens. 

The waveguide end is either flush with the substrate edge (Fig. 1.2(a)) or is 

embedded in the substrate (Fig. 1.2(b)). A direct coupler is based on the matching of 

the profiles of the incident beam and the guided mode. This leads to partial 

excitation of all of the guided modes that can exist in the waveguide. Direct 

coupling is suitable for thick waveguides and can achieve very high coupling 

efficiencies especially in the case of TEo mode (>90%) for a single-mode waveguide 

(Tien 1971). 

Its disadvantages are that optimum alignment to the guide is hard to achieve 

and even harder to maintain. In addition, coupling is low if the film edge is not 

perfectly flat and clean. Because of these restrictions this approach is mostly used 

only if other methods are ruled out. 

(2) Tapered Coupler: This method (Milton and Burns 1975), shown in Fig. 1.3, uses 

the cutoff properties of waveguides by tapering down the film beyond the cutoff 

thickness. When a mode propagates toward the tapered edge in the film it will 

gradually couple into diverging substrate modes once it reaches a point where the 

waveguide thickness is below cutoff. This process can be reversed to couple light 

from the substrate into the waveguide. However, efficiencies are usually small 

«40%) since it is difficult to align and match the incident beam to the diverging 

radiation shown in Fig. 1.3. It is also difficult to fabricate a tapered waveguide. For 

these reasons this method is rarely used any more. 

(3) Prism Coupler: This form of coupling is a very successful and widely used 

method. It uses a prism that has an index of refraction larger than that of the film. 
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CLAD. 

FILM 

sus. 

(a) 

CLAD. 

FILM 

sus. 

Figure 1.2 End-fire coupler. (a) Waveguide end is flush with the substrate: edge. and 
(b) waveguide end is embedded in the substrate. 

--- -----------------------------------
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CLA~CI. 

FILM 

sus. 

Figure 1.3 Tapered. coupler. 
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The prism is spaced from the film by a thin gap of low refractive index. usually air 

(Tien et al. 1969; Ulrich 1970) as shown in Fig. 1.4. An incident beam in the prism 

is totally reflected at the base. producing an evanescent tail in the gap which couples 

to a waveguide mode. In this case the propagation constant of the surface wave. (3 • 

and the incident angle in the prism are related by 

(l.I) 

where e is the incident angle. np is the prism index and ko = 2rr/1I. is the propagation 

constant in air. The incident beam size and the gap thickness play important roles 

in determining the coupling efficiency. For a gap of uniform thickness and an input 

beam of uniform or Gaussian shape. it is possible to couple up to 81% of the incident 

light (for example see Tien and Ulrich 1970; Tamir and Bertoni 1971). 

The main advantage of a prism coupler is its high coupling efficiency. Its 

main disadvantage is !llat a prism disturbs the planar geometry and therefore is not 

compatible with the concept of integrated optics. Also. in practice the film and the 

prism tend to scratch after several coupling attempts and it is hard to reproduce the 

same coupling efficiency at each attempt. In addition. prisms are often expensive 

and may not even be easily available if the film index is high as in the case of InSb 

(n= 4.0) 

(4) Grating Coupler: The basic structure of a grating coupler is shown in Fig. 1.5. 

The grating can either be etched into the waveguide itself as shown in Fig. 1.5(a). or 

the grating is fabricated in a material such as photoresist deposited on top of the 

waveguide as shown in Fig. 1.5(b). Theoretically couplirlg efficiencies up to 81 % are 



7 

CLAO. 

FILM 

sus. 

Figure [,4 Prism coupler. 
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CLAD. 

FILM 

sus. 

(0) 

CLAD. 
nc nnn 

FILM 

sus. 

(b) 

Figure 1.S Grating coupier. (a) Grating is etched into the waveguide. and (b) grating 
is fabricated in a material deposited on top of the waveguide. 
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achievable (Ogawa et al. 1973) and experimentally efficiency of 40% has been 

reported in photoresist gratings (Marcuse 1969). The only disadvantage of a grating 

coupler is that the coupling angle in a grating coupler is more sensitive to the 

wavelength of the incident beam than in the case of a prism coupler. This becomes 

important if the wavelength is to be varied continl!ously as in the case of a 

Distributed Feedback experiment. 

On the other hand. the main advantages of a grating coupler is in its being an 

integral part of the waveguide. and hence compatible with integrated optics. and in 

its high degree of ruggedness and stability. Moreover. gratings are capable of 

coupling light into high index waveguides. In addition to being used as couplers. 

gratings in waveguide structures can be used in a number of other useful 

applications for devices in integrated optics. These include reflectors for 

semiconductor lasers (Kogelnik and Shank 1971; Ng et al. 1976). optical wavelength 

demultiplexors (Livanos et al. 1977; Rice et al. 1979). waveguide lenses (Yao and 

Thompson 1978). and guided beam deflectors (Gremillet et al. 1980). 

Nonlinear Integrated Optics 

The nonlinear mixing of optical beams has led to a rich spectrum of 

phenomena since the invention of laser led to the inception of nonlinear optics in the 

early 1960's (Shen 1984). This includes the generation of new frequencies (Shen 

1984) such as second harmonic generation. parametric mixing; a host of nonlinear 

spectroscopies (Shen 1984; Levenson 1982) such as Coherent Anti-Stokes Raman 

Scattering or CARS; and finally a number of signal processing operations that have 

received much attention recently such as phase conjugation (Fisher 1982). optical 

bistability (Stegeman 1982). optical switching. etc. In general. nonlinear optical 
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interactions occur whenever the optical fields associated with one or more laser 

beams propagating in a material are large enough to produce polarization fields 

proportional to the product of two or more of the incident fields. These nonlinear 

polarization fields radiate electric fields at the nonlinear frequency which. grow 

linearly with propagation distance under optimum conditions of phase matching 

which consists of matching the wavevectors of the applied fields to that of the 

nonlinear polarization (Hopf and Stegeman 1986). Therefore the key to obtaining 

efficient nonlinear optical interaction is to maintain high optical intensities over as 

long a distance as possible. Large intensities can be obtained in the focal region of a 

strong lens. but due to diffraction effects the interaction length can be only a few 

wavelengths. On the other hand. optical waveguides offer the optimum geometries 

for efficient nonlinear optical interactions. This is because a beam can propagate in 

the guiding medium over a relatively large distance while at the same time 

maintaining a large power density by virtue of maintaining a small cross-section in 

one or two dimensions. These advantages of optical waveguides over bulk materials 

in implementing nonlinear optical interactions have led to the development of 

nonlinear integrated optics (Stegeman and Seaton 1985). There are some nonlinear 

phenomena however. which are unique to integrated optics and have no direct analog 

in nonlinear plane wave optics such as nonlinear distributed couplers which we 

discuss next. 

Nonlinear Distributed Waveguide Couplers 

Prism and grating couplers are examples of distributed couplers where 

coupling of the incident beam to a guided mode is distributed over a region. Over 

this region the guided mode power grows with propagation distance. Efficient 



II 

coupling is obtained only when the parallel (to the surface) wavevector component of 

the incident field can be synchronized to that of the guided field. However, as the 

guided-wave power grows under such a coupler, the guided-wave wavevector 

changes if one of the guiding media exhibits an intensity-dependent refractive index. 

Therefore the wavevector matching condition varies with propagation distance. For 

example, if the coupler is optimized for maximum coupling at low incident powers, 

the coupling efficiency decreases with propagation distance, which can result in 

limiting the guided wave intensity available for performing nonlinear interactions in 

optical waveguides. Alternatively, an initially mismatched coupler can be pushed by 

increasing the incident power towards synchronism and hence higher coupling 

efficiencies, suggesting applications to optical logic etc. It is this behaviour of 

nonlinear distributed couplers, in particular grating couplers, that constitute a major 

portion of this dissertation. 

The circumstances which led to this dissertation are as follows. While 

working on a research project performing CARS in ZnO ana Polystyrene 

waveguides we used prisms to couple light into the films. However, since the 

incident beam had a poor spatial beam quality with a number of hot spots, the 

coupling spot of the prism coupler frequently burned damaging both the prism and 

the film. Because of this problem it was decided to consider a grating coupler as a 

possible replacement for the prism coupler. This led to the development of a new 

holographic technique for fabrication of gratings in our laboratory which is 

explained in detail in Chap. 3. At the same time a theoretical study was done to 

understand the behaviour of grating couplers in a nonlinear waveguide structure. 
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In particular. in this dissertation we report our theoretical findings of 

nonlinear distributed grating couplers. In addition. we report on successful 

reproducible fabrication of deep (up to mi<.:ron) sub-micron gratings with high 

aspect ratios in various waveguide structures using Reactive Ion-Beam Etching 

(RIBE) with C2Fs gas. Recently gratings about one micron deep but with small 

aspect ratios have been fabricated using RIBE with other gases such as CF4 (Pang 

and Randall 1986). We have been able to obtain coupling efficiencies of up to 40% at 

o 
6328 A in polystyrene waveguides using etched grating couplers. Very recently 

coupling efficiencies of up to 28% have been reported using etched grating couplers 

in Si02-Ti02 waveguides (Heuberger and Lukosz 1986). 

Concurrent with the work presented here. two studies were made in our 

group on nonlinear distributed prism couplers. In one case (Valera 1986) the effects 

of a nonlinear cladding on coupling efficiency were examined and in the other 

(Fortenberry 1986) similar studies were made in the case of a nonlinear film. ZnO. 

The experimental and theoretical results presented in this dissertation are in 

agreement with the findings of the above two works. 

The organization of this dissertation is as follows. In Chap. 2 we present the 

theory of linear and nonlinear grating couplers using a coupled-mode approach. We 

discuss the dependence of coupling efficiency on various parameters such as grating 

depth. period. etc. We also discuss the effect of nonlinearity of the film on the 

performance of the grating coupler in order to arrive at a scheme for optimizing the 

coupling efficiency at high power densities. In Chap. 3 Y'e discuss the technique 

developed in our laboratory to fabricate regular (uniform periodicity). chirped. and 

curved gratings. This involves a new simple and versatile method to fabricate 
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holographic gratings in photoresists which is essentially based on Lloyd's mirror 

fringes. We also report on successful use of RlBE with C2FS gas in producing very 

smooth and deep gratings with high aspect ratios in different waveguide structures. 

In Chap. 4 some experimental applications of gratings on optical waveguides are 

presented. In particular. we describe fabrication of chirped and curved gratings in 

more detail. We also report experimental data obtained using a grating coupler in 

different waveguide structures in support of the theoretical results presented in 

Chap. 2. We conclude in Chap. 5 with a discussion. highlighting the contributions 

of this work and suggesting possible future work in the grating area. 



CHAPTER TWO 

THEORY OF NONLINEAR ORA TINO COUPLERS 

As was discussed in the previous Chapter prism and grating couplers are the 

most widely used methods for coupling a laser beam into a waveguide mode. Of 

these two only the grating coupler is consistent with the planar concept of integrated 

optics and hence offers the most satisfactory means of coupling. Although the theory 

of linear grating couplers has been extensively studied (see for example Ogawa et al. 

1973) no such studies have been made in the case of nonlinear grating couplers. 

This is primarily due to the fact that nonlinear integrated optics itself is a very new 

field. Such a study is quite essential because. as we will see. the coupling efficiency 

of a grating coupler decreases with increasing incident power in the presence of 

nonlinearities. This of course can be a potential problem by limiting the guided 

mode intensity that can be launched in an optical waveguide. This in turn limits the 

efficiency of any nonlinear optical interaction in a waveguide. 

In this Chapter we present a theory of nonlinear grating couplers using a 

coupled-mode approach. We consider the effect of such parameters as beam size. 

coupling angle. etc. on the coupling efficiency and see how by changing such 

parameters the coupling efficiency can be optimized as the incident power is 

increased. To use coupled-mode theory we assume that the fields in the planar 

waveguide are those of the unperturhed structure (i.e. when grating is absent) and 

that the grating simply serves as a means of coupling one mode (a radiation mode) 

into another mode (a guided mode). Therefore we start with the guided wave fields 

of the unperturbed planar waveguide and then use coupled-mode theory to determine 
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the coupling relation between an incident radiation mode and a guided mode. Once 

such a relation is derived. the effects of nonlinearity are incorporated. 

Guided Wave Fields 

Consider the guided wave geometry shown schematically in Fig. 2.1. In this 

figure d is the thickness of the film and nco nf. ns are the indices of refraction of 

cladding. film and substrate. respectively. The guided wave fields are assumed to 

propagate along the positive x direction with the z-axis normal to the waveguiding 

interfaces. The guided wave field (E in the case of TE modes. H in the case of TM 

modes) in the i'th medium and in the absence of a grating coupler can be written as 

(Liao et al. 1985) 

(2.1) 

where agw(x) is the guided-wave amplitude. (3 is the guided-wave wave vector. fj(z) 

is the depth dependence of the field distribution. and w is the frequency. The 

constants CTE and CTM (CTE for a TE mode and CTM for a TM mode) are chosen so 

that the power carried by the mode is given by I agw(x)12 in units of Watts per 

millimeter of the wavefront. i.e., the guided wave beam is normalized to a power of 

one Watt in a beam width of I mm (in the y direction). 
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Figure 2.1 Geometry of the planar slab optical waveguide. 

