which becomes much more negative in the confined plasma
(Vp= — 155V and ¥V = — 11.2 V) than in the uncon-
fined one (Fp = 0.3 Vand Vy = — 1.5 V). The ion bom-
bardment energy of an isolated substrateise( ¥z — V). In
the confined plasma, a negative V. therefore favors a moder-
ate bombardment energy ( =~ 10eV). Both the ion bombard-
ment and high density of electrons in the 10-eV range pro-
duce 2 high surface reactivity and contribute to a dense
a-Si:H film growth.?

Finally, in the electrostatically confined plasma, a high
2-Si:H deposition rate has been obtained. At pressures as low
as 6 pbar, the deposition rate is 0.33 nm/s. Both the very
reproducible low-pressure plasma properties of the electro-
statically confined dc glow discharge and the high depo-
sition rate are interesting features for the deposition of -
Si:H by this glow discharge technique.
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Spectrat hole-burning and gain saturation in semiconductor lasers:

Strong-signal theory
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The nonlinear susceptibility of semiconductor gain media is obtained by including the effect of
intraband carrier relaxation within the density-matrix formalism. The result is used to obtain
the approximate analytic expressions showing how the optical gain and the refractive index
change with an increase in the laser power. The index change is generally small but can be
positive or negative depending cn which side of the gain peak the lasing mode is located. By
contrast, the gain is always reduced because of spectral hole-burning. The implications of gain
saturation on the dynamic response of semiconductor lasers are discussed together with the

possibility of experimental verification.

Spectral hole-burning, a phenomenon responsible for a
power-dependent reduction of the optical gain,'™ has been
found to significantly affect the performance of semiconduc-
tor lasers.”** In particular, it increases the damping rate of
relaxation oscillations and affects the modulation response.
The effect of spectral hole-burning is generally included in
the single-mode rate equations by writing the gain in the
form*® g =g, (1 — P/P,}, where g, is the mode gain at
threshold, P is the output power, and £, is the saturation
power. Typical values of P, are in the range 0.1-1 W depend-
ing on the laser wavelength and material.* The linear form of
the saturated gain can be derived using the third-order per-
turbation theory within the density-matrix approach,’ and
is valid for P S 10 mW. However, at higher operating powers
it is necessary to modify the functional form of the nonlinear
gain. This is particularly the case for InGaAsP lasers for
which £, is relatively small (P, ~ 100 mW).

An alternative form of the gain, g=g, /(1 + P/P,)
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has been used in the single-mode rate eguations™! to go
beyond the third-order perturbation theory. This form is
based on the thecory of gain saturation in homogeneously
broadened two-level systems'*!® and is not generally valid
for semiconductors lasers. In this communication we use the
density-matrix approach to obtain an expression for the opti-
cal gain in semiconductor lasers that includes the saturation
effects. In this approach the semiconductor-gain medium is
modeled as an ensemble of two-level systems with different
transition frequencies distributed in accordance with the
joint density of states.'~*>-'7 Although in general a numeri-
cal approach is necessary,'®'” we show that an approximate
analytic expression for the nonlinear part of the optical gain
can be obtained. We discuss the implications of the nonlinear
gain on the dynamic and modulation performance of semi-
conductor lasers. In particular, we show that gain saturation
leads to a sublinear increase of the damping rate of relaxation
osciflations with an increase in the optical power.
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If we assume that the laser oscillates in a single longitu-
dinal and transverse mode, the electric field inside the laser
cavity can be written as

E(r,t) =} X[ E U(r)exp( — iwyt} +c.c.], (H

where @, is the optical frequency, X is the polarization unit
vector, and U(r) is the spatial distribution of the fundamen-
tal mode supported by the laser waveguide. The induced
polarization P(r,t) is calculated by considering the dipole
response of a single two-level system with the transition fre-
guency a4 and then summing over all possible band-to-band
transitions, i.e.,

B(r) = f (@)D} (pra + pay)deoy, (2)

@y

where @, is the band-gap frequency, u is the dipole moment,
D is the joint density of states, and p,, and p,, are the off-
diagonal density-matrix elements. For a two-level system,
the density-matrix equations can be solved exactly'®*® with
the following nonperturbative solution for p,:

