
tapered area of the junction. The phase-front accelerator 
regions effectively act as asymmetric power dividers between 
the central branch and the side branches, thus allowing a 
certain portion of the incoming energy to propagate along the 
three branches. By varying the positions of the tips (Le. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd ,  and 
d2)  and the areas of the shaded regions (i.e. between angles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02), the power distribution of the output branches can be 
controlled. As the shaded region also has a refractive index n2 
which is slightly lower than that of the cladding, no: the 
phase front of the modal fields will be channelled into their 
corresponding branches without causing significant modal 
mismatch.’ 

Results and discussion: To demonstrate the operation of the 
proposed optical branching circuit design, the beam- 
propagation method (BPM) was employed for the numerical 
simulation. The waveguides are assumed to operate in single- 
mode TE, and the refractive index parameters are chosen as 
no zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.5, n 1  = 1.502 and n2 = 1.498. The operating wave- 
length is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 pm, the angle between the adjacent branches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABo is 
1/100rad and the phase-front accelerator region is optimised 
by choosing 0, = 1/125rad and 0, = 1/630rad. The position 
locations of the tips of the phase-front accelerator regions are 
set at d ,  = 0 and d,  = 1.2pm. 

Figs. 2a and b show, respectively, the amplitude plots of the 
propagating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeam in a conventional structure and our pro- 
posed 1 x 3 optical branching circuit design. It can be 
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GENERATION OF 1180 A PERIOD 
GRATINGS WITH A Xe ION LASER 

Indexing terms: Semiconductor lasers, Lithography, Optoelec- 
tronics 

Holographic lithography with the 2315A line of a xenon ion 
laser is used to produce gratings in polymethylmethacrylate. 
An 1180A period grating is made and examined with a scan- 
ning electron microscope (SEM). This grating period is 
appropriate for use as a first-order grating with a GaAs dis- 
tributed feedback laser. 

The use of diffraction gratings in optoelectronic devices, such 
as distributed feedback lasers and distributed Bragg reflec- 
tors,’ requires lithographic techniques capable of generating 
patterns with a feature size of a few thousand Lngstroms. 
Lithographic patterns on this and smaller scales are also 
required for the fabrication of structures showing quantum 
size effects such as quantum wires’ and quantum boxes3 The 
generation of such fine patterns is generally accomplished 
either by electron beam lithography or by holographic litbo- 
graphy. In this letter we report on the fabrication of ll8OA 
period gratings in polymethylmethacrylate (PMMA) using the 
2315A line of a Xe ion laser and a conventional holographic 
exposure set-up. In such a set-up the period of the grating is 
given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

L 
6F 

b 

(1) 
A. 

n(sin a - sin 8) d =  . Fig. 2 Amplitude distribution for propagating beam in 1 x 3 branching 
circuit 

a Conventional structure 
b Proposed design 
Refractive indices are no = 1.5, n, = 1.502 and n2 = 1.498 

where a and j3 are the angles of incidence of the two beams, n 
is the index of refraction and i is the wavelength of the light. 
The shortest period, d = A./2n, is obtained for a = -8 = n/2. 
To reduce d, one can use a high-index prism4 or a shorter- 

observed that the distributed power at the central branch in wavelength source. Unfortunately, coherent deep UV sources 
Fig. 26 is reduced (compared to Fig. 2 4  while the power a t  are not abundant. One approach is the generation of deep UV 
the side branches is increased. The result shows that the pro- radiation as a harmonic of a powerful, lower-frequency 
posed design structure will redistribute the modal power for source.’ 
the three branches instead of attenuating the energy in the The interference patterns were recorded on GaAs substrates 
central branch.l The relative power output ratio of the three which were spin-coated with a 1% solution of molecular 
branches in Fig. 2a is 0.27: 1 :0.27, while that in Fig. 2b is weight 496 K PMMA at 5000rev/min and prebaked at 170°C 
0.99 : 1 : 0.99. for 1 h. Although usually used for electron beam lithography, 
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PMMA has been shown to be sensitive to ultraviolet radi- 
ation with wavelengths of 2500A and shorter.6 In this region 
of the spectrum, the Novolac resists have a high absorption 
coefficient and a low bleachability, making them unsuitable. 
After exposure, the samples were developed in methyl- 
isobutylketone (MIBK) for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA  OS, rinsed sequentially in isopro- 
panol and water, and blown dry with nitrogen. The samples 
were sputter-coated with approximately 50A of Au/Pd to 
prevent distortion of the images due to charging during obser- 
vation by SEM. 