-------"-""------------------
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The expression for CTE is given by (Yariv et al. 1977) 

(2.2) 

In the above equation 

r = 0 nr - fJ • k Jk 2 2 at (2.3) 

(2.4) 

(2.5) 

where Po is the permeability of free space and ko = w/c where c is the speed of 

light. Similarly. the expression for CTM is given by (Yariv et al. 1977) 

(2.6) 

where fa is the permittivity of the free space and deff is the effective thickness of 

the film and is given by 
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(2.7) 

where 

(2.8) 

and 

For TE guided-waves the electric field E lies along the y- axis. For TM 

modes The magnetic field H is directed along the y- axis and the electric field E lies 

in the x-z plane. The expressions for the field distribution fi(z) in the cladding, 

film, and substrate regions in the case of TE mode are (Yariv et al. 1977): 

Cladding: 

SOZ 
f(z) = e ; (2.10) 



Film: 

where 

Substrate: 

k f - iSo [ ikfz -ikfz + i¢ ] 
f(z) = e + e • 

2kf 

r/, So 
tg :Eo = -' 

2 kf ' 

-S2(z-d) 
e 
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(2.1l) 

(2.12) 

(2.13) 

Similarly. for the TM mode the field distribution fi (z) in different regions of the 

waveguide structure is given by: 

Cladding: 

k f soz 
f(z) = - So e ; (2.14) 

Film: 

f(z) (2.15) 



where 

Substrate: 

-S,(z-d) 
e 
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(2.16) 

(2.17) 

We also need the dispersion relations for TE and TM modes in order to determine 

the allowed f3 values for each case. For TE modes the dispersion relation is given by 

(2.18) 

and for TM modes by 

(2.19) 

Linear Grating Coupler 

Let us now consider a grating coupler by superimposing a grating on the 

waveguide structure shown in Fig. 2.1. The result is shown in Fig. 2.2. The grating 

is assumed to have a sinusoidal profile and its contour is given by 
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d 

Figure 2.2 Geometry of a grllting coupler with sinusoidal profile. 
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z = Uo cos(qx). (2.20) 

where Uo is the grating amplitude and q = 2rr/A where A is the grating period. We 

assume that the grating is shallow (Uo«>".d). When an electromagnetic field is 

incident onto this grating a polarization .1.P is induced in the grating region. This 

polarization in turn gives rise to a guided mode which grows in the coupling region. 

Figure 2.3 is helpful in understanding how .1.P is produced. Since the grating is 

assumed to be quite shallow its effect on the electric fields is very small and thus 

.1.P is generated primarily due to the index changes in the vicinity of cladding-film 

interface (z=O) because of the presence of the grating. Regions (1) and (2) in Fig. 2.3 

are where these index changes or;cur. Thus.1.P can be written as 

.1.P = .1.€ E. (2.21) 

where .1.€ is the change in dielectric constant due to the grating and is equal to 

(2.22) 

where n is the index of refraction. Referring to Fig. 2.3 we can write the following 

expressions for .1.P at the grating interface: 

(2.23) 

~~--------~ ------------------------
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x 

L 

Figure 2.3 Index perturbation due to the presence of a grating. Regions (I) and (2) 
are where index changes occur. 

- -- ----------------
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In region (2): LlP = €o(n~ - n;) E (z",O+). (2.24) 

But since the grating is shallow we can write: 

(2.25) 

where E(z",O) is the total field at z=O in the abgmce of any grating. The fact that 

LlP is localized at the cladding-film interface is:'1 nphasized by incorporating a delta 

function. Eqs. (2.23) and (2.24) can be com! ned to give the following single 

equation: 

(2.26) 

where 8(z) is a delta function localized at z"'O. !Iult is this induced polarization that 

serves as the input source for the generation God a guided mode in the waveguide 

structure. Note that E(z", 0) in Eq. (2.26) is 11 a total field at the film-cladding 

interface which. includes contributions from bothmhe incident and reflected fields for 

z<O. 

The field incident onto the grating is cona dered to be a Gaussian beam with 

a spot radius of Wo (at the lIe point). 

At the grating (z",O) this field can be writt I as: 

(2.27) 
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where ko = w/c and 8 is the angle that the incident field makes with the normal to 

the surface (see Fig. 2.2). koncsin8 is the projection of the incident optical wave 

vector along the direction of propagation. This incident field is coupled to the 

waveguide field through n transfer function tm (Tien and Ulrich 1970; Ulrich 1970) 

which is directly related to E(z=O) given in Eq. (2.26). Applying coupled mode theory 

in the usual way yields a position dependent field amplitude in the guiding film 

which. as explained in Appendix A. is given by 

(2.28) 

where Ci is the total guided wave attenuation coefficient (amplitude) which can be 

due to absorption or scattering losses in the cladding. film and/or substrate. £c is the 

(;haracteristic coupling distance and accounts for guided-wave losses through 

reradiation into the cladding and the substrate in the coupling region. It is given by: 

I f" = Cic + Clis ' 
c 

(2.29) 

where Cic and Cis are amplitude attenuation coefficients due to reradiation into 

cladding and substrate in the coupling region. respectively. Expressions for Cic and 

Cis are also given in Appendix A. 

Equation (2.28) describes how the guided wave amplilude grows with distance 

in the coupling region. As can be seen. the rate of growth of agw(x) depends on the 
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strength of the incident beam (via tm) as well as its profile (ain(x». The two loss 

terms, on the other hand, always result in an exponential decay in amplitude with 

propagation distance x. Also note the appearance of a phase matching term as 

represented by the exponential in Eq. (2.28). If phase matching condition is satisfied 

then we have 

(2.30) 

and thus the coupling equation reduces to 

(2.31) 

In this case the coupling efficiency is optimum since the guided wave amplitude has 

its maximum rate of growth. On the other hand, if phase matching is not satisfied, 

the coupling efficiency decreases. We defer a numerical analysis of Eq. (2.28) to a 

later section in this Chapter after we have incorporated the effects of nonlinearities 

in the waveguide structure into Eq. (2.28). This allows for an easier comparison 

between linear and nonlinear grating couplers. Before we proceed to discussing 

nonlinear grating couplers it is important to note that in deriving Eq. (2.28) we have 

assumed that the coupling occurs between the first order diffraction of the incident 

beam and the guided mode, and that no higher order diffraction orders exist. As we 

see in Chap. 3, if the coupler is designed properly, then these assumptions are quite 
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valid. On the other hand. if higher orders do indeed exist then they result in a 

reduction of the coupling efficiency. However. in the majority of coupler designs 

this reduction is no more than a few percent. 

Nonlinear Grating Coupler 

We now study the effects· of nonlinearities that are present in a planar 

waveguide on the coupling efficiency of a grating coupler. We consider the most 

general case in which the substrate. film. and cladding all have intensity-dependent 

refractive indices. although in practice. usually only one of these layers is nonlinear. 

The presence of nonlinearity means that both the propagation wavevector of the 

guided mode. (3 • and its field distribution f(z) can become intensity dependent 

(Tomlinson 1980; Akhmediev 1982; Robbins 1983; Stegeman et al. 1984; Liao and 

Stegeman 1984). However. changes in the field distribution of the guided mode 

become significant only when the refractive-index change that is induced optically in 

any of the nonlinear media becomes comparable with the low-power refractive-index 

difference between the cladding and the film or between the substrate and the film. 

In this limit the induced changes in the propagation wave vector also cease to be 

linear with the local intensity. However. since the intensity levels at which {3 and 

therefore the coupling process becomes intensity dependent are much lower than 

those at which the field profiles become intensity dependent (Vach et al. 1984; Liao 

and Stegeman 1984; Valera et al. 1984). we can use the low-intensity field 

distributions given earlier in this Chapter. We also use a simple coupled-mode 

approach to calculate how the propagation wavevector changes with intensity 

(Stegeman 1982). 
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An optical field propagating in an isotropic medium that is characterized by a 

third order Kerr-law nonlinearity. i.e.. cubic in the incident field E. induces a 

nonlinear polarization field at the same frequency that is given by (Maker and 

Terhune 1965; Hellworth 1977): 

(2.32) 

Here C1122 and C1221 are the usual third order nonlinear coefficients as defined by 

Maker and Terhune. Since C Il22 = C1221 = 1/3 CIlIl• from the definition of n2E by n 

= no + n2EI E12. Eq. (2.32) cali be rewritten in terms of n2E as 

(2.33) 

where no is the unperturbed index. and n2E is the material nonlinearity. As shown 

in Appendix B. the effect of this polarization on the incident optical field can be 

evaluated from coupled-mode theory. i.e. 

(2.34) 

where for TE polarized modes. t.f3o is given by 

(2.35) 



For TM modes. 

where 

and 

p = __ i_ aH 
'"'Z W€fi2 ax . 
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(2.37) 

(2.38) 

Comparing the solution to Eq. (2.34) with a propagating wave characterized by the 

wave vector (3 one can write the following expression for {3: 

{3 = (30 + t:.{3(x). (2.39) 

where 

(2.40) 

..... -- ...... _-----------
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I agw(x)12 in the above equation is the guided-wave power per unit distance along the 

wavefront. and f30 is the low power propagation vector. If we now substitute Eq. 

(2.39) into Eq. (2.28) we get: 

(2.41) 

As was stated earlier. maximum coupling efficiency is achieved if phase-match 

condition is maintained over the entire coupling region. From Eq. (2.41) we see that 

this means that for optimum coupling we must have 

kOflC sine + ~ = f3 + t.f3(x). (2.42) 

From this equation it is clear that it is not possible to maintain the phase-match 

condition at all levels of power. At low powers. assuming phase matching. we have 

(2.43) 
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and from Eq. (2.40) 

t:..{3(x) ... 0 

and hence Eq. (2.41) reduces to Eq. (2.31) which is the rate equation for the case of 

linear coupler (perfect synchronism). However. as the incident power is increased 

and as the guided-wave power grows under the grating coupler. t:..{3(x) is no longer 

zero and in fact will have different values at different points of the coupling region. 

As a result. Eq. (2.42) is no longer satisfied. synchronism is lost. the guided wave 

field amplitude no longer grows linearly with propagation distance. and thus. the 

coupling efficiency will be reduced. This reduction in coupling efficiency limits the 

efficiency of nonlinear interactions in optical waveguides. Therefore an important 

question is how can coupling efficiency be optimized at high power levels? From 

Eq. (2.42) we can see that one way to improve the phase matching condition at high 

power levels is to change e . the angle of incidence. So by disturbing the initial 

phase matching condition we can optimize the coupling efficiency '1t high powers. 

We allow for this change by defining a detuning term t:..N as 

(2.44) 

Therefore. Eq. (2.41) can be written as 

.E.- () = t . () i(6.N - 6.Jl(x»x [ I ] () ax agw x m am x e - ]" + Ci agw x . (2.45) 
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From Eq. (2.42) we can also see that for a given power level phase matching can be 

improved by properly chirping the grating. In the next section we present numerical 

results on the effects of detuning and chirping as well as changing the beam size on 

the coupling efficiency at different power levels. But before we proceed to the 

numerical analysis of Eq. (2.45) we include the effects of saturation in a simple 

phenomenological way. To allow the guided wave effective index to saturate with 

power we can replace Eq. (2.40) with 

(2.46) 

where f:J.(3max is the saturation value for f:J.(3 . We see that f:J.(3(x) for low powers 

simply reduces to Eq. (2.40). For high powers Eq. (2.46) reduces to 

or its saturation value and thus the coupler becomes linear again. 

Numerical Results and Discussion 

Up to this point we have derived a rate equation (Eq. (2.45)) describing how 

the amplitude of a guided mode grows in the coupling region of a grating coupler 

subject to an incident Gaussian beam. In this section. we present a numerical 

analysis of Eq. (2.45) comparing linear and nonlinear grating couplers and studying 

the effects of various parameters on the coupling efficiency of a grating coupler at 

different incident power levels. The coupling geometry we IIssume for this analysis 
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is shown in Fig. 2.4. The substrate is Soda Lime glass with an index of refraction 

equal to 1.5. The grating is etched into the substrate using the techniques described 

in Chap. 3. The period of the grating is 0.19 microns and its peak-to-peak 

amplitude is 0.03 microns. The substrate is coated with a 1 micron thick film of 

index 1.6 (e.g. liquid crystal). The incident beam is a Gaussian laser beam at 5145 

o 
A. The incidence is from the substrate side and the angle of incidence is - 48.4 

degrees. This form of coupling is referred to as negative or backward coupling. and 

as we will see in the next Chapter results in maximum coupling efficiency by virtue 

of eliminating unnecessary diffraction orders. We assume a third-order nonlinearity 

of n2[ = 10-9 m2/w for the film. So in our numerical analysis only the film is 

considered to be nonlinear. Our analysis has shown that for incident power levels 

of 10-8 w /mm or less the grating behaves linearly meaning that its behavior becomes 

independent of incident power for the above range. We now consider effects of 

various parameters on the coupling efficiency at different power levels. 

The effect of beam size 

Figure 2.5 shows coupling efficiency versus the ratio of coupling distance to 

beam size. fc/v.'o • for three different powers and zero detuning. Since fc is a 

property of the coupler and the waveguide. and thus independent of power and 

beam size. the horizontal axis is effectively the il1Verse of beam size. The solid 

curve describes the behavior of a linear coupler (power is 10-8 w/mm). In this case 

the maximum coupling efficiency is 80% and occurs at fc/wo = 1.5. This number 

matches previous studies of linear couplers (see for example. Ogawa et at. 1977). 