I+ A2
1+ A4 7

ATw (py “‘;522)
i 1+ iA

UE; exp( — iwgyt),
(3)

where p,, and J,, are the occupation probabilities for elec-
trons and holes in thermal equilibrium, A is the normalized
detuning parameter, and 7 is the normalized intensity. 7 and
A are defined by

P12 =

i= {EQ[:"/IS, (4)

A= (&7 — @p)Tins (3}
where the saturation intensity

L= {(u/®{UE P, (r, #7017 (6

and 7,, 7,, and 7, are the intraband relaxation times for
electrons, holes, and polarization, respectively. The angular
brackets in Eq. (6) denote average over the active volume.
As a result, Jin Bg. (3) is an average intracavity intensity.
This procedure, although not exact, leads to considerable
simplification in the following analysis. In the axial direc-
tion, it amounts to averaging over the spatial holes burnt by
the counterpropagating waves in the carrier population.
This is justified for semiconductor lasers since carrier diffs-
sion tends to wash out the spatial holes.

The susceptibility y that determines the medium re-
sponse to an applied field is obtained by substituting Eq. (3)
in Eq. {2) and expressing the result in the form

P(et)y = (6/2} Ly E,U(D)exp{ — fwgt) + e}l (T
The result is

® 14 AT AAMA
= — -~ - 3 S
X j; 1+ A +F A—i 8
where
FAY =Fp’D(By; — Pr)/ (€8). &)

The confinement factor I appears because p,; —5,, =0
outside the active region. The lower limit of integration
a = (@, — wy)7,, <0, since generally w, exceeds the band-
gap frequency @, .

In general, the susceptibility ¥ given by Eq. (8) should
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be evaluated numerically.'®'” Here we adopt an analytic ap-
proach that enables us to obtain an approximate functional
form of the nonlinear gain. For this purpose we separate y
into linear and nonlinear paris defined by

¥ =XL +Xnes (13>
where
Yy = — M._;A;, (1
a A-’—l

“ SAYdA
Xrg = Ij- p 5 .
s (A—D(1+ A+ D

The evaluation of y, still requires numerical integration.
However, yy; can be evaluated approximately using the
method of contour integration. The approximation is based
on the observation that the main contribution to the integral
comes from a region |A| < 1. We assume the f{A) varies
slowly in this region and can be approximated by

JU8) =0 + f'4, (13)
where f* = df /dA is evaluated at A = 0. The lower limit of
integration in Eq. {12) can bereplaced by — oo for the same
reason. By closing the contour in the lower-half plane, we
find that a single pole at A = — i/1 + 7 contributes to the
integral. Evaluating the residue at this pole, we obtain

(123

i) (1 =BT+ 1)
VIHT 1+t +1)

where B = f'/f(0} is a dimensionless parameter.

The parameter f{0) can be related to the linear gain as
follows. The induced susceptibility changes the dielectric
constant by Ae which manifests as a change in the refractive
index and the optical gain according to the relation'?

y = he=2n{hn —ig/2ky)}, (15)
where # is the background index, &, = wy/¢, g is the optical
gain, and A is the index change that accompanies the gain.
Similar to BEg. (10), both An and g can be decomposed into
linear and nonlinear parts. In particular, the linear parts
from Eq. (11} are given by

1 [mafayds B

(14)

An, = — -~ , 16
i de 1+ A 2%, (16
k, ™ flAYdA 7wk, (17)
=20 L2282 TR0 q0).
T m ) 1447 m S0

Tke approximate formn of the linear gain g; is obtained by
using the same approximations as those used in the deriva-
tion of Eq. (14). The integral in Eq. (16) generally requires
a numerical approach.'® The last term relates An, tog, ina
phenomenological manner. The proportionality constant 5,
is often referred to as the linewidth broadening factor.'>'®
Using Eqgs. {14), (16}, and (17) and a relation similar
to Eq. (15} for ¥y, , we obtain the nonlinear index and gain:

A
At e P20 T (18)
B. 14157
e i
o . (19)
NL pa—
; JTHTU+yIED)
Govind P. Agrawal 1233




Equations (18) and (19) are our main results. They show
how the refractive index and the optical gain in the active
region of a semiconductor laser change with an increase in
the optical intensity. The index change depends on the pa-
rameter F that can be related to the slope of the linear-gain
profile at the laser frequency, i.e.,

g S i ( dg:. ) _
AOY  gLlwg)ry \ dw /o,

This parameter 8 = 0 if the lasing occurs exactly at the gain
peak. However, for distributed feedback semiconductor la-
sers it can be positive or negative depending on which side of
the gain peak the lasing mode is situated. Using typical pa-
rameter values (7, = 0.1 ps), weestimatethat S = Al /20,
where AA is the wavelength deviation in nanometers from
the gain peak.” Since generally 8 <1 and B, = 2-8 depend-
ing on the laser wavelength,'® Any, is small compared to
An; particularly for InGaAsP lasers for which 5, is relative-
Iy large. It is interesting to note that for I 1, Any, increases

with Fas /7 .

