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DBR Laser with Nondynamic Plasma Grating
Formed by Focused Ion Beam Implanted
Dopants
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WILLIAM M. CLARK, Jr., EUGENE H. STEVENS, anop MARK W. UTLAUT

Abstract—A static plasma grating has been demonstrated experimen-
tally [1] in a large optical cavity FIB-DBR GaAlAs/GaAs laser diode.
The grating is formed by implanting stripes of dopants with a focused
ion beam (FIB). The dopants ionize to form periodic fluctuations in the
carrier concentration which, through the Kramers-Kronig relations,
form an index grating. A model of the grating strength for optimiza-
tion of the laser design is developed and presented here. The computed
results show that « can be increased by more than an order of magni-
tude over the 15 em ™' estimated experimentally. Therefore, FIB-DBR
(or -DFB) lasers with performance comparable to that of conventional
DBR (or DFB) lasers can be expected.

I. INTRODUCTION

RATINGS in III-V semiconductor materials are the

basis of single-mode laser sources for optical com-
munications and play an important role as optical couplers
in the expanding field of optoelectronic integrated circuits
(OEIC’s). The standard method of forming gratings in
semiconductor waveguides is to etch into the guiding ma-
terial and regrow over it material with a different index,
forming a periodic fluctuation in the effective index of the
waveguide. Usually the grating is first defined holograph-
ically [2] or by an electron beam [3] in a mask, such as
exposed photoresist or polymers. The pattern is then
transferred to the semiconductor by wet chemical etching
or ion milling. Direct etching techniques not requiring a
mask such as photoelectrochemical etching [4] have also
been demonstrated.

The other type of grating widely used in semiconduc-
tors is formed dynamically by interfering two laser beams
in the material. An excess of carriers generated at the pe-
riodic constructive interference points of the beams de-
presses the index due to the plasma effect. These dynamic
gratings were first observed in semiconductors in 1969 {5]
and were used to observe transient carrier behavior in
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GaAs as early as 1978 [6]. They have been widely studied
and used to measure carrier properties in a wide variety
of semiconductors [7].

Gratings play a crucial role in improving the perfor-
mance of semiconductor lasers. DFB [8] and DBR [9] la-
sers have been shown to have improved mode stability as
a function of time and temperature [10], superior dynamic
singlemode operation [11], and reduced frequency chirp.
A DBR laser with single-mode operation and good side
mode suppression due to a new type of grating formed by
focused ion beam (FIB) implanted stripes of dopants has
recently been demonstrated [1]. The purpose of this paper
is to model this grating to provide the information needed
to optimize the implantation parameters and the laser
structure.

The type of grating described here relies on a plasma
grating but does not require active pumping by external
lasers. Instead, the periodic fluctuation in the carrier con-
centration is created by 1000 A wide stripes of dopant
atoms implanted with a FIB at mulitiples of the Bragg pe-
riod. In Section II the model used to relate the change in
index due to the free carriers from the implanted dopants
is outlined. Based on this model, the coupling coefficient
of the grating is calculated in Section III. Both an analyt-
ical expression, which reveals the dependence of the cou-
pling coefficient on several waveguide and implant pa-
rameters, and a more flexible numerical calculation are
presented. The geometry and fabrication details though
previously reported [1] are summarized in Section IV for
convenience. Some results of the model are discussed in
Section V as are some of the potential advantages of this
new technology as it applies to fabrication and design of
DBR and DFB lasers.

II. MobpEL ofF INDEX CHANGE
A. Free Carrier Distribution

When nonuniformly distributed donors ionize in semi-
conductors the generated electrons diffuse towards areas
of lower concentration according to the charge continuity
equation

-

Jn = Clll-nE” + anV” (l)
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Fig. 1. (a) Computer simulation of the FIB-implanted stripes of Si in GaAs
after a 950°C 10 s anneal. Contours of constant carrier concentration

decrease in steps of 1 X 10" cm™* from peaks of 6.0 X 10'® cm ™% in

the centers. (b) Free carrier concentration plotted across the peaks of (a)
at the depth of 0.0850 pm.

where g is the electric charge, n is electron density, w, is
carrier mobility, D, is carrier diffusivity, and E is electric
field. This leaves behind ionized donor atoms causing
electric fields which oppose this diffusion current. The
carriers and fields must also obey Poisson’s equation

eV = —q(p —n + Np) (2)

where Np is the donor impurity concentration, ¥ is poten-
tial and —Vy = E. Equations (1) and (2) can be solved
simultaneously [12] for the steady-state spatial distribu-
tion of the carriers.