However. as the power is increased to 10-6 w/mm (the dashed curve) and to 10-5 

w /mm (the dotted curve) the peak coupling efficiency drops and occurs at smaller 
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d=1",m 

A=5145 A 

Figure 2.4 Coupling geometry for the numerical analysis. The coupling is backward 
and from the substrate side for maximu:Il efficiency. 
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Figure 2.5 Coupling efficiency versus ratio of coupling distance to beam size for 
three different power levels. 
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beam sizes. In other words, using a smaller beam size as the incident power is 

increased, improves the coupling efficiency. This is because as power is increased 

the loss of synchronism occurs at a faster rate, i.e., over a shorter distance along the 

coupling region. Therefore the beam size must be reduced to improve the coupling. 

Note that for small enough beam sizes (large lc/wo) the coupling efficiency is the 

same (and small) regardless of the input power. This is because the bE'am size is so 

small that over the coupling region the film's effective index remains essentially the 

same. Therefore if maintaining a constant coupling efficiency is a priority in an 

experiment, then using a small beam size is an option. This of course is achieved at 

the expense of higher coupling efficiencies. 

The effect of position 

Figure 2.6 shows coupling efficiency as a function of distance in the coupling 

region. The horizontal axis covers the interval -3 mm to +3 mm (-2wo to +2wo) 

assuming that the incident beam is centered at x=O. All plots are for lc/wo = 1.5 • 

the optimum "". , for a linear coupler. This means that the beam size is not 

changed as the power is increased. For a linear coupler (p=1O-8 w/mm) the peak 

coupling efficiency occurs at O.74wo. As the power is increased the peak coupling 

efficiency decreases. and its position moves towards the center of the incident beam 

(O.S6wo for the dashed curve, O.Slwo for the dotted curve). Since, in practice, the 

grating is cut off where the peak coupling occurs, the above results suggest that if 

the incident beam size is to be kept the same. then a lateral shift in the incident 

beam (along x) improves the coupling efficiency as the power is increased. Note also 

that as the power is increased the width of the region over which the coupling drops 

by a factor of two increases from the linear value of 1.8wo to 1.9wo (dashed curve) 
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Figure 2.6 Coupling efficiency as a function of distance in the coupling region for 
three different power levels. The incident beam is centered at x:aO, and the beam 
size is fixed as the power is changed. 
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to 2.6wo (dotted curve). This suggests that the coupling efficiency becomes less 

sensitive to a lateral shift of the incident beam as the power is increased. Note that 

£c/wo is the same for the three power levels in Fig. 2.6. If' we now use the results 

of Fig. 2.5 to plot coupling efficiency versus position for a given input power with a 

corresponding optimum £c/wo we get somewhat different sets of curves as shown in 

Fig. 2.7. In this figure the horizontal axis is in terms of woo meaning that for each 

curve the distances are normalized with respect to its corresponding optimum beam 

size. We can see that compared to Fig. 2.6 the peak coupling efficiency for the 

nonlinear cases are higher in Fig. 2.7. Moreover. the peak moves in the opposite 

direction in this figure as opposed to Fig. 2.6. Comparing these two figures we can 

also see that reducing the incident beam size is more effective than lateral shifting of 

the beam in optimizing the coupling efficiency as the incident power is increased. 

The effect of deluning 

Figure 2.8 shows coupling efficiency versus detuning at two different power 

levels. For the linear coupler (solid curve) the maximum coupling occurs at zero 

detuning and it drops rapidly and symmetrically for non-zero detuning. For the 

nonlinear coupler. on the other hand. positive detuning maximizes coupling to more 

than 30% versus a 14% coupling efficiency for no detuning; an increase by a factor 

of 2. We can also see that a negative detuning reduces the coupling. To understand 

this behavior we refer to Eq. (2.42). Since n2f is positive. an increase in power 

causes .t./3(x) in Eq. (2.42) to increase. Therefore only a positive deluning. which 

corresponds to an increase in the incident angle. can compensate for an increase in 

.t./3(x). and thus. improve coupling efficierLcy. We can also see that. although 

deluning improves coupling. the coupling efficiency does not increase to the linear 
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Figure 2.7 Coupling efficiency as a function of distance in the coupling region for 
three different power leveis. The incident beam is centered at x=O. and the beam 
size'is adjusted for maximum coupling as the power is changed. 
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Figure 2.8 Coupling efficiency versus detuning for two different power levels. 
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value of 80%. This is due to the fact that detuning changes the phase match 

condition uniformly over the coupling region, whereas ~13(x) has different values 

over the same region. In other words, detuning is an average improvement, as 

opposed to a point-by-point improvement, over the coupling region. 

Figure 2.8 also suggests applications to optical switching. Consider the 

detuning that corresponds to maximum coupling at high power (~No from Fig. 2.8). 

This same detuning results in a very small coupling efficiency for the linear coupler. 

This may be used in optical logic applications in which an initially mismatched 

coupler can be pushed to higher coupling efficiencies by increasing the incident 

power. This was recently demonstrated experimentally in our group using a ZnS 

waveguide (Assanto et al. 1986). 

Figure 2.9 demon!;trates the effect of detuning in a slightly different way. In 

this figure coupling efficiency is plotted as a function of incident power. The two 

upper curves assume no losses ;n the waveguide (0:=0) and the two lower ones 

assume some loss (0:=1 cm- l ). If the coupler is initjally optimized (at P=1O-8 w/mm) 

and this condition (~N=O) is maintained while the incident power is increased, we 

get the two solid curves. We can see that coupling efficiency reduces from a 

maximum value of 80% at low power to a low value of about 3% at high power. 

However, if as we increase the incident power we detune to maximize the coupling 

efficiency, then we obtain the two dashed curves in Fig. 2.9. Comparing the two 

upper curves we again see that detuning increases the coupling efficiency but even 

with this optimization the coupling efficiency drops with increasing incident power. 
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Figure 2.9 Coupling efficiency versus incident power. The notation "opt," means 
optimum value for detuning. 
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The effect of chirping 

Figure 2.10 shows coupling efficiency versus grating chirp rate (as defined in 

Chap. 4) for three different power levels. For the linear coupler (solid curvfl). since 

perfect phase matching condition exists over the entire coupling region. we expect 

any chirping to cause the coupling efficiency to drop. This is evident from Fig. 

2.10. On the other hand. we r-an see that chirping improves the coupling efficiency 

for a nonlinear coupler. Note that the optimum required chirp rate increases with 

increasing incident power and that the peak also becomes sharper. meaning that as 

the power is increased the coupling efficiency becomes more sensitive to the chirp 

rate. For design consideration. it is interesting to note that the optimum chirp rate 

corresponding to a lower power level improves the coupling efficiency at higher 

powers but the opposite is not true. This suggests that in general. when designing a 

chirped coupler. the chirp rate should favor the coupling efficiencies at lower power 

levels. 

In Fig. 2.11 the effect of chirping on the coupling efficiency is demonstrated 

in a slightly different way. In this figure the coupling efficiency is plotted versus 

incident power for two different chirp rates of an input grating coupler. We can 

see that for each chirp rate the coupling efficiency peaks at a different power level 

and th~t this peak moves towards smaller power values as the chirp rate is reduced. 

It is also interesting to note from this figure that chirping like detuning can be used 

in optical switching applications. 

The effect of waveguide losses 

Figure 2.12 shows the effect of waveguide losses on coupling efficiency for a 

linear coupler. Similar effects occur as power is increased. The figure plots 
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Figure 2.10 Coupling efficiency versus grating chirp rate for three different power 
levels. 
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Figure 2.11 Coupling efficiency versus incident power for two different chirp rates. 
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Figure 2.12 Coupling efficiency versus detuning for three different attenuation 
coefficients. 
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coupling efficiency versus detuning for three different attenuation coefficients. We 

can see that the peak coupling efficiency drops with increasing losses and that at the 

same time the width of the Lorentzian curve increases. Figure 2.12 clearly indicates 

that f/ increases as waveguide losses are reduced. 

We have summarized our results in Table 2.1. All values for the nonlinear 

coupler refer to an incident power of 10-5 w/mm. The notation "opt". where it 

appears in this table. refers to the optimum value of the parameter. The 

corresponding optimum value is given next to it in parantheses. For example. for a 

linear coupler the optimum values of lc/wo . AN • and chirp rate are 1.5. O. and O. 

respectively and these result in a coupling efficiency of 80%. If we now simply 

increase the incident power fromlO-8 w/mm to 10-5 w/mm the coupling efficiency 

drops to 14%. From the table we see that if we optimize only one parameter. then 

chirping the grating has the greatest effect (42% at a chirp rate of 1.6 x 10-5). This 

is due to the fact that chirping and A{3(x). as opposed to deluning. effect the phase 

matching condition as a function of distance rather than uniformly. in the coupling 

region. When we optimize all parameters at the same time we get the values listed 

at the bottom of the table. These parameters result in a coupling efficiency of 51 %. 

an increase by almost a factor of 4 over the initial 14%. However. note that this 

chirp rate reduces the coupling efficiency at lower powers considerably (Figure 

2.10). So great care must be taken when designing a chirped grating coupler. 

In Chap. 4 we present some experimental data in support of some of the 

theoretical results presented in this Chapter. In particular. using a Polystyrene 

waveguide with thermal nonlinearity we demonstrate the effects of such parameters 

as the grating chirp rate. detuning. and incident power on the input coupling 

efficiency. 



Table 2.1 Summary of Num'.!rical Results 

Coupler l/wo 

L opt (1.5) 

N 1.5 

N opt (9) 

N 1.5 

N 1.5 

N opt (3.8) 

Key: L: Linear coupler 
N: Nonlinear coupler 

opt: optimum value 

~N Chirp Rate 

opt (0) opt (0) 

0 0 

0 0 

opt (1.4 x 10-14) 0 

0 opt(1.6 x 10-5) 

opt (0) opt (2 x 10-5) 
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1/% 
- '7"= 

80 

14 

28 

30 

42 

51 
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In summary. the coupling efficiency of a grating coupler decreases with 

increasing incident power. Optimum values for the beam spot size. incident angle. 

chirp rate. and beam position all become power dependent. changing from one power 

level to another. This nonlinear behavior of a grating coupler has potential 

applications to optical logic and switching. 



CHAPTER THREE 

FABRICATION OF GRATING COUPLERS 

In Chap. 2 we discussed the theory of nonlinear grating couplers using a 

coupled-mode approach. We demonstrated how such parameters as beam size, 

incident angle, grating chirp rate, and the incident power affect the coupling 

efficiency. In this Chapter we address the question of fabrication of grating 

couplers in detail, from the initial step of design to the final step of testing the 

grating. We introduce a new interferometric technique, that was developed in our 

laboratory, to fabricate photoresist gratings. We also describe a very successful 

etching technique for replicating photore£ist gratings into the film or the substrate as 

the case may be. Using these techniques we have been able to obtain the highest 

coupling efficiencies that have been reported in the literature for an etched grating 

coupler. 

The most widely used techniques for fabricating periodic structures are based 

on holographic interferometers. This approach usually consists of dividing the beam 

via a beam splitter and then using two optical trains to superimpose the resulting 

two beams on the sample to produce an interference pattern (Dakss et al. 1970; 

Tsang and Wang 1974; Heflinger et al. 1982). This pattern exposes a thin 

photoresist layer, which was previously spin coated on the sample. This exposed 

photoresist is subsequently developed resulting in a resist grating on the sample. 

However, such approaches are susceptible to vibrations which can wash out the 

50 
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interference pattern and reduce the quality of the grating. The interferometric 

technique described in this Chapter greatly reduces such undesirable effects by 

eliminating the need to split the beam into two separate optical paths. The 

experimental arrangement is essentially based on Lloyd's mirror fringes and is 

characterized by its stability. simplicity. and versatility. 

In general there are five steps in the fabrication of a grating. They are listed 

below: 

(1) Design 

(2) Substrate preparation 

(3) Photoresist application. exposure. development 

(4) Etching 

(5) Testing 

We now address each of these steps in detail. 

Design 

A grating coupler is most often designed for optimum coupling efficiency 

under some practical restrictions. One such restriction could be that in a particular 

design backward coupling (as defined later) may not be practical because the 

incident beam would interfere with proper monitoring of, for example. the guided 

mode. In some other cases it may not be possible to couple from the substrate region 

because the substrate may not be transparent at the operating wavelength. With such 

possible limitations in mind. the parameters to be determined when designing a 

grating coupler are: the grating period. the groove depth. and the grating chirp rate. 

We discuss chirped and curved gratings in the next Chapter. Here we address the 

question of determining the other two parameters. 
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The condition for phase-matched coupling between a beam incident from the 

cladding region and a guided mode for a grating coupler is given by (Fig. 3.1): 

(3.1) 

where nc is the index of refraction of the cladding medium, p is the diffraction 

order (p = ±l, ±2, ... ), A is the grating period, Bj is the incident angle, and f3 is the 

guided-wave wavevector. The range of values of f3 for all possible modes of the 

structure shown in Fig. 3.1 are given in Fig. 3.2 (assuming ns>nc' the usual case). 

The horizontal axis is f3 and is broken down into three different regions. Region I 

consists of all the cladding modes which are radiation modes (continuous, unconfined 

in the film) that have f3 values between -konc and +konc. Such fields are 

characterized by the property that they can exist both in the cladding and the 

substrate regions and can penetrate from one to the other through the film without 

suffering total reflection at the film-cladding or the film-substrate interfaces. 