The nonlinear-gain expression (19) shows that the lin-
ear gain is reduced by an amount gy; with an increase in the
optical intensity (7 = |E|*/1,). This effect is similar to that
occurring in gas lasers'® and is often referred to as spectral
hole-burning. For semiconductor lasers, however, the hole
width (~10' ¢! is nearly comparable to the spectral
width of the gain profile because of an extremely short intra-
band relaxation time 7, ~0.1 ps (homogeneous linewidth
~75 1}, As a result, the semiconductor gain medium satu-
rates almost homogeneously. Indeed, the approximate result
(19) shows that the frequency dependence of gy is identical
to that of g, , i.e., the gain is reduced homogeneously by the
same amount over the whole spectral profile. The intensity
dependence of gy, is not, however, identical to that of a
homogeneously broadened two-level system as assumed in
some previous work.™!! In fact, the intensity dependence has
a functional form identical to that of an inhomogeneously
broadened two-level system since

(20}

g=8 +&a =& /N1 +1, (21)

as can be readily verified using Eq. (19). This is not surpris-
ing if we note that the range of possible transition frequencies
is extremely wide for semiconductor gain media. For optical
intensities much below the saturation level, /<1, and the
saturated gain can be approximated by

g=g. (1 —1/2). (22)

This is in agreement with the resnlts of third-order perturba-
tion theory'™ and justifies the form of nonlinear gain that is
often used in the rate-equation analysis.>""

For the purpose of comparison with experiments, it is
important to estimate the power levels for which Eg. (22) is
a reasonable approximation for the saturated gain. An order
of magnitude estimate of the saturation intensity I, can be
obtained from Eq. (6} if we assume for simplicity that
{(|{U(r)|*) =1. Using estimated parameter values g=7
X107 Cm, 7, = 0.1 ps, 7. = 0.3 ps, and 7, = 0.07 ps,
thought to be appropriate for InGaAsP lasers,* we obtain Z,
~ 10 MW /cm?. Since the mode cross section is typically ~ 1
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pum? for index-guided semiconductor lasers, the saturation
power is ~ 100 mW. Thus, Eq. (22) is a good approximation
for operating powers up to about 10 mW. At higher power
levels Bg. (19) or (21) should be used in the single-mode
rate equations to accurately model the dynamic and modula-
tion properties of semiconductor lasers.

It is important to note that the linear gain g; in Eq. (21)
is not the small-signal gain but includes the saturation effects
resuiting from interband transitions (due to clamping of the
carrier density at threshold). As is well known, %% the lin-
ear gain saturates homogeneously according to gy = go/
{1 + 7/1,), where the interband saturation intensity J,~ 1
MW /cm? is nearly two orders of magnitude lower than the
intraband saturation intensity 7,. Thus, for semiconductor
lasers or amplifiers operating at power levels ~ 1-5mW, the
gain meduim saturates almost homogeneously, as also ob-
served experimentally,'® since the intraband saturation or
spectral hole-burning is negligible. However, departures
from this homogeneous-saturation behavior should be ob-
servable at power levels exceeding 10 mW or so.

To study the implications of the saturated gain of Eq.
{21} on the device performance, we have solved the modi-
fied rate eguations in the small-signal approximation using
the standard method.’® The modulation response (normal-
ized to its dc value} is given by

H(w)~ 0?2

= \ 23
H{Q) (0?—o?+iwl) (23)

where {i is the relaxation-oscillation frequency and the
damping rate I is given by

i/2 .