Fig. 1(a) shows a two-dimensional cross section of the
carrier concentration calculated using this approach for
three FIB implanted stripes of dopants. The doping con-
centration is assumed to be a two-dimensional Gaussian
with an implant depth of 0.0850 um and standard devia-
tion of 0.0442 um. The horizontal standard deviation is
determined by the resolution of the FIB beam, which has
been measured to have a full width at half maximum of
700 A. Further spreading due to the diffusion during the
10 s anneal at 950°C is negligible for Si;N, capped Si
implants in GaAs [13]. The peak dopant concentration is
assumed to be 6.3 X 10" cm™*, with a background con-
centration of 5 X 10'7 cm ™. The surface of the wafer is
towards the top of the figure. The lines show contours of
constant carrier concentration spaced by 1.0 X 10" em ™.
In comparison, plots of the doping concentration are al-
most identical, so the carriers diffuse only a very small
distance. Based on this result, the location of the carriers
is approximated by the doping distribution for this model.
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B. Relation of Index to Free Carriers

A large body of work has been done to model, calcu-
late, and measure the change in absorption, and through
the Kramers-Kronig relations, the change in index of
GaAs near the band edge due to the free carriers [14],
[15]. Calculations show that the index in GaAs below
bandgap increases slightly with carrier concentration up
to a concentration of about 6 x 10'7 cm™>. Above this,
there is a linear relation between index and carriers of
én /8N = —1.0 x 107?° cm’. This linear relationship will
be applied to GaAlAs in Section III to relate the change
in index, and therefore the strength of the grating, to the
change in carrier concentration caused by the FIB im-
plants.

Fig. 1(b) shows the variation of the carrier concentra-
tion at a depth of 0.0850 um across the peaks of the im-
planted stripes from Fig. 1(a). There is a peak-to-valley
variation in carrier concentration of about 6 X 10'® cm ™.
Assuming the relation between change in index and
change in carrier density to be a factor of —1.0 X 107
cm’ as discussed above, this corresponds to an index vari-
ation of 0.06, which is the same order of magnitude as
the change in index used in conventional etched gratings.

III. CouPLING COEFFICIENT
The coupling coefficient is a quantitative measure of the
effectiveness of a grating and is given by [16]
kg
“ 7 2N?

+ o0
S Aln(x, 2 E(x) dx (3)
where « is the coupling coefficient, k, is the free-space
wavenumber, 3 is the propagation constant in the me-
dium, E is the y- (transverse) component of the funda-
mental E-field in the unperturbed guide, z is the direction
of propagation, x is the direction of implant into the guide,
and N? is a normalization constant given by
reo ol

N? = S E(x) dx. (4)
The form of the fundamental mode in the waveguide layer
of a general three layer dielectric waveguide is

E = A cos [kg(w/z + xmodc)]eh(.\‘—i—n-/l)

(x = ~w/2) (5a)
E = A cos [kg(x - xmode)]

(—w/2 = x = w/2) (5b)
E = A cos [kg(w/Z — xmodc)]evg(xﬂv/l)

(w/2 = x) (5¢)

where k, is the mode propagation constant and Xy, s the
offset of the peak of the mode from the center of the guide,
as shown in Fig. 2. Both of these parameters depend on
the geometry of the particular waveguide. Fig. 3 illus-
trates the overlap of the mode with the grating. Three
Gaussian curves are shown to indicate a series of two-
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Fig. 2. Diagram of the model used to calculate the mode in the passive
waveguiding section. The Gaussian spread in depth of three implanted
stripes is indicated: the stripes actually continue along the length of the
waveguide, spaced by 2288 A. The distances from the center of the
guide to the peak of the implant and to the peak of the mode are defined
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Fig. 3. The normalization parameter N? as defined in (4) as a function of

guide width. N* increases monotonically with w, causing « to decrease
as the mode is spread out and overlaps less with the grating.

mensional Gaussian distributions in the propagation di-
rection.