Equivalently: these fields can be characterized as incident fields from the substrate 

side with an angle of incidence Bj such that Bj<Bc<s where Bc and Bs are critical 

angles at the film-cladding and the film-substrate interfaces, respectively. Region 2 

in Fig. 3.2 consists of all the substrate modes which are radiation modes with f3 

values between kons and konf or between -kons and -konf. These modes are 

described by plane waves that can exist only in the substrate region and not in the 

cladding region. Any such field in the substrate can not travel through the film and 

into the cladding because of suffering total internal reflection at the film-cladding 

interface. Similar to the above discussion, these fields can also be described as 

incident fields from the substrate region with Bc<Bj<Bs. Finally region 3 includes all 



53 

CLAD. 

FILM '---/3 

sus. 

Figure 3.1 Geometry for phasematched coupling for a grating coupler. The beam is 
incident from the cladding region. 
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Figure 3.2 Range of {3 values for aU possible modes of a slab waveguide. The 
horizontal. axis is broken down into three different regions: (1) Cladding modes, (2) 
Substrate modes. and (3) guided modes. 
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the allowed guided modes (discrete. confined in the film) of the structure shown in 

Fig. 3.1. Any such discrete mode can exist only in the film region (except for the 

evanescent tails of the mode that exist in cladding and substrate regions) and can be 

geometrically characterized by a plane wave in the film with a wave vector that 

makes an angle ej with the z-axis such that ej>es>ec . Such a field will be confined 

in the film by being totally reflected at both interfaces. 

In a typical coupling arrangement such as the one shown in Fig. 3.1 the 

coupling occurs between a cladding mode and a guided mode (points Band C in Fig. 

3.2). Using Eq. (3.1) we can write the following relations from Fig. 3.2: 

AB = koncsinej; 

AC = {3; 

BC = P ~. 

where the bar sign denotes distance. 

(3.2) 

(3.3) 

(3.4) 

With this introduction we now assert that in order to obtain high coupling 

efficiency. one must first minimize the number of unnecessary diffraction orders. 

This is equivalent to minimizing the numerical value of p in Eq. (3.1). From this 

equation we can see that there are two important and related parameters that 

determine the value of p required to achieve phasematching. One is the angle of 

incidence ej and the other is the grating periodichy A. To minimize p we must 

choose the incident {3 at a suitable point in Fig. 3.2 (point B). that is. choose an 

appropriate incident angle. In addition. and more importantly. we can see from Eq. 

(3.4) that to minimize p we must choose a grating periodicity that would result in a 
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relatively large 2n/A • or equivalently. a relatively large diffraction angle. This way 

one can ensure that the only diffraction that occurs is the one that matches the 

guided-wave wave vector. From Fig. 3.2 we can see that this can be achieved if the 

incident {3 is located at points Be (incidence from cladding) or Bs (incidence from 

substrate). These coupling arrangements are referred to as backward or negative 

coupling. A typical backward coupling from the cladding side is shown in Fig. 3.3. 

In contrast. the coupling arrangement of Fig. 3.1 is referred to as forward or positive 

coupling. Our analysis has shown that backward coupling is more efficient if 

incidence is from the substrate (in general. the region with the higher index). This 

conclusion is consistent with previous findings (Ogawa et al. 1973). From Fig. 3.2 

we can easily determine the range of allowed grating periodicities for a desired 

coupling configuration. This information is provided in Table 3.1. 

The other factor that effects the coupling efficiency is the grating depth. The 

coupling efficiency mayor may not be a strong function of the grating depth 

depending on the particulars of the waveguide structure. In practice one must 

determine the optimum depth numerical1y. If the analysis shows that the coupling 

efficiency is not strongly dependent on the grating depth. then in general the design 

should be made for a shallower non-optimum grating since the fabrication of such a 

grating is easier. 

One should also take into account practical considerations when designing a 

grating. For example. the grating should be designed for a practical incident beam 

size such as 1 mm. while at the same time keeping the ratio of coupling distance to 

beam size close to the optimum value (Chap. 2). In addition. as was stated earlier. 

although backward coupling is the most efficient. it is not always convenient. For 
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Figure 3.3 Backward coupl~ng into the waveguide. The beam is incident from the 
cladding region. . 
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Table 3.1 Periodicity Range for Different Configurations 

CONFIGURATION ALLOWED RANGE 

Forward Coupling 1- <A < A 
nr ns - nc 

From Cladding 

Backward Coupling A < A < 1-
nr + nc ns 

From Cladding 

Forward Coupling A> A 
nr - nc 

From Substrate 

Backward Coupling A <11.< A 
nr + Ds ns + nc 

From Substrate 
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example, sometimes backward coupling causes the input beam to cross paths with an 

output beam which is not desirable. 

The experimental arrangement that we used to produce periodic structures is 

shown in Fig. 3.4. For the light source we used a He-Cd laser (Liconix Model 4240) 

operated at 4416 Angstroms (TEMoo). The average output of the laser was about 25 

mW with a beam diameter (l/e point) of 1.2 mm. The spatial filter in Fig. 3.4 

serves two purposes. One is to block any residual higher order modes. The other is 

to eliminate possible diffraction effects that are mainly due to scattering centers 

(such as dust particles) on the laser cavity mirrors. The spatial filter (all parts made 

by Jodan Laser) consisted of a 40X objective with a N.A. of 0.65, followed by an 

aperture of 5 microns in diameter. The collimator was a mUltiple lens system with a 

focal length of 80 mm. The output of the spatial filter was a collimated 

beam of 2.5 cm in diameter (the beam was collimated by monitoring the interference 

pattern off of a plane parallel plate located in the path of the beam) with an average 

power density of about 7 m W /cm2 with an intensity variation of about 20% over the 

entire beam cross section. Sometimes we used a diverging lens (-10 cm focal length) 

between the pin hole and the collimator to get a more uniform intensity beam. This 

resulted in an average power density of about 2 m W /cm2 with an intensity variation 

of about 5%. The element "A" in Fig. 3.4 represents a flat mirror (},./1O flatness) 

with dimensions 2" x 2". The sample to be exposed was placed in position "8", held 

tightly against the mirror and making a convenient angle of 90 degrees with it. The 

mirror assembly sat rigidly on a calibrated rotation stage, hence allowing for the 

angle 01./2 to be changed very easily. 01./2 is the angle that the incident beam makes 

with the mirror. The sample is exposed in the following manner: About half of the 



Electric Shutter 

He-Cd Laser"""'----i 
A:4416 AQ 

A=4416A 

r 
SPATIAL 
FILTER 

60 

Figure 3.4 Experimental arrangement for fabrication of photoresist gratings. "A" is 
a flat mirror. "8" is the sample. 
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incident beam illuminates the sample directly. and the other half falls onto the flat 

mirror. This mirror reflects its portion of the beam so that it overlaps the area on 

the sample which was directly illuminated by the laser. The superposition of these 

two beams results in an interference pattern along the sample plane. The sample is 

coated with photoresist. and hence an interference pattern is formed in the resist. 

Using this arrangement gratings as wide as about I cm (direction normal to the 

grooves) and as long as about 2 cm (direction parallel to the grooves) can be 

fabricated. 

We can easily show that the period of this grating pattern is given by 

A = _....:.A"----_ (3.5) 
O! 

2 Sin 2" 

where {3 is the wavelength of the light source. From this relation we see that the 

minimum period achievable with the He-Cd 0.44J.Lm laser line is A/2 or about 0.22 

microns. If shorter veriods are needed. the mirror-sample assembly can be 

submerged in a high index liquid tank with an entrance window or the laser cavity 

mirrors can be changed to UV mirrors so that the laser can operate at a shorter 

wavelength (3250 Angstroms). 

The arrangement in Fig. 3.4 is essentially based on Lloyd's mirror and has 

many advantages over the more traditional fabrication arrangements. Among them 

are: 

(1) The arrangement is simple. and the small number of optical elements 

considerably enhances the optical efficiency of the system. 
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(2) The vibration effects are reduced. 

(3) The optical path length of the system is kept short. 

(4) The arrangement takes up very little space (50 cm by 20 cm excluding the laser) 

which is a considerable advantage in valuable lab space. 

(5) Changing the grating period is accomplished simply by adjusting the angle CJ./2 

between the mirror and the incident beam. This is easily done by rotating the 

rotational stagp-o 

(6) A single cylindrical lens can be inserted easily into the interferometer between 

the collimating lens and the mirror-sample unit to produce chirped and curved 

gratings (Chap. 4). 

Substrate Preparation 

Proper cleaning of the substrate is an important step in the fabrication of a 

grating coupler. This is primarily due to two reasons. First a dirty substrate 

surface adversely effects the quality of the grating by introducing bumps and 

nonuniformities in the grating region (for example. dust particles can fill the grating 

grooves). Second. an unclean substrate considerably reduces the adhesion between 

the photoresist and the substrate causing the resist to peal and crack. 

There are many possible procedures for cleaning a substrate. Which 

procedure to use depends largely on the substrate (or waveguide) material and its 

physical and chemical properties such as ruggedness or ill the case of a waveguide 

adhesion to the substrate. Hot acid baths are most appropriate for rugged substrates 

such as Soda Lime or Silicon wafers. Chromic acid or Ammonium 

persulfate/Sulfuric acid are typically used (Van Zant 1980). Another method 

involves using Liquinox soap in an ultrasonic cleaner. In general. the most important 
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point in any cleaning procedure is to not allow a substrate to dry once it becomes 

wet until the entire cleaning operation is complete. 

The cleaning procedure we followed most frequently consists of soaking the 

substrate in Trichloroethylene in an ultrasonic cleaner (at a temperature of 

approximately 80 degrees) for about 10 minutes. followed by a rinse in deionized 

water for 5 minutes. Next the substrate is soaked in Isopropyl alcohol for about 5 

minutes at room temperature. followed by a thorough rinse. Finally. the substrate is 

dried with ultrapure Nitrogen gas and baked at 200'C for about an hour. 

Photoresist Application, Exposure, and Development 

Photoresist Application 

Once the substrate is properly cleaned and dried. it is coated with a layer of 

photoresist which is a light sensitive organic material. There are two types of 

photoresists - negative and positive. In positive photo resists the exposed areas 

become soluble as they absorb light so that upon development only the exposed areas 

are dissolved away. In negative resists the opposite is true. It has been extensively 

demonstrated that positive photoresists are more sensitive to t!1e visible light. have 

higher resolution and better adhesion to the substrate after development (see for 

example. Bartolini 1972). For these reasons we used positive photoresists almost 

exclusively. specificallY positive resists 1300-17 and 1400-17 made by the Shipley 

Company. These photoresists have been well studied and have been shown to have 

the necessary resolution for recording holograms (Livanos et al. 1976; Austin and 

Stone 1976). Some of the properties of these two photoresists are listed in Table 3.2 

(Shipley Technical Manual 1982). 



Table 3.2 Photoresist Properties 

PROPERTY 

Viscosity 

Index of Refraction 

(44 I 6AO) 

1300-17 

5 

1.67 

PHOTORESIST 

1400-17 

5 

1.68 

64 
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Although both photoresists have low viscosity (about 5 cSt at 25'C). even 

lower ones can be obtained by using a suitable thinner (Shipley thinner type A). 

This is important because the resist thickness is determined by two factors: the 

photoresist viscosity and the speed used to spin coat the substrate. Figure 3.5 shows 

the average resist thickness versus spin speed for various resist concentrations. 

There are a number of factors which determine the desired groove depth and 

hence resist thickness. If the grating is to be eventually etched into the substrate. 

the relative etching rates of the substrate and the resist determine the minimum 

required resist thickness. The other factor is the periodicity of the grating. It is 

hard to get reproducible gratings with high aspect ratios (close to one) if the resist 

thickness is greater than the designed grating period. It is also impractical to expose 

such resist gratings all the way to the substrate top surface without overexposing the 

resist. Therefore. in general. the thickness of the resist layer should be less than the 

designed grating period. The other factor is the effect of standing waves in 

photoresist gratings when the substrate is highly reflective. This effect becomes 

more significant as the period of the grating is reduced. This effect can be 

minimized by various techniques such as by ensuring that the resist is thin enough 

so that its top surface does not lie in a zero intensity region of the standing wave 

(Boivin 1973; Powers and Bryan 1980). It has also been demonstrated that post 

exposure bake prior to development can reduce standing wave effects (Batchelder 

and Piatt 1983). 

Once a thickness is decided upon. the resist is spin coated onto the substrate at 

room temperature for 30 seconds. followed by a softbake at 90'C for 25 minutes to 

remove the majority of the solvent from the resist coating. 
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Figure 3.5 Photoresist thickness versus spinner speed. The solid curve is for pure 
photoresists. The dashed curve is for diluted photoresist. 
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Exposure 

After the coated substrate is cooled down to room temperature it is exposed to 

laser light using the arrangement of Fig. 3.4. There have been several studies 

deriving relations between such parameters as the incident beam intensity. resist 

thickness. substrate reflectivity. grating period. and the exposure etch rate (for 

example see Austin and Stone 1976). However. the exposure time is best 

determined for each case (material. period. etc.) empirically. In each case we chose 

an exposure time of a few seconds less than the minimum exposure time that would 

cause the grating to wash off upon development. This ensured that the photoresist 

grating bottom reached the substrate. an important point in the subsequent etching of 

the grating into the substrate. When exposing. it is important to ensure that the 

intensity variation of the incident beam over the resist area to be exposed is 

sufficiently small so that the photoresist is exposed uniformly. Our experimental 

studies have shown that if this intensity variation is less than 10% than the resulting 

grating is uniform (in terms of periodicity and groove depth) over the entire grating 

region (as checked using a Scanning Electron Microscope. or SEM with a~ accuracy 

of 2%). As was stated earlier this could be easily achieved by introducing a negative 

lens in the arrangement of Fig. 3.4. It is also important that the incident beam be 

collimated to ensure constant grating periodicity. Using the collimating procedure 

that we described earlier we have detected (using meihods explained later in this 

Chapter) no variation in the grating periodicity over the grating region. 