Exposure of the PMMA was made with the 2315A line of 
ionised xenon. This ultraviolet transition was first observed by 
Marling;’ the energy level assignments are unknown, but the 
transition is usually attributed to doubly or triply ionised 
xenon, Xe I11 or Xe IV. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA simple air-cooled, fused silica dis- 
charge tube of 5mm inner diameter and 60cm long with ordi- 
nary fused silica Brewster’s angle windows was used. A lOnF 
capacitor charged to 1G-20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkV was switched with a 5C22 thy- 
ratron to give 0.5ps, 800A discharge current pulses at about 
40pulses/s. A pair of mirrors peaked at 2310A obtained from 
Acton Research Corporation provided the optical cavity: a 
98% reflecting 2 m  spherical mirror and a 97% reflecting flat 
with 2% transmission. Lasing occurred for the second half of 
the current pulse, giving triangular pulses 0.25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAps  at the base. 
Average multimode output power was measured with an 
Eppy thermopile at about 130pW, giving a peak power of 
about 25 W with a duty cycle of lo-’. An intracavity aperture 
was used to select TEM,, operation, with an estimated 
average intensity of 1.5mW/cm2 at the centre of the Gaussian. 
Since this particular laser transition exhibited optimum xenon 
pressures of 5 mtorr or less, gas clean-up by the discharge was 
relatively rapid; stable operation was obtained for about an 
hour at a time between gas refills. Because the power drifted 
somewhat during the exposure, the estimates of total energy 
deposition are approximate. If we assume that the ratio of the 
power in the two beams was 2 : l  and we account for geo- 
metrical factors, the maximum intensity at the PMMA surface 
was 0.37 times that at the centre of the Gaussian. This gives 
an intensity of 056mW/cm2 in the centre of the exposed 
regions. Exposure times of 2-10 min were used, with about 5 
min giving the best results. A 5min exposure at 0.56mW/cm2 
corresponds to an energy deposition of 0.17 J/cm2. This esti- 
mate is considered to be good to within a factor of two. 

Fig. 1 shows an SEM micrograph of a 1180A period 
grating in the exposed PMMA. This is close to the shortest 

1 w ’- ELI  

Fig. 1 SEM micrograph zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1180 A period grating in PMMA 

Pattern was generated holographically with 2315 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA emission from 
a Xe ion laser 

period attainable with this laser without the use of a prism to 
shorten the wavelength The flatness of the region between the 
stripes indicates that the exposure reaches the substrate The 
grating pattern extends over an area of approximately 1 mm2, 
which corresponds to over 50% of the exposed area Similar 
exposures were performed on a thin film of AZ1400 series 
resist, a Novolac resist, but the resulting resist profiles were 
poor and did not extend to the substrate 

In conclusion, a new source has been employed for deep 
UV holographic lithography and It has been shown to be 
capable of producing features as small as 600A A grating was 

produced with a period appropriate for use as a first-order 
grating for a GaAs/AIGaAs distributed feedback laser. This 
technique may also be useful in the fabrication of quantum- 
confined structures such as quantum wires and quantum 
boxes. The Xe ion laser, although not commercially available, 
can be assembled in the laboratory as an inexpensive UV 
source for lithographic purposes. 
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HARDWARE FADING SIMULATOR FOR A 
NUMBER OF NARROWBAND CHANNELS 
WITH CONTROLLABLE MUTUAL 
COR R ELATlO N 

Indexing terms: Telecommunications, Mobile radio systems, 
Correlation, Data transmission 

A multipath fading simulator with a number of narrowband 
channels with controllable mutual correlation is described. 
With this simulator it is possible to test the influence of joint 
fading statistics of mutually correlated channels on a mobile 
data communication link with frequency diversity. 

Simulator principle: One of the methods for mobile data trans- 
mission systems to combat multipath fading is frequency 
diversity. The different diversity channels serving one mobile 
terminal cannot be considered completely uncorrelated in all 
cases. Their mutual correlation depends on the mutual fre- 
quency separation. Therefore, to test the robustness against 
multipath fading of mobile data transmission systems with 
frequency diversity, a radio channel simulator with the possi- 
bility of mutual correlation of fading on different channels is 
desirable. 

The bandwidth of the diversity channels is so small (e.g 
25 kHz) that they each can be assumed to encounter flat Ray- 
leigh fading.’ A single wideband simulator could be used for 
the simulation of correlated flat-fading channels.’ A much 
simpler and less expensive solution, however, is to assign a 
separate flat-fading simulator to each channel, and to make 
adjacent channels correlated. By adjusting the mutual correla- 
tions, diversity solutions corresponding to  different channel 
spacings can be tested. 
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