A. Analytical Solution

For implant doses below the rapid thermal annealing
saturation limit as those modeled in Fig. [(a), the carrier
concentration closely follows the two-dimensional Gauss-
ian shape of the implanted ion concentration. For this rea-
son, a two-dimensional Gaussian which is periodic in the
z-dependence is assumed here

] (_ (x
exp

- ximp]um)_ ]
202 i
=4 2
. —(z ~ Ip) >
]=Z—oo exp ( 20’%

(6)
where P, is the peak carrier concentration in cm™*, o,
and o. are the standard deviations of the implant after an-

An = (=1.0 x 107 ecm’) P,
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nealing in the x- (depth) and z- (propagation) directions,
respectively, Ximoiun 1S the distance from the peak of the
implant to the center of the guide, and p is the period of
the FIB stripes as indicated in Fig. 3. These values all
depend on the ion, substrate, and implant energy used and
on the time and temperature of the anneal. Noting that
Aln(x)*] = 2nAn, (5), and (6) can be substituted into
(3) and integrated {17}, giving

k2
K = 51(:/)22 (1.0 X 107 ecm*)P,,
w SIS
5 Ux[e ¢ cos [2kg(ximp]am - xmodc)] + 1]
1 s 2
g(’:; e—(nm/ﬁ)no: (7)

for the mth Fourier component in the z-direction.

This expression shows several dependencies for «. First,
in the x-direction, « is proportional to the amount of ions
implanted, determined by the peak concentration P...
Also, « is at a maximum when there is maximum overlap
between the guided mode and the grating, i.e., when
Ximplant = Xmode- HOWwever, this overlap term falls off ex-
ponentially with increasing o2 because as the profile of
the implant becomes more flat, the position of its peak
relative to the peak of the mode becomes much less sig-
nificant, allowing the constant term to dominate. « is also
proportional to o, since a broader implant profile allows
more overlap. The result is a maximum of « as a function
of g, when these two opposing effects are balanced.

The z-dependencg is proportional to o. and is inversely
proportional to e°:, indicating a maximum « for some
value of o_ which gives the maximum overlap of the mth
Fourier component of a series of Gaussians spaced by pe-
riod p.

Additional effects of the waveguide geometry are con-
tained in the N* normalization factor. Fig. 3 shows that
N? increases monotonically with w, causing « to approach
zero as the waveguide widens.

B. Numerical Solution

The above closed form solution assumes complete ac-
tivation of the dopants. In practice, there is an upper limit
to the activation level that can be achieved with rapid
thermal annealed ion implantation. The percentage of the
implanted ions that are activated decreases as this limit is
approched [18]. For the FIB-DBR laser, Si, an ampho-
teric dopant which tends to compensate itself at high-dop-
ing levels was used. This could actually cause a decrease
in free-carrier concentration near the peaks of the im-
plants. Also, since FIB implantation is done at 0° tilt to
maintain the focus, channeling may occur, although the
effects are small in (100) GaAs [19]. In order to study
these effects, a computer simulation was developed to in-
tegrate (3) numerically so that the expression for An in
(6) could be modified arbitrarily.



BOENKE er al.: DBR LASER WITH NONDYNAMIC PLASMA GRATING

For this model, the carrier concentration is assumed to
be a flattened two-dimensional Gaussian related to the im-
plant profile by a fixed activation percentage and clipped
at an upper saturation limit. For rapid thermal annealed
Si** in GaAs, this limit has been observed [20] to be 6
% 10" ¢cm ™. In the x-direction, the peak is shifted into
the wafer by 33 percent and an exponential tail of slope
—2.2 decade / um starting at 25 percent of the maximum
is added to account for channeling [19].

The FIB-DBR laser has a 0.5 pm thick guiding layer of
Gag 3sAly sAs with air above and Gag 19Alg 30As below.
Based on these compositions, 1, 1, and n; for the three
regions shown in Fig. 2, are assumed to be 1.0, 3.481,
and 3.385, respectively. These parameters give an X,qqe
as defined in Fig. 2 of 0.073 pum for the measured lasing
wavelength of 8530 A.

For a 100 KeV implant of Si in GaAs LSS calculations
[21] give an implant depth of 0.0850 pum and standard
deviation of 0.0422 pm, which corresonds to a character-
istic length of 0.0625 pm. The FIB beam width has been
measured to be 700 A, which gives a standard deviation
0f 0.0297 pm and characteristic length of 0.0420 pm. For
these parameters, a dose of 8 X 10" cm™ results in a
peak dopant concentration of 9.7 x 10" cm™*, which is
well over the saturation limit of 6 X 10'® em™, so sig-
nificant saturation occurs for the nominal case considered
here. Increasing the implant range by 33 percent to ac-
count for channeling gives a range of 0.1133 pum, and an
Ximplant @s defined in Fig. 2 of 0.1367 pm for a 0.50 um
wide guide. Also, a uniform background n-type doping
concentration of 5 X 10'” ¢cm ™~ and a second-order grat-
ing with a period of 2288 A were assumed.