Development 

After exposure the resist was developed. Based on our experimental analysis. 

we found that a developing time of 30 seconds in a diluted developer (l part 
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Developer 351 by Shipley, 4 parts deionized water) gave a consistent result for a 

wide variety of periodicities. After development the resist grating was hard baked at 

120'C for 25 minutes. Hardbake removes the solvent and increases adhesion. 

Before we proceed to the next section we highlight some of the points that 

have been covered so far by discussing photographs of a few photoresist gratings 

that have been fabricated in our laboratory. The pictures have all been taken using 

a DS-130 Scanning Electron Microscope manufactured by lSI. This SEM had a 

resolution of close to 100 Angstroms and the measurements were accurate to 2%. To 

get a clean and smooth cross-sectional profile of a grating, the grating was 

submerg~d in liquid nitrogen and then broken along a line normal to the groove 

lines. 

Figure 3.6 shows a typical 0.7 micron grating on Soda Lime glass. The 

horizontal bar at the bottom of the figure corresponds to :l distance of I micron, and 

the magnification is 12.6 thousand times. This picture is an example of a good 

photoresist grating since the aspect ratio is high (almost one), the profile is uniform, 

and the photoresist is exposed all the way to the substrate which is important when 

etching the grating. 

In Figs. 3.7(a) and 3.7(b) we demonstrate the importance of sufficient 

uniformity in the intensity of the incident beam. Both figures refer to the same 

grating (0.7 micron period on Soda Lime glass) but the photographs are taken from 

two different cross-sectional locations. The intensity variation in the incident beam 

was close to 30% (from center to the tail of the Gaussian). Fig. 3.7(a) shows the 

grating that was formed by the center of the Gaussian incident beam which is more 

intense (Fig. 3.7(c), point A). Figure 3.7(b), on the other hand, shows the grating that 
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Figure 3.6 SEM photograph of a photoresist grating on Soda Lime glass. The grating 
period is 0.7 microns. The horizontal bar at the bottom of the figure corresponds to a 
distance of I micron. The magnification is 12.6 thousand times. 
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(a.) 

Figure 3.7 Demonstration of importance of sufficient uniformity in the intensity of 
the incident beam. Both figures refer to the same grating but the photographs are 
taken from two different cross-sectional locations: (a) grating formed by the center of 
the Gaussian incident beam (point A). (b) grating formed by the tail of the incident 
beam (point B). (c) The exposure arrangement. 
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was formed by the tail of the incident beam which had a lower intensity (Fig. 3.7(c). 

point B). Note that the photoresist grating in Fig. 3.7(a) is properly exposed (the 

resist is exposed all the way to the substrate). whereas the grating in Fig. 3.7(b) is 

underexposed. This is due to the large intensity variation in the incident beam. 

When we increased the exposure time to properly expose the grating in Fig. 3.7(b) 

the grating in Fig. 3.7(a) was overexposed. and washed away upon development. As 

we stated earlier. our experimental analysis has shown that as long as the intensity 

variation of the incident beam is less than 10% over the grating region. the grating 

profile will be uniform. 

It is also interesting to compare Fig. 3.7(a) with Fig. 3.6. Both gratings have 

a period of 0.7 microns but the one in Fig. 3.6 has a higher aspect ratio. This is 

due to the fact that the spin coated photoresist layer in Fig. 3.6 was thinner than 

that in Fig. 3.7(a). In general. the aspect ratio tends to increase as the resist 

thickness is reduced. 

Figure 3.8 demonstrates an underdeveloped grating. The grating (0.7 microns) 

was properly exposed (30 seconds) but the developing time was reduced from the 

optimum value of 30 seconds to only 3 seconds. This resulted in a very shallow 

grating as evidenced by the picture. Had this grating been developed properly the 

result would have been similar to Fig. 3.7(a). 

Figure 3.9 demonstrates the degree of uniformity with which small period 

gratings can be fabricated. The figure shows the top view of a 0.4 micron grating 

on Fused Silica. The magnification is 3.6 thousand times. Notice the uniformity of 

the grating in terms of both groove depth and periodicity. as well as its high aspect 

ratio. Although this photograph covers a distance of only 30 microns. the entire 

.---.--.----~----------------------
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Figure 3.8 SEM photograph of an underdeveloped grating. The lack of sufficient 
developing time resulted in very shallow grooves. 
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Figure 3.9 Demonstration of the degree of uniformity with which small period 
gratings can be fabricated. The grating period is 0.4 microns. and the SEM 
magnification is 3.64 thousand times. 
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grating region (1 cm by 1.5 cm) had the same uniformity (within 2% which is the 

accuracy of SEM). Such uniformity over such a wide area offers great flexibility in 

choosing a spot size for optimum coupling. 

Figures 3.10(a) and 3.10(b) show a grating of 0.33 micron periodicity on Soda 

Lime glass. The magnification in Fig. 3.10(a) is close to 100 thousand times and 

demonstrates a very high aspect ratio and smooth groove walls in small period 

gratings. The magnification in Fig. 3.10(b) is only about 12 thousand times and the 

photograph is indicative of the uniformity of the profile as well as constant 

periodicity over the entire grating region (1 cm by 1.5 cm). 

Finally. the grating in Fig. 3.11 emphasizes the importance of the initial resist 

thickness. The photograph is of a grating with 0.33 micron periodicity on Soda 

Lime. Notice the large grating groove depth and aspect ratio. In fact. we can 

clearly see that the resist thickness (or the grating depth. about 0.5 microns) is more 

than the grating period. This is not easily reproducible and in fact this photograph 

is not indicative of other locations on the same grating. As we observed at other 

points on the grating. the aspect ratio varied greatly and in many areas the spacing 

between the walls was almost zero. This is due to the fact that the initial resist 

thickness was larger than the grating period. It is interesting to note that. based on 

our experimental results. we have found that higher incident intensities rather than 

longer exposure times are more effective in the fabrication of shorter period gratings. 

Etching 

Photoresist gratings lack durability and ruggedness. They scratch very easily. 

and since they are optically very absorbant. especially in the infrared. they damage 

severely (and permanently) when used to couple high power density beams into 
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'(a) 

, (b) 

Figure 3.10 SEM photographs of a grating of 0.33 periodicty on Soda Lime glass. (a) 
The magnification is close to 100 thousand times. (b) The magnification is close to 12 
thousand times. 
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Figure 3.11 Demonstration of importance of the initial resist thickness. The grating 
period is 0.33 microns. This grating is not easily reproducible because the resist 
thickness (or the grating depth) is more than the grating period. 



77 

waveguides. In addition, in some cases, one needs to fabricate several gratings on a 

waveguide, some of which are so different from each other (e.g. in periodicity) that 

they have to be fabricated separately. For these reasons the photoresist grating is 

often replicated into the substrate by some form of etching technique. In this section 

we describe two etching techniques: Ion-Beam milling (IBM) and Reactive Ion-Beam 

Etching (RIBE). Our emphasis will be on the second technique because, as we will 

see subsequently, it gives much better results. 

Ion-beam etching (or Ion-beam milling) has been used extensively in the 

fabrication of various devices (Funayama et al. 1978; Belson and Wilson 1980). In 

Argon ion milling a beam of Argon ions, which are chemically inert, bombard the 

surface of the substrate and physically sputter off atoms that are located near the 

surface. The biggest advantage of Argon milling is that it can be used to etch 

almost all solid materials. The Argon milling rate for some materials at normal 

incidence and a current density of 0.05 mA/cm2 is given in Table 3.3. It is 

important to note however, that the information in this table must be used with care. 

For example, although the milling rate for 1300-17 resist and Soda Lime are the 

same, it is incorrect to assume that the groove depth in Soda Lime will be the same 

as the depth in photoresist. There are two reasons for this (Auciello and Kelly 1984; 

Dimigen et al. 1976): 

(l) The etching rate is dependent on the angle of incidence of the ion beam and 

hence the milling rate for the resist is determined by the fastest milling rate for all 

possible angles of incidence over the grating region. 

(2) Redeposition of sputtered resist on the substrate not only reduces the effective 

milling rate of the substrate, but since this redeposition does not occur uniformly 



Table 3.3 Argon Milling Rate of Various Materials 

Substrate 
Material 

Soda Lime 

1300-17 

1400-17 

Fused Silica 

znS 

Milling Rate AO/min. 
(0.05 A/cm2) 

60 

60 

50 

80 

150 
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over the substrate. it also causes the final etched surface to be very rough and 

bumpy. 

For these reasons Argon ion-beam etching is not a good choice for milling 

materials that do not have a large milling ratio with respect to the photoresist. In 

fact using this technique we have not been able to fabricate etched gratings any 

deeper than about 1000 Angstroms in the case of submicron gratings in glass 

substrates. The best coupling efficiency that we have been able to get using Argon 

milling (in ZnO and Polystyrene waveguides) has been 12%. It was this frustration 

with Argon milling that. led us to discover a very successful technique of etching 

grating couplers via Reactive Ion-Beam Etching. 

In Reactive Ion-Beam Etching (RIBE) the beam is made up of chemically 

reactive ions which upon striking the substrate remove the material primarily by a 

chemical reaction and to a much lesser degree by physical ion bombardment. The 

chemical reaction between the incident ions and the substrate atoms converts the 

latter into a volatile product which leaves the surface and is removed by the vacuum 

surrounding. Clearly for RIBE to be most effective one must choose a gas that 

reacts strongly with the substrate atoms to form volatile compounds. RIBE has 

received considerable attention during the past few years and a number of gases 

such as CF4, C2Fs. and CHF3 have been studied (see. for example. Heath 1982; Revell 

and Goldspink 1984). We have primarily used hexafIouroethane. or C2F6 (Freon 116 

by Matheson) to etch different glass substrates. 

As a result of ionization C2F6 breaks down into primarily CF: ions. A mass 

spectrum of the chamber when using C2F6 is shown in Fig. 3.12. Cf+ appears to be 

the dominant ion. When this beam impinges on Si02• the fIourine component 
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interacts with the silicon producing a volatile compound, and the oxygen from Si02 

combines with the carbon component to produce CO and CO2, both of which are 

pumped away. In the case of silicon, the same volatile product is formed, however 

carbon is left on the silicon substrate and must be sputtered away. Because of this 

silicon has a slower etching rate than Si02 (Bollinger 1983). The etchings were done 

using a CVM-65 high vacuum system made by CVC Products. This system 

consisted of one 18-inch diameter pyrex belljar and a PSM-65 pumping system 

which was made up of a mechanical roughing pump, and a PBA-lOO diffusion pump 

with liquid nitrogen cooled internal baffle. The liquid nitrogen acted primarily as a 

block for the oil inside the diffusion pump. The ionization was achieved using a 2.5 

cm ion source manufactured by Ion Tech. The power supply for the ion source was 

an IT-2500 power supply also made by Ion Tech. Table 3.4 lists the etching rate for 

some materials at normal incidence and at a beam current density of 0.05 mA/cm2 at 

the sample. The angular dependence of the etch rate for Soda Lime is shown in Fig. 

3.13 and the etch rate of Soda Lime versus beam current density for normal 

incidence is shown in Fig. 3.14. From Fig. 3.13 we see that the etch rate is fairly 

constant for incident angles of up to 30 degrees. Therefore as long as the beam is 

within this limit (which is easy to achieve) the etching will occur uniformly over the 

sample (meaning that the resulting etched grating is uniform in terms of periodicity 

and groove depth as checked with SEM with a reported accuracy of 2%). Figure 

3.14 is primarily provided as a reference so that the etching data provided here can 

be compared with those given in the literature at other current densities. 

CzF6 causes a relatively rapid degradation of the discharge current due to 

coating of the inside of the gun mostly the anode, such that after about three hours 



Table 3.4 Freon 116 Etching Rate of Various Materials 

Substrate Material 

Soda lime 

1300-17 

1400-17 

Fused silica 

Semic. doped glass 

ZnS 

Etching Rate AO/min. 
(0.05 A.cm~) 

100 

20 

15 

120 

100 

40 
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of operating time beam current densities of 0.05 mA/cm2 could no longer be 

maintained. The operation could be optimized again by abrasive cleaning of the 

inside of the gun. All etchings were done at a current density of 0.05 mA/cm2. This 

choice was based on the fact that current fluctuations at this current density were 

usually small. In addition. at this current density. we could etch about 10 samples on 

the average before the gun had to be cleaned. 

On the average. to achieve a current beam density of 0.05 mA/cm2 at the 

sample (12 inches away from the source) we used a beam voltage of 600 volts. a 

beam current of about 4.5 rnA. an acceleration voltage of 25 volts. a cathode current 

of about 7 amps. and a neutralizer current of about 5.5 amps. The chamber was 

pumped down to base pressure of about 10-5 torr and was brought up to 1-2 xlO-4 

torr with C2Fs . 

We conclude this section by discussing photographs of a few gratings etched 

in different glass substrates using C2Fs gas. These photographs were taken using a 

Scanning Electron Microscope as explained in the previous section. 