Here 7, is the photon lifetime (typically 1-2 ps) and we have
neglected a smali contribution to I arising from spontane-
ous emission.’® Equation (24) predicts a sublinear increase
of I with the operating power. Such a behavior has been
experimentally observed for InGaAsP lasers and was attri-
buted to the onset of multilongitudinal modes at high pow-
ers.”’ Our analysis suggests that the gain saturation may
have been responsible in part for the cbserved sublinear be-
havior. A clear-cut verification of Eq. (24) would require
the development of a distributed feedback semiconductor
laser that maintains a single longitudinal mode up to rela-
tively high operating powers. In conclusion, we note that
several other predictions (e.g., the nponlinear-gain-limited
modulation bandwidth®) may need revision when the form
(21) in place of (22) is used in the single-mode rate equa-
tions.
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Resist heating in excimer laser lithography
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Intensity dependence of the photochemical reaction rate, and thus the exposare reciprocity, for
excimer laser beam irradiation to resist has been investigated. The reciprocity law did not hoid
for KrCl excimer laser beam irradiation concerning the sensitivity of the poly{methyl
methacrylate) (PMMA) resist. It is also shown that this failure of the reciprocity law
originates from z resist sensitivity change caused by the resist temperature rise due to
irradiation (resist heating). For PMMA, the laser beam with a pulse energy of 15 mJ/cm? and
a wavelength of 222 nim raised the resist temperature by about 30 °C, resulting in a thermally

assisted photochemical reaction.

The design rule for very large scale integrated circuits
(VLSI) devices will decrease down to 0.5-0.25 um in the
near future. Conventional optical lithography has a resolu-
tion limit around 0.5 gm. Therefore, a next generation lith-
ography is stongly desired. Excimer laser reduction technol-
ogy is expected to break through such a resclution limit."®

However, many phenomena to be clarified exist in ex-
cimer laser Hithography. One of the phenomena is the failure
of the reciprocity law to hold. The reciprocity law comes
from the fact that chemical reaction between photons and
the sensitive material {resist) only depends on the exposure
dose, that is, its functional is f [ (intensity) X (exposure
time) ] and not f (light intensity). The law holds in conven-
tional optical lithography. However, in excimer laser lithog-
raphy, some experimental resulis have shown the failure of
reciprocity. Kawamura, Toyoda, and Namba® reported that
the development rate of the resist {i.e., chemical reaction
rate) increases with excimer laser beam intensity.

Dill’s model for the photochemical reaction of a resist
satisfies the reciprocity law in conventional optical Lthog-
raphy.” However, the model does not explain the failure of
the reciprocity law in excimer laser lithography. Albers and
Novotny® introduced a two-step kinetic model and estimai-
ed the intensity dependence of the photochemical reaction
rate. They showed that the chemical reaction rate decreases
with the increase in light intensity, over 5 kW/cm? This
dependence is contrary to that of the above experimental
resuits.

In this communication it is demonstrated that the fail-
ure of the reciprocity law originates from a change in the
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chemical reaction rate caused by the resist temperature rise
due toirradiation (resist heating }. The resist heating effect is
a serious problem in mask making by electron beam writing
which deforms the resist pattern, resulting in degradation of
pattern accuracy.” !

Figure | shows the residual resist thickness for several
expaosure doses. A KrCl excimer laser (222 nm)} was used as
the light source. A l-um poly{methyl methacrylate)
(PMMA} resist was coated on Si substrates and was ex-
posed with several laser intensities. The exposed resist was
developed with methyl iscbutylketon (MEBK ) in 6 min. The
development rate increased with beam intensity for the same
exposure dose. The reciprocity law did not hold.

The temperature rise of the resist was estimated as fol-
fows. In excimer laser lithography, the resist is exposed with
a pulse energy of about 30 mJ/cm? for about 10 ns. The laser
intensity reaches 3 MW/cm?. The pulse exposure is repeated
with an interval of 1-100 ms. The accumulation of heat be-
tween each pulse exposure was ignored as follows. The Si
substrate acts as 2 heat sink because the thermal diffusion
coefficient of Si is about 10° times as large as that of the
PMMA resist. The temperature rise of the resist may be ig-
nored after the heat, generated at the resist surface, diffuses
and reaches the heat sink {81). This diffusion time 1, is repre-
sented by

td :dz/(4pr), (1)

where d represents resist thickness and D, the thermal diffu-
sion coefficient. Substituting the values of d = | um and D,
= 1077 m?%s into Eq. (1)}, a diffusion time of 3 us is ¢b-
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