Figs. 4-8 show the effects on « of varying some of the
parameters discussed above around the nominal value,
which is indicated by an asterisk. The saturation level has
the most significant effect for two reasons. A higher sat-
uration level allows a larger difference in carrier concen-
tration between the peak of the implant and the back-
ground doping level, which gives a larger An, and, from
(3), a larger value of «x. This can be seen in Fig. 4(a),
which shows « as a function of the implant dose for four
saturation levels of 3.0, 6.0, 10.0, and 20.0 x 10'® cm .
For high doses, where saturation has the largest effect,
there is an order of magnitude difference in « between the
lowest and the highest saturation level shown. The second
important way saturation affects « is that it changes the
shape of the nominally periodic Gaussian grating so that
the second-order Fourier coefficient does not remain con-
stant. In Fig. 4(a), as the dose is increased from below
saturation, x increases monotonically until saturation starts
occurring at, for example, 1 x 10" em * forthe 6 X 10'®
cm > saturation level curve. At this point, the second-
order coefficient starts to decrease, going through zero and
changing sign as the periodic Gausstan profile is de-
formed. This gives « a null at around 2.5 X 10" em™2,

Fig. 4(b) also shows « as a function of dose parame-
trized instead by four implant energies of 50, 100, 200,
and 300 KeV. As in Fig. 4(a), « increases with dose until
saturation is reached, passing through a null before con-
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Fig. 4. Coupling coefficient as a function of implant dose for (a) rapid
thermal annealed dopant activation saturation levels of 3, 6, 10. and 20
x 10" ¢cm’ ¥ and (b) implant energies of 50, 100, 200. and 300 KeV.
The nominal point used for the fabrication of the FIB-DBR is indicated
by an asterisk.

tinuing to increase. What Fig. 4(b) emphasizes is that im-
plant energy has much less of an effect on the coupling
strength of the grating than the saturation level or the dose.
Although increased energy causes more overlap of the
grating with the guided mode by moving the peak of the
implant closer to the peak of the mode and widening the
spread of the implant, it also decreases the peak doping
level which decreases An. These two effects have oppos-
ing influences on «, as seen in (3). Consequently, all four
curves are very close where saturation has little effect be-
low about 1 x 10" cm™2. Only above 30 x 10" cm™?,
well beyond the effect of the changing sign of the Fourier
coefficient, does higher implant energy cause a significant
increase in the value of «.

The coupling strength is also very sensitive to the width
of the FIB stripe, as shown in Fig. 5 for the same four
saturation values used in Fig. 4(a). For a fixed dose, as
the stripe width is increased from 0.0200 pm to 0.0800
um, the dopants become more spread out, decreasing the
peak doping level and therefore the amount of flattening
due to saturation. As in the case of increasing dose in Fig.
4, the Fourier coeflicient goes through a zero, causing a
null in « at some point. For larger values of characteristic
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Fig. 9. Schematic diagram of the FIB-DBR. The active region is a large
optical cavity buried heterostructure ridge waveguide. The passive sec-
tion is etched down to the waveguide below the active region so that the
FIB grating could be directly implanted into the waveguide.

length the stripes slur together, causing « to decline after
reaching a peak.

The waveguide structure is also important to achieving
high coupling efficiency. Fig. 6(a) and (b) show the effect
of the waveguide width and index, respectively, for clad-
ding layer indexes of 3.30, 3.35, 3.40, and 3.45. For each
cladding index, there is an optimum guide width to bring
the mode toward the surface of the guide for maximum
overlap of the field with the grating. If the guide is too
narrow, the mode is not guided and for wider guides the
mode is spread out and further from the surface. Lower
values of the cladding index allow a larger difference with
the guiding layer index, and therefore tighter confine-
ment. Fig. 6(b) shows that the guiding layer index can
become critical if the cladding layer index is not low
enough.