Figure 3.15 shows an etched grating with a period of 0.7 microns in Fused 

Silica. Figure 3.15(a) is a cross-sectional profile of the grating and in Fig. 3.l5(b) 

the top view of the same grating is shown. Note the very high aspect ratio of this 

grating. and the smoothness of the groove walls. The grating depth is 0.8 microns. 

although in practice grating couplers almost never require such deep grooves for 

high coupling efficiencies. This was done to demonstrate the excellent ability of 

RIBE with C2F6 for generating very deep. square profile gratings. The walls in 

etched gratings are. in general. smoother and straighter than in the case of photoresist 

gratings. This feature of the process becomes more evident as the grating period is 
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(a) 

(b) 

Figure 3.15 SEM pictures of an etched grating in Fused Silica. The grating period is 
0.7 microns. (a) Cross-sectional profile of the grating. (b) Top view of the same 
grating .. 
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reduced. This is due to the fact that standing wave effects do not playa role in 

etched gratings whE!reas in resist gratings such effects cause undercutting in the 

groove walls. The grating in Fig. 3.15. as well as others presented in this section 

have much higher aspect ratios (in the sub micron periodicity range) than any we 

have seen in the literature (see. for example. Pang et al. 1986). 

Figure 3.16 shows an etched grating with a periodicity of 0.4 microns in 

semiconductor doped glass. As evidenced by this figure a large aspect ratio and 

smooth walls are quite practical even for such small grating periodicities. 

In Fig. 3.17 we demonstrate the fact that the groove lines with RIBE. in sharp 

contrast to Argon milling. remain parallel when C2Fs is used to etch the substrate. 

In the case of the sample shown in this figure we started with a very low aspect 

ratio photoresist grating with straight and parallel groove lines. This grating was 

then etched to a depth of 0.6 microns. As we can see from the figure the groove 

lines remained remarkably straight and parallel to each other. This indicates that the 

integrity of the resist grating is pr~served when etched into the substrate. 

Finally. in Fig. 3.18 we see the top view of a grating (0.7 micron) etched in 

Soda Lime glass. Due to insufficient exposure of the photoresist. the resist grating 

was not exposed all the way to the substrate at many areas and hence subsequently 

those areas were not etched. resulting in the broken grooves in this figure. This 

demonstrates the importance of sufficient exposure time in fabrication of etched 

gratings. It is interesting to note that even this grating resulted in a coupling 

efficiency of close to 20% in a Polystyrene waveguide at 6328 Angstroms. better than 

we had ever achieved using Argon milling. 
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Figure 3.16 SEM photograph of an etched grating in semiconductor doped glass. The 
grating period is 0.4 microns. 



Figure 3.17 SEM photograph of an etched grating with very small aspect ratio. The 
photograph demonstrates the fact that the groove lines remain parallel when C

2

F
6 

is 
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Figure 3.18 Demonstration of consequences of insufficient exposure time. SEM 
photograph of the top view of an etched grating. Due to insufficient exposure time 
the resist grating was not exposed all the way to the substrate at many areas, 
resulting in the broken grooves upon etching. 



91 

Testing 

Once a grating is fabricated it is tested for its periodicity. groove depth and 

profile. and coupling efficiency. We have primarily used three methods to determine 

the above parameters: 

(I) To measure the periodicity of a grating we measured the angle of 1st order 

diffraction of a beam incident on the grating at normal incidence. The experimental 

arrangement is shown in Fig. 3.19 where an incident beam gives rise to a first order 

diffraction angle e. The relation between the angle of diffraction and the incident 

wavelength A is given simply by: 

(3.6) 

where A is the grating period to be determined. Note that this method works only if 

a diffraction order exists. For normal incidence this 1s the case as long as the 

incident wavelength is smaller than the grating period. If this is not the case then 

we can either change the angle of incidence or perform this measurement in a high 

index liquid or do both. 

(2) To measure the coupling efficiency. if the grating was already made on a 

waveguide we simply measured the coupling efficiency at a desired wavelength. If 

the grating was etched in a substrate then we spin coated the substrate with a 

polystyrene waveguide and then measured the coupling efficiency. 

We also used this method to measure the grating period by measuring the 

cOEpling angle e. Having measured e we then measured the film thickness using an 

Alpha-Step 100 by Tencor Instruments. From the film thickness and its known 

index of refraction we were able to determine the guided mode {3 value which we in 

turn used with the value of e in Eq. (3.1) to determine A • the grating period. 
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SAMPLE 

Figure 3.l9 Experimental arrangement for measuring the grating periodicity. 
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(3) We used a Scanning Electron Microscope primarily to examine the uniformity of 

the grating over the entire grating region. its cross-sectional profile. the groove depth 

and the smoothness of its walls. All of our measurements of the groove depth using 

SEM. agreed remarkably well with values predicted from the product of the etching 

rate of the substrate and the etching time. This strongly supports the conclusion that 

RIBE is predominantly a chemical etching method and that. in contrast to Argon 

milling. there is very little redeposition of physically sputtered atoms that would 

reduce the effective etching rate of the substrate. 

We also used the SEM to measure the periodicity of gratings which we found 

to agree with the previous two methods within the 2% error quoted for the 

microscope. The limitation in using the SEM is that it can not be used to examine 

the cross-sectional profile of a grating. without irreversibly damaging the. grating. 

However based on oUl: numerous profile studies using SEM we believe that if used 

as explaiIted in the previous section. RIBE almost always results in smooth square 

profile gratings. 

Using the procedures outlined in this Chapter to fabricate etched gratings. we 

have been able to obtain coupling efficiencies up to 40% in Polystyrene waveguides 

which are the highest coupling efficiencies reported in the literature. 

In summary. we have developed a very simple yet versatile method to 

fabricate submicron photoresist gratings. We have also demonstrated successful 

application of Reactive Ion-Beam Etching using C2F6 in producing very smooth. deep. 

square profile gratings with high aspect ratios. Using these grating couplers we have 

achieved high coupling efficiencies into waveguides. 



CHAPTER FOUR 

APPLICATION OF GRATINGS 

In Chap. 3 we discussed the fabrication of gratings. describing the technique 

developed in our laboratory to fabricate periodic photoresist gratings. We also 

described a successful application of Reactive Ion-Beam Etching using C2F6 to 

fabricate deep sub-micron etched gratings with high aspect ratios in different 

substrates. In this Chapter we discuss some of the applications of gratings in 

integrated optics. Specifically. as promised in the previous Chapter. we explain how 

chirped and curved gratings can be fabricated by modifying the experimental 

arrangement described in Chap. 3. Next we discuss a few gratings that were made 

for different experimental applications. These include fabrication of a grating that is 

used in Distributed Feedback experiments. and a combination prism-grating coupler 

for characterizing high-index films. We conclude this Chapter by presenting some 

experimental data using a grating coupler and a Polystyrene film in support of our 

theoretical findings as presented in Chap. 2. 

Chirped Gratings 

Chirped gratings are gratings with varying periodicity as one moves in a 

direction verpendicular to the grooves. Such gratings have many applications in 

integrated optics. We have already demonstrated in Chap. 2 that in the presence of 

nonlinearities in a waveguide structure. a properly designed chirped input grating 

coupler can substantially increase the coupling efficiency. Another important 

application of a chirped grating is its focusing property when used as an output 
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coupler. As we see shortly. the focal point of a chirped grating is a strong function 

of the guided-mode index and hence the grating can be used to seperate propagating 

beams of different wavelengths and/or polarizations by focusing them at different 

spots outside the waveguide. Chirped gratings can also be used as broad-band 

optical filters (Kogelnik 1976) which can be used as cavity reflectors in Distributed 

Feedback (DFB) lasers (Aiki et al. 1975) or Distributed Bragg Reflectors (DBR) (Ng et 

al. 1976). 

Chirped gratings can be fabricated using the arrangement of Fig. 3.4 by 

simply inserting a cylindrical lens between the collimator and the mirror-sample 

assembly. The geometry of this arrangement is shown in Fig. 4.1. In the 

arrangement of Fig. 4.1 (a) the distance 1 between the cylindrical lens and the mirror-

sample unit (point O. z=O. x=O) is smaller than the focal length of the lens f. This 

results in formation of a chirped grating by interfering two converging beams. We 

refer to this as the Converging Beam Arrangement or CBA. On the other hand. if R 

is larger than f we will get the Diverging Beam Arrangement of Fig. 4.1 (b). In both 

figures the mirror is along the x-axis. the sample along the z-axis. and the focal axis 

of the lens is in the y direction. The mirror makes an angle e with the optical axis 

of the lens. The width of the lens (or the diameter of the beam incident on the lens) 

is d and its focus is at point P(xf. zf) which subtends the lens by a half angle of ¢ 

which is given by: 

d 
tg ¢ = 2[' (4. I) 

--- ---------------------------------------
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figure 4.1 Geometry of experimental arrangement for fabrication of chirped 
gratings. (a) Converging Beam Arrangement (CBA). (b) Diverging Beam Arrangement 
(DBA). 
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The portion of the incident beam which illuminates the sample directly 

intersects the z-axis at z=L. A straightforward calculation leads to the following 

relation for the grating periodicity along the sample (z-axis) for both CBA and DBA: 

(4.2) 
A(z) = I [ z + zr 

J(z + zrY + xr2 

where A is the incident beam wavelength. For CBA we have: 

x = -L Cos(O + rjJ) C.os 0 
r Sill rjJ (4.3) 

zr = -L Cos(O + rjJ) ~:~ :. (4.4) 

and 

L f ft) Sin ¢> 
= ( - ~ Cos (0 + rjJ)' (4.5) 

For DBA we get slightly different results: 

C (" Cos 0 xr = L os (] - rjJ) Sin rjJ (4.6) 

zr = L Cos(O - rjJ) ~:~ :. (4.7) 
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and 

n f) Sin rp 
L = (~ - Cos(O - ¢J)' (4.8) 

We now define the parameter 'Y as 

z 
'Y = [" (4.9) 

'Y is simply the ratio of distance along the sample and L is the largest grating width 

that can possibly be obtained in a particular arrangement. The total grating length is 

given by 'Ymax L where for CBA 

and for DBA 

For z=O Eq. (4.2) reduces to 

Cos(O + rp) 
'Ymax = Cos(O - ¢J)' 

Cos(O - rp) 
'Ymax = Cos(O + cp)' 

}.. 
A(O) = 2 SinO' 

(4.10) 

(4.11) 

(4.12) 
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which is the same as Eq. (3.5). Therefore when designing a chirped input coupler. 

the period at z=O is the value on which one should base the design of a uniform 

period grating before considering the required chirp rate. 

A(z) as given by Eq. (4.2) is plotted versus z in Fig. 4.2 for a CBA where 

j",f/2 and in Fig. 4.3 for a DBA where j=2f. In each case three different focal 

lengths are considered. Figures 4.2(a) and 4.3(a) are plotted for A(0)=0.33 /lm and 

Figs. 4.2(b) and 4.3(b) are plotted for A(0)=0.7 /lm. For each curve the resulting 

Chirp Rate (CR) is also given which is defined as 

(4.13) 

Note that in all cases A increases with increasing z and that the chirp rate 

increases with decreasing focal length. This was expected since smaller focal length 

is associated with stronger focusing. Also note that the chirp rate over a given 

distance increases as A(O) is increased. Comparing Figs. 4.2 and 4.3 we see that for 

a given A(O) and f. the CBA can result in Iarger chirp rates than DBA. and since 

DBA physically requires more space. in general CBA is a better arrangement. 

Figure 4.4 shows how A varies with z for different values of 1 and a fixed 

focal length of 100 mm. Note that the chirp rate increases with increasing 1. On 

the other hand. the grating width or 'Ymax L decreases as 1 is increased. This may 

cause a problem if the grating is to be used in DFB experiments for example. where 

a larger width may be required. One way to overcome this potential problem is to 

use a larger diameter incident beam. 
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Figure 4.3 Grating period :J.S a function of distance for a DBA for three different 
focal lengths. (a) A(0)mO.33 microns. (b) A(0)..o.7 microns. 
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In Figure 4.5 we show A versus z for two different incident beam 

wavelengths (R",f/2=50 mm). We can see that shorter wavelengths result in a larger 

chirp rate over the same distance. 

A more practical question is: What should Rand f be for a required chirp 

rate? In Fig. 4.6 R is plotted versus f for different chirp rates. The solid lines are 

for DBA and the dashed lines are for CBA. In all cases we assumed that the 

incident beam diameter is 25 mm, A(O)=O.7 JLm, and that the required chirp rate is 

over a grating width of 1 mm. Note again that for a given chirp rate and focal 

length the required R is smaller for CBA than for DBA. 

As we stated earlier one of the applications of a chirped grating is in its 

focusing property when used as an output coupler. Consider the chirped grating 

shown in Fig. 4.7. The grating is located between z=o and z=w on a waveguide 

with thickness t. The corresponding periods are A(O) and A(w), respectively. When 

a guided-mode that is propagating along the + z-axis encounters this chirped grating, 

it will couple out (into the cladding), with coupling angle e given by: 

(4.14) 

where N is the guided-mode index. We see from this relation that e varies with z 

which results in a converging output beam if A(O) > A(w). It is easy to show that in 

this case the output beam focuses at a point G(xg, Zg) with 
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Figure 4.5 Orating period as a function of distance for two different incident 
wavelengths. 
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(4.15) 

and 

Jk2 
- k~(O) 

Xg = kz(O) (4.16) 

where we have 

(4.17) 

(4.18) 

and 

(4.19) 

Figure 4.8 shows the location of the focal point G for two different 

wavelengths and three propagating modes of TEo • TEl • and T~. We assumed 

ns=1.51 • nr=1.6 . and nc=l . The film thickness was two microns. The grating was 

located between z=O and z=lO mm with A(0)=0.71 /lm and A(l0)=0.70 /lm. Each mode 
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focuses at a different position because (3 is a function of the wavelength as well as 

the mode number. 