The effect of variation in the slope (in decades /um) of
the exponential tail in the carrier concentration profile due
to channeling is plotted in Fig. 7 for magnitudes relative
to the peak carrier concentration of 25, 50, and 75 per-
cent. In the case of the FIB grating, channeling is not
detrimental because it effectively increases the implant
range and spread and therefore the overlap of the grating
with the mode. A less negative slope means deeper pen-
etration of the dopants resulting in higher values of «.

The coupling coefficients of first- and third-order grat-
ings are shown for comparison as a function of dose and
FIB stripe width in Fig. 8(a) and (b), respectively.

IV. EXPERIMENTAL RESULTS
A. Geometry

Fig. 9 shows the structure of the laser used to demon-
strate the FIB grating [1]. It is basically a ridge waveguide
large optical cavity (LOC) GaAs laser with a 0.5 pum thick
LOC layer of GaggsAly sAs and Gag 70Alg 30As cladding
layers. One end of the ridge was selectively etched down
to the LOC guiding layer, forming a passive section and
allowing implantation directly into the guide. A second-
order grating was used so that grating action could be de-
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termined either from single-mode lasing or from light
emission normal to the surface. After implantation SizNy
was deposited as a cap for the rapid thermal anneal of the
implant and as a mask to etch a 0.1 um high ridge in the
LOC layer to provide some lateral confinement. Standard
contacts were evaporated and the wafer was lapped and
cleaved.

B. FIB Implantation

The implantations were produced by scanning the FIB
from a three lens, mass separating, variable energy ion
focusing column [22]. The dose is controlled by changing
the number of repetitive scans by the beam over the stripe.
In calculating the number of scans required, the stripe
width was assumed to have the profile of the beam, which
has a Gaussian current density profile with a 700 A full
width at half maximum. This corresponds to a standard
deviation of 0.0420 um. System accuracy for beam place-
ment is estimated to be within 450 A. The gratings were
implanted at 100 KeV with a second-order period of 2288
A and were annealed at 950°C for 10 s with a thermal
Si3N4 cap.

C. Measurements

Fig. 10 shows the laser’s spectrum at temperatures
ranging from 16.8 t0 42.1°C. Above about 20°C the DBR
mode is dominant. No mode hopping is seen and an aver-
age wavelength shift of 0.8 A /°C is observed. Fig. 11
shows light emission from the surface of the laser. Peaks
of scattered light are seen at each facet and, due to a large
mode mismatch between cavities, at the cavity interface
as well. However, a substantial amount of light, which
decreases roughly exponentially, is also seen over the
grating section. This exponential drop can be used to es-
timate [1] the grating coupling coefficient, which is de-
fined in (3), to be about 15 cm ™.

V. DiscussioN
A. Device Optimization

The above numerical calculations are encouraging be-
cause they predict a coupling coefficient of nearly 300
cm~' for the FIB-DBR laser which is comparable to or
exceeds the level of coupling in conventional DBR lasers
[10] and they indicate several aspects in which the design
can be optimized to increase « even further. There are
several possible reasons why a coupling coeflicient of this
magnitude was not observed experimentally [1]. As in-
dicated in Fig. 5, « is very sensitive to the FIB stripe
width. The fineness of the FIB stripe makes measuring the
standard deviation difficult. Conventional methods of
measuring a stripe etched or milled by the beam do not
necessarily correspond to the 1/e width of the beam (i.e.,
twice the standard deviation) and resolution measure-
ments must be done with the same energy and ion as the
implant to be accurate. The characteristic length of 0.0420
pm assumed in the model was calculated using resolution
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Fig. 11. Surface light emission of the FIB-DBR. (a) Schematic cross sec-
tion to scale with measurements. (b) Streak camera picture of near field.
(c) Intensity profile along center of guide.

measurements at high beam voltages which give the tight-
est focus. The actual FIB-DBR grating implant was done
at a lower voltage which could have resulted in a signifi-
cantly broader beam width. Lateral scattering of the ions
in the GaAlAs before coming to rest could also contribute
to the FIB stripe characteristic length. Further, although
it has been shown that a Si;N, cap reduces diffusion dur-
ing annealing [13] to a level that is insignificant for the
10 s rapid thermal anneal used on the FIB grating, it was

IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. 25. NO. 6. JUNE 1989

not possible to measure how much diffusion actually oc-
curred. From Fig. 5, the experimentally measured « of 15
cm ™' is the result of a characteristic length of 0.073 um.
Assuming some of these effects occurred in the fabrica-
tion of the FIB-DBR, optimization of the implant energy
and annealing conditions to reduce the FIB stripe width
should increase k by over an order of magnitude.