Figures 4.9 and 4.10 show how the focus moves as the wavelength is changed 

for various long periods A(O). In Fig. 4.9 the shortest period is 0.7 microns and the 

longest periods are 0.71 (solid curve). 0.72 (dashed). and 0.73 microns (dotted). Each 

o 0 
curve covers a wavelength range from 8000 A (point A) to 4416 A (point B). Figure 

4.10 differs from Fig. 4.9 in choice of starting and finishing periods. 0.33 microns 

and 0.34 (solid curve). 0.35 (dashed). and 0.36 microns (dotted). respectively. We can 

see that in each case the focus moves as the wavelength is changed. but that this 

change is more pronounced for smaller A(O). or in other words. for smaller chirp 

rates. Since a change in the wavelength is equivalent to a change in the guided-

mode index. a chirped output grating coupler can be used to study and measure 

nonlinearities in a waveguide structure by measuring the focus shift as a function of 

guided-wave power. From Figs. 4.9 and 4.10 we can see that. as the short period is 

reduced (from 0.7 to 0.33 microns). the focus shift occurs predominanatly along the 

z-axis. Since. in practice a shift in this direction is easier to detect. in general. 

shorter grating periods should be used when one wants to use a chirped output 

grating to study nonlinear properties of waveguides. 

We conclude this section by first demonstrating the focusing property of a 

typical chirped grating. A photoresist chirped grating was fabricated using the CBA 

of Fig. 4.1 (a). The angle e was set to 18.4 degrees (for a uniform periodicity of 0.7 

microns). A cylindrical lens of focal length 200 mm was placed 135 mm from the 

mirror-sample assembly. This resulted in a 4 mm wide chirped grating with 

A(0)=0.7 /lm and A(4) =0.7034 /lm (determined numerically). Subsequently this 
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grating was etched into a Soda Lime substrate for 10 minutes. For the input coupler 

we etched a uniform grating of 0.7 micron periodicity on the same substrate. Next 

we spin coated the substrate with a 2.1 micron thick Polystyrene film. Using 

numerical analysis we predicted the focus to be at xf=34.3 cm and zf=33.2 cm at 

0.6328 Angstroms. We measured the focus to be at xf=35 cm and zf=34 cm with an 

estimated accuracy of ± 1 cm. There is very good agreement between design and the 

actual product. Figure 4.11 (a) shows a picture of the output beam of this grating 

close to the grating (point A. Fig. 4.11 (c». Figure 4.11 (b) shows the same output at 

the focus (point B. Fig. 4.11(c». 

Next. we demonstrate the effect of chirping an input grating coupler on the 

coupling efficiency as the incident power is changed when the film has an intensity

dependent refractive index. The theoretical behaviour of such a coupler has already 

been discussed in Chap. 2. For the film we used Polystyrene which has thermal 

nonlinearity. In fact we used the same chirped grating that was used in the above 

demonstration. The experimental arrangement is shown in Fig. 4.21. The incident 

beam was a 2 mm (in diameter) laser beam at 5145 Angstroms. The output power 

Po was measured as a function of the incident power Pi' In Fig. 4.12 we have 

plotted the ratio Po/Pi versus Pi' As we can see the coupling efficiency is small and 

almost constant for incident powers up to 1 Watt. but then it increases by almost a 

factor of 2 at an incident power of about 1.5 Watts and then drops for larger 

powers. This agrees quite well with the behaviour predicted in Fig. 2.11. This 

demonstration clearly suggests a number of applications to optical logic and 

switching. 
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(a) 

(.b) 

(c) 

Figure 4.11 Demonstration of focusing ability of a chirped output grating coupler. 
(a) Beam output near the grating (point A). (b) Beam output at the focus (point B). (c) 
Experimental arrangement. 
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Figure 4.12 Ratio of output power to incident power versus the incident power. 
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Curved Gratings 

In this section we discuss fabrication of curved gratings. Curved gratings 

have important applications as reflectors in DFB and DBR diode laser resonators 

(Boyd et al. 1962; Siegman 1965). Other possible applications of curved gratings are 

to the focusing of a beam in a waveguide (similar to a lens), or in collimating a 

diverging beam. 

Curved gratings can be fabricated using the arrangement of Fig. 4.1 but with 

the focal axis of the lens in the xz plane. This is accomplished by rotating the 

cylindrical lens in Fig. 4.1 by 90 degrees about the optic axis. Once again 

converging and diverging beam arrangements are possible and indeed produce 

similar results. For this reason we will describe the Divergent Beam Arrangement 

only. The geometry of the arrangement is shown in Fig. 4.13 where we have 

adjusted the cylindrical lens to make an angle 'Y with the optic axis. This is easily 

implemented by placing the lens on a rotational stage. The distance between point 0 

(where mirror and sample meet) and the lens along the optic axis is t The lens has 

a focal length of f and its focal line is the line denoted by T in Fig. 4.13. The 

mirror makes an angle () with the optic axis. After a long but straightforward 

calculation one can show that the equation of the interference fringes in the yz plane 

(the sample plane) is given by: 

1. (4.20) 

where O! is the angle between the lens and the x-axis and is given by: 
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o 

Figure 4.13 Geometry of experimental arrangement for fabrication' of curved 
gratings. The focal line of the lens is denoted by T. 
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(4.21) 

m in Eq. (4.20) is the fringe order and OA. marked in Fig. 4.13. is the distance from 

points 0 to A and is given by 

OA = [1 - _f 'Y] 
Cos 

Cos "( 
Sin O!' 

(4.22) 

From Eq. (4.20) we see that the fringt)s form hyperbolas centered at z=O and 

yeO. To find the period of these fringes along the z-axis we set yeO in Eq. (4.20) 

and differentiate with respect to the fringe order m. The grating period II. is found 

to be: 

11.= >.. 
2 Sin(e+'Y)' 

(4.23) 

so the grating periodicity is not a function of z but it does depend both on e and 'Y. 

We can also show. after some work. that the curvature of these curved gratings on 

the z-axis is given by 

C = Z 

[1 - C!OS 'Y} Cos 'Y Cos (e+'Y) - Z2 Sin2 (e+'Y) . 

(4.24) 

The fringes in Equation 4.24 curve away from the point 0 (Figure 4.13). Had 

we considered a CBA. then the sign on the right hand side of Equation 4.24 would 
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be negative. This would have resulted in fringes curving toward the point o. As 

we can see from Eq. (4.24) the curvature is a function of distance along the grating 

as well as e. 'Y. f. and t Figures 4.14 through 4.18 show how C changes as a 

function of these parameters. 

In Fig. 4.14 the curvature (in mm- I ) is plotted versus z for various values of 

e. The focal length of the lens is assumed to be 100 mm. £ is 120 mm. and 'Y is zero. 

We can see from the figure that the curvature increases with increasing z • but that 

the rate at which C increases is reduced as we move along the grating. Fur each 

curve the period of the grating is also listed in the figure. which leads to the 

conclusion that C and its rate o~ increase with z increase with increasing grating 

period. 

In Fig. 4.15 we show how C changes as a function of the focal length when 

£=2f. e is 40 degrees and 'Y is assumed to be zero. Again we see that as expected. 

curvature is larger when shorter focal lengths are used. 

Figure 4.16 shows the effect of 'Y on the curvature. The figure illustrates the 

dependence of the curvature on z for three different values of 'Y. We can see that a 

larger tilt in the cylindrical lens results in larger curvatures. In all of the figures 

shown so far we can see that the rate of change of the curvature is large for the 

first 3 to 4 mms. In practice. if a uniform curvature is required. the design should 

be carried out for z larger than about 4 mms. and. when etching the grating into the 

substrate. the first 4 mms should be masked so that the resulting etched grating will 

have a more uniform curvature. 

In Fig. 4.17 we have plotted the chirp rate versus z for 3 different values of 

Y.. f is asslJmeaio bei 00 uiri1;a,AO degrees (corresponding to a periodicity of 0.34 
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Figure 4.14 Curvature pLotted versus distance for different vaLues of e. 
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Figure 4.15 Curvature pLotted versus distance for different vaLues of f. 
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Figure 4.16 Curvature plotted versus distance for different values of 'Y. 
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Figure 4.17 Curvature plotted versus distance for different values of 2. 
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microns) and 'Y=O. We can see that the chirp rate increases with decreasing I but 

that the rate of this increase remains almost constant for different values of l. 

In Fig. 4.18 we show how the curvature is affected if e and 'Yare varied 

while their sum is kept a constant (so that the period is kept the same). In this 

figure e+'Y =42 degrees corresponding to a grating period of 0.33 microns. The focal 

length of the lens is assumed to be 100 mm and £ is 200 mm. As we can see the 

curvature is not very sensitive to the individual values of e and 'Y so long as their 

sum is kept the same. This is more evident for smaller values of 'Y 's. 

We close this section by demonstrating a beam that is coupled out of a 

waveguide using a curved grating coupler as shown in Fig. 4.19, The grating is a 

photoresist curved grating (0.33 micron period) fabricated on an ion-exchange glass 

waveguide (film index of 1.56 at 6328 Angstroms in a Soda Lime substrate). As can 

be seen from the photograph. the output beam is curved due to the curvature of the 

grating. 

Distributed Feedback Gratings 

As stated earlier in this Chapter. one of the important applications of 

gratings on waveguides is in their use as filters and as mirrors in Distributed 

Feedback (DFB) lasers and Distributed Bragg Reflectors (DBR). Recently Bragg 

reflectors have been considered as mirrors in bistable optical devices (Okuda et al. 

1977; Winful 1980). In this section we describe a grating that was fabricated on 

Fused Silica substrate for use in DFB experiments. 

Grating reflectors in waveguides have been widely studied both 

experimentally and theoretically (Wang 1973; Troitskii 1968). The current interest is 

primarily centered on the effects of waveguide nonlinearities on the behaviour of 
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Figure 4.18 Curvature plotted versus distance for different values of e and .., but 
fixed grating period. 
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Figure 4.19 Output beam of a curved output grating coupler. 
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Figure 4.20 Geometry of a periodic waveguide used in DFB exp'eriments. 
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such distributed reflectors. Consider the periodic waveguide shown in Fig. 4.20 

where the grating period is A. When a mode propagating in the film with a 

propagation wavevector (3 reaches the grating it couples into another mode (3' if the 

following phasematching condition can be satisfied: 

(3-p ~ = (3', (4.25) 

where p is the grating diffraction order. If the grating is to act like a mirror we 

must have (3=-(3' and therefore Eq. (4.25) becomes 

7T 
(3=p t:.: (4.26) 

The value of (3 in the above equation depends on the substrate, film, and 

cladding indices as well as on the film thickness and the wavelength. Since indices 

are most often fixed by the waveguide of interest, the film thickness, grating period, 

and the incident wavelength play very important roles in satisfying Eq. (4.26). This 

equation can be rewritten as 

N ...2.... 
X = 2A' (4.27) 

where N is the effective guide index and A is the incident wavelength. To muke the 

fabrication simpler it was decided to use a second order diffraction grating (Le. p=2). 

Numerically it was determined that for a 0.3 micron Polystyrene film (n=I.6) on a 
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Fused Silica substrate (n=I.46) and at ar.. operating wavelength of 0.6 microns the 

grating period would have to be 0.4 microns to satisfy Eq. (4.27). It was also 

determined that such a grating with a groove depth of 0.04 microns and a width of I 

mm would result in a reflectivity of close to 80% at 0.6 microns with a bandwidth of 

close to 100 Angstroms. The reflectivity • R. was calculated using the following 

relation (Flanders et aI. 1974): 

(4.28) 

where w is the grating width (direction normal to the groove lines) and " is the 

coupling coefficient between the incident and reflected waves given by 

U 2 N2 
1T 0 nr -

,,= A 4derr N' (4.29) 

where Uo is the grating amplitude. derr is the effective thickness of the film. and nr 

is the film index. 

A photoresist grating (A=O.4 microns) was fabricated on and subsequently 

etched into a Fused Silica substrate based on the procedures explained in the 

previous Chapter. Using the diffraction method (Chap. 3. in the Testing section) the 

grating periodicity was measured to be 0.3985 microns. Next the substrate was 

coated with a 0.3 micron thick Polystyrene film. A SrTi03 prism was used to 

couple light into the waveguide. For the light source we used a tunable Dye laser 

(Spectra Phy~ics 380) with Rhodamine 60 having a peak wavelength close to 0.59 

microns. The experiment performed was to look at both the beam transmitted by the 
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grating as well as the beam that was partially coupled out by the grating as the 

incident wavelength was changed (since p=2. the grating partially coupled out the 

incident beam). At 0.594 microns the output beam and the transmitted beam almost 

disappeared. indicating maximum reflectivity at the above wavelength which is very 

close to the designed wavelength of 0.6 microns. This demonstration was just a first 

step in a series of experiments that will be done in future by other members of our 

group. The goal is to perform such experiments using nonlinear organic materials 

for purposes of switching and optical computing. 

Prism-Grating Couplers 

In order to use a prism to couple light into a waveguide. the prism refractive 

index must be larg~r than that of the film. For this reason one can not use this 

method to couple light into high index films such as InSb (n=4.0) because such high 
\ 

index prisms are either non-existent or very expensiVe. Although one can always 

use a grating coupler in these instances. there is yet a simpler and quicker way 

which utilizes a combined prism-grating coupler. This is especially useful if one 

only wants to quickly chardcterize a number of high index films that have just been 

fabricated. 

As we stated in Chap. 1. for a prism coupler the phasematching condition is 

given by 

(4.30) 

where e is the incident angle. np is the prism index. and f3 is the guided mode 

propagation wavevector. For a combined prism-grating coupler the phasematching 



condition becomes: 

k S· e 27T - f3 onp III + A - • 
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(4.31) 

where A is the grating period. From this equation we can see that for a combined 

coupler the prism index does not have to be as large as what would be normally 

required for a single prism. It is also interestil'.g to note that. since the cladding in a 

grating coupler is usually air (n=1.0). then (from Equation 4.31) the grating 

periodicity in a combined coupler can be larger (for reasonable coupling angles) than 

for a single grating coupler. This is an advantage because larger periodicities are 

easier to fabricate. 

A sketch of a pdsm-grating coupling arrangement is shown in Fig. 4.21. The 

grating is fabricated close to the prism right-angle edge. Note that a photoresist 

grating would not work well because the resist would scratch when the prism is 

pressed onto the film. Therefore the grating must be etched into the prism. 

Although a rigorous theoretical study of the operation of such a prism-grating 

coupler requires a 4 layer analysis of the structure shown in Fig. 4.21. however for 

purposes of designing the grating. we used an approximation by ignoring the gap 

between the prism and the film and treated the prism as the cladding region for the 

waveguide. Our numerical analysis led to the fabrication of a 0.5 micron grating in 

a BK-7 prism (n=I.52) with a grating depth of 0.1 micron. The combination resulted 

in theoretical coupling efficiency of 18% when used to couple a I mm wide oeam at 

6328 Angstroms into a 0.55 micron thick ZnS film (n=2.35) deposited on Fused Silica 
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Figure 4.21 Geometry of J. prism-grating coupler. 
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Substrate (n=1.46). The grating was fabricated using the technique of Chap. 3. The 

only difficulty was in coating the prism with photoresist using a spinner . We finally 

had to permanently glue a triangular base to the spinner head and use a double

sided tape to tape the prism to the triangular base. The resulting coupling efficiency 

at 6328 Angstroms was close to 0.3% which is reasonable considering that the 

coupling efficiency was close to 4% when a single prism was used. 

In the case of higher index films such as InSb and GaAs, using a higher 

index prism such as SrTi03 (n=2.4) would be more appropriate because the grating 

period would not have to be very small. We expect prism-grating couplers to become 

a common place tool in laboratories for characterization of high index films. 

Nonlinearity in Polystyrene Film 

In this section we present experimental data in support of some of the 

theoretical results described in Chap. 2, using a grating coupler and a Polystyrene 

film. We have already shown the effect of chirping on the coupling efficiency of a 

grating coupler using a Polystyrene film. In this section we demonstrate additional 

nonlinear effects. The index of refraction of Polystyrene is very close to 1.6 at 

room temperature and it has been shown to decrease with increasing temperature 

(Gray 1972). Therefore for sufficiently large incident intensities, as the guided mode 

grows in the Polystyrene film under the coupling region of a grating coupler the 

film's temperature would rise due to absorption, thus changing the index of the film. 

As a result the phasematching condition (Eq. (2.41)) is disturbed causing the coupling 

efficiency to reduce. 

The waveguide was prepared in the following way: A grating with a 

periodicity of 0.7 microns and a depth of 0.1 micron was etched in a Fused Silica 

- - - --------------------------------
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Figure 4.22 Experimental arrangement for investigation of thermal nonlinearity in 
PoLystyrene waveguide. 
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substrate. Next the substrate was spin coated with a 0.5 micron thick Polystyrene 

film. This grating was used as the input coupler. A SrTi03 prism was used to 

couple the light out. The experimental arrangement is shown in Fig. 4.22. The 

incident light source was an Argon laser (SpectraPhysics. model 171) operating at 

5145 Angstroms. A combination half wave plate and polarizer were used to vary 

the intensity of the incident TE beam. The incident intensity was measured by 

measuring a fraction of the beam using a beam splitter. The beam was focused to a 

spot radius size of about 300 microns using a 50 em lens. The output power was 

measured using a Pyroelectric radiometer (RK-5100 by Laser Precision Corp.). The 

coupling was optimized at low incident powers (approximately 10 mw). The solid 

curve in Fig. 4.23 shows the ratio of output power to input power versus input 

power. As we can see this ratio reduces as the incident power is increased which 

agrees with the predictions of Chap. 2 (Fig. 2.9). The dashed curve in Fig. 4.23 was 

obtained by using a 58 mm focal length lens that focused the incident beam to a spot 

radius size of about 40 microns. The result is a very small but constant coupling 

efficiency over the incident beam power range. This again agrees with the results 

in Chap. 2 (Fig. 2.5) where at small enough beam sizes the coupling efficiency was 

predicted to be small but remain unchanged with increasing incident powers. 

Using the arrangement of Fig. 4.22 we also demonstrated that the peak 

coupling angle shifts with the incident power. The waveguide assembly was placed 

on a rotational stage controlled by a computer so that the incident angle could be 

tuned electronically. The solid curve in Fig. 4.24 shows how the output power 

changed when the incident angle was detuned around its optimum value for an 

incident power of 50 milliwatts. Next we increased the incident power to 1.5 watts 
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Figure 4.23 The ratio of output power to incident power versus the incident power 
for two different incident beam spot sizes. 
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Figure 4.24 Output power versus detuning angle for two different incident powers. 
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and scanned the coupling angle. The result is the dashed curve in Fig. 4.24. As we 

can see the peak coupling efficiency has moved as predicted in Chap. 2 (Fig. 2.8). 

Also note that the shift is negative which suggests that Polystyrene has a negative 

nonlinearity. This is in agreement with the fact that the refractive index of 

Polystyrene reduces with increasing temperature. Using the results of Fig. 4.23 we 

estimated the nonlinearity of Polystyrene to be close to 10-12 m2/w. 

In summary, in this Chapter we have explained fabrication of chirped and 

curved gratings. We have also described two practical applications of gratings. One 

was a Distributed Feedback Reflector and the other a combination prism-grating 

coupler. Finally. we verified some of the theoretical results of Chap. 2 using a 

nonlinear Polystyrene film. 



CHAPTER FIVE 

CONCLUSION 

Thin film waveguides offer the optimum geometry for carrying out nonlinear 

optical interactions. because their ability to confine the beam over a relatively large 

distance satisfies the two requirements of high power density and large interaction 

length necessary for carrying out efficient nonlinear experiments. These advantages 

of optical waveguides over bulk materials in implementation of nonlinear optical 

interactions have led to the development of nonlinear integrated optics (Stegeman and 

Seaton 1985). In order to carry out efficient optical interactions in a waveguide. it is 

clearly important to couple light into the waveguide structure with high efficiency. 

Of the various means for coupling a laser beam into a waveguide mode. the most 

efficient dnd widely used are prism and grating couplers. Of these two. only the 

grating coupler is compatible with the planar concept of integrated optics. and can be 

a permananet part of a potential optical device. and hence offers the most 

satisfactory means of coupling. 

The work presented here dealt with the theory and fabrication of grating 

couplers in nonlinear waveguides. Using a coupled-mode approach we have 

developed a theory for the nonlinear grating coupler. We have examined the 

dependence of coupling efficiency on incident beam intensity. beam size. beam 

position. incident angle. chirp-rate. and waveguide losses all in the presence of 

nonlinearities in the waveguide. Waveguide nonlinearities will cause the coupling 

efficiency to decrease with increasing power. This poses a serious problem in that it 

puts a limit on the guided mode intensity that can be launched in an optical 

138 
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waveguide. There are several parameters that can be adjusted to optimize coupling 

at high incident intensities. These are beam size. detuning. chirping. and lateral 

shifting of the incident beam. However. for a given high power level. appropriate 

beam size together with a proper grating chirp rate are the two most important 

parameters in optimization of the coupling efficiency. Some of the theoretical 

findings have been verified experimentally using a Polystyrene waveguide with 

thermal nonlinearity. 

Detuning and chirp rate both offer very interesting applications to optical 

logic and switching. For example. a simple OR gate can be designed based on the 

results of Fig. 2.8 (detuning effect) or Fig. 2.11 (chirp rate effect). Other 

applications are to optical pulse compression. pulse cleaning. and optical data storage. 

We have also presented a new. simple. yet versatile technique for fabrication 

of regular period. chirped. and curved photoresist gratings. Using Reactive Ion-Beam 

Etching techniques with C2Fs we have been able to fabricate etched gratings in 

different glass substrates that resulted in up to 40% coupling efficiency in 

Polystyrene waveguide. The success in fabrication of very efficient etched grating 

couplers will eventually render prism couplers obsolete except pherhaps for 

waveguide characterization purposes. 

The future work includes applying the contributions of this work to 

fabrication of simple optical devices. The fabrication of gratings will be extended to 

much smaller periodicities (0.2 microns and less) required for first order DFB 

experiments. We also intend to develop a more rigorous theory that allows for 

arbitrary profiles (including very deep grooves) for the grating coupler. 



APPENDIX A 

Derivation of Equation 2.28 

In general the guide modes of a planar waveguide can be written in the form 

of 

f () i(wt-Pm x) 
m Z e , (AI) 

where m is the mode number, f3 is the guided-wave wavevector, fm(z) is the depth 

dependence of the field distribution which decays to zero at z = ±oo, and w is the 

frequency. The propagation is assumed to be along the positive x direction with the 

z-axis normal to the waveguide interfaces. 

Any field E that exists in the waveguide can be expanded in terms of the 

guided wave modes and the radiation modes which tral1:;port power into, and out of 

the guiding region. The ensuing discussion is for TE waves which can be treated in 

terms of the Ey field component. (For TM waves, the expansions are expanded in 

Hy)' For the TE guided waves 

1 '\' -iPmx E = '2 L am(x) cm fm(z) e + c.c .. (A2) 

m 

In Eq. A2 am(x) is the amplitude of the mth mode, and cm is a constant chosen so 

that the power carried by the mth mode is given by I am(X)12 
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We now consider a polarization source ~P(x.z) given by: 

+ C.C •• (A3) 

where ~p is the polarization amplitude and kp is its wavevector. Using Maxwell's 

equations. one can easily show that the following relation exists between E in Eq. A2 

and ~P(x.z): 

(A4) 

where n is the index of refraction. c is the speed of light. and Eo is the permittivity 

of the free space. Substituting for E and D.P(x.z) in Eq. A4 from Eqs. A2 and A3 

and using the normalization relation 

we get: 

00 

J frn(z) f; (i.) crnc; 
-00 

f3rn 
-2k dz = 8mn ofloC 

00 

a () W i(flm - kplK J Ap * f" ( ) d ax am x = 4i e -00 l-l> Cm m Z Z. 

(AS) 

(A6) 
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Substituting for D.P in the above relation from Eq. 2.26 gives specifically for the 

grating coupling process: 

(A7) 

where tm is the transfer function defined by: 

(A8) 

For a grating coupler with periodicity A • kp becomes (for incidence from cladding): 

(A9) 

where ne is the cladding index and () is the angle of incidence. 

Eq. A7 only accounts for in-coupling of the incident beam. However. the 

grating can also couple energy back out into both the cladding and substrate reqions. 

This loss of energy is accounted for by adding loss parameters ~e and ~s (as defined 

by Eq. (2.29)) to Eq. A7. These two parameters are obtained by forcing continuity 

relations for electric and magnetic fields at the grating interface. It can be shown 

that continuity of the magnetic field across the grating boundary requires the 

presence of a radiation field which results in decay of am (x) in a form given by: 
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(A 10) 

Q!s is given by 

= p 1 D 12 
Q!s 4 k S' Po c 0 

(All) 

where 

[X(s+P) cos(Xd) : i(sp+X2) Sin(Xd)]; 
(AI2) 

s = Jk~ n~ - {3''); (AI3) 

X = Jk~ nr - {3,2); (AI4) 

P = Jk~ n; - {3'\ (AI5) 

{3' = {3 _ 21T 
m A' (AI6) 

and d is the film thickness. 
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Similarly. Q!c is given by 

(AI7) 

where 

[ 
X cos(xd) + ip sin(xd) ] 

X(s+p) cos(Xd) + i (sp + X2) sin(xd) . 
(AI8) 

Combining Eqs. A7 and AID and incorporating a waveguide attenuation coefficient Q! 

in the final result we get: 

(AI9) 

which is Eq. (2.28). 



APPENDIX B 

Derivation of Equation 2.34 

We assume the index of refraction of the film is given by 

(81) 

where no is the low intensity index of the film. and Em is the electric field 

component of a guided mode. In the absence of an induced polarization DoP Eq. A4 

becomes: 

(82) 

Squaring Eq. BI we get: 

(83) 

where we have used the fact that n2EI EI2«no. Substituting for n in Eq. 82 from 

Eq. B3 we get: 

(84) 
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Similar to the outline in Appendix A. the electric field E in Equation B4 can be 

expanded in terms of the modes of the guide (Eq. A2). Using this expansion along 

with the orthogonality relation (Eq. AS) in Eq. B4 leads to the following result: 

(BS) 

with 

(B6) 

The above two equations are Eqs. (2.34) and (2.35) of the text. 
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