A second factor which could have reduced « is the shape
of the periodic function. This model assumes an abruptly
truncated Gaussian as a first-order approximation. Ac-
tually, the carrier concentration will smoothly approach
the saturation level. Since the location of the null caused
by the second-order Fourier coeflicient going through zero
is dependent on the shape of the function, it is possible
that the FIB-DBR was closer to a null than the simulation
indicates in Fig. 5.

Another means of increasing « is to use an n-type do-
pant which can be activated to higher concentrations since
the change in index is directly proportional to the carrier
concentration in (6). Also, some p-type dopants such as
Zn can be activated to 1 to 2 x 10" cm >,

The waveguide structure is also important to achieving
good overlap of the grating with the guided mode and
therefore, high coupling efficiency. It must be designed
to keep the mode as close to the surface as possible. The
waveguide structure in the FIB-DBR [1] was not designed
for optimum overlap with the grating. Fig. 6(a) shows
that by increasing the Al content of the cladding layer to
reduce the index closer to 3.30 and reducing the guide
width to 0.3 um, « can be increased by 50 percent. Since
the mode overlap has an independent effect on « from the
Fourier coeflicient, this increase would be in addition to
the increases obtained from optimizing the FIB stripe
width.

A further improvement in coupling strength and there-
fore singlemode characteristics would be to use a first-
order grating. Fig. 8(a) compares the coupling strengths
of first-, second-, and third-order gratings. First-order
gratings have a larger « by about a factor of two for doses
below the point that significant saturation occurs. First-
order gratings are no more sensitive to the FIB stripe width
than higher order gratings at these low doses, as shown
in Fig. 8(b) for a dose of 0.5 x 10" ¢cm 2.

B. Advantages of the FIB Grating

The FIB grating has potential uses other than in FIB-
DBR lasers. Calculations of dopant diffusion at growth
temperatures indicate it should be possible to regrow over
the grating to bury it in the active region of a DFB laser.
First-order gratings in InGaAsP DFB lasers are possible.
Improved crystal quality could be achieved in DFB lasers
fabricated in molecular or chemical beam epitaxy systems
with a FIB attached because the wafer need not be ex-
posed to masking materials, etchants, and atmospheric
pressure during mid-growth. FIB gratings could also be
used as off-chip couplers for OEIC’s or on-chip couplers
between optical devices. Since they are written locally by
computer control, FIB gratings can be used at many dif-
ferent angles or written at different periods on the same
wafer making multiple on-chip coupling and multi-fre-
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quency laser arrays easily realizable. Furthermore, curves
or chirped gratings are possible.

The versatility of the FIB implanter has been previously
demonstrated in semiconductor electronic device fabri-
cation including MESFET’s with a striped channel struc-
ture [23] and laterally profiled active area implants to re-
duce the Kirk effect in bipolar transistors [24]. In
semiconductor lasers FIB implants have been used to dis-
order superlattices [25] and FIB-micromachining has been
utilized to provide facet etching for coupled cavity lasers
[26], and laser arrays [27]. Disordering and etching, how-
ever, require long FIB processing times and do not em-
phasize the flexible advantages of this new fabrication
tool. The plasma grating is achieved with at least an order
of magnitude shorter write times. Because of this, the FIB
grating has the potential to become an important appli-
cation of FIB technology to optoelectronic device fabri-
cation in the future.

VI. CONCLUSION

In summary, we have demonstrated a new principle for
function of nondynamic gratings in semiconductor de-
vices based on the plasma effect. The grating was dem-
onstrated in a GaAs/GaAlAs FIB-DBR laser which
showed stable single-mode operation over a 20°C tem-
perature range with only 0.8 A /°C shift in wavelength.
Simulations show that FIB-implanted dopant stripes ion-
ize to form a carrier grating balanced by the fields from
the resulting space charge. Calculations show that of all
the waveguide geometry and implant parameters, « de-
pends most strongly on the implant activation saturation
level, the standard deviation in the z-direction, and dose.
Optimization of the implant parameters could increase «
by over an order of magnitude over the value of 15 cm ™'
estimated from surface emission from the second-order
grating.
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