where x, is the abscissh of the~pgint P as shown in Fig, la.
The point P is defined as thg intersectian of the x-axis and the
depletion boundary curve uhder overall gate-induced space-
charge neutrality conditions (congept defined in.Reference 2).
The last approximation is based omtwo-dimensiomal numeri-
cal analysis performed by means of MINIMOS.

Using the above approximations onesan replace all ints
grals in eqn. 3 by their explicit solutions. Lhis results in a
closed-form analytical expression for the potentia] distribution
under the centre of the gate, which is of particulahinterest in
MOS transistor modelling.

Now the values of x, and ‘¥(0, 0) in eqn. 4 remain tq_be
determined, which may be done as follows. After Dang,? the
junction depletion-layer boundary is assumed to take the form
of an cllipse with thecentre at the gate end and with diameters
2w, + 08]) and 2(w, + x;)"Quantities w, and w, are shown in
Fig. la and denote lateral and tragsversal thicknesses of the
substrate depletion layer, respectivelyunder the overall gate-
induced space-dharge neutrality condition®Then x, may be
found by simple gtometrical transformations as

x, = (x; + wy) — [0:Tx /(w, + D-?.rj}]z} (5)
where x; is the junction depth

The value of (0, 0) is assumed.lo be

(O, 0) =V, + Vs — g In [N(OWN,] (6)

where N, is the bulk doping concentration, V5§ the applied
source voltage and Vj is the so-called offset voltagedefined by
Chawla and Gummel.*

The work of Chawla and Gummel is based on the approx-
imationmof-the real junction doping profile by the exponentia]-
constant one and imtraduces quantities ¥V, = ¥, + V. termed a
offset wpltage, gradient voltage and correction factor, respec-
tively. Forsimplicity the V. value;through this study, is taken
to be equal te. 150 mV instead of a complex expression pro-
posed by Chawl@xapd Gummel. At the end the~values of V,, w;
and wy are calculated directly by use of appropritte_expres-
sions from Reference 4.

As an example of its validity the theory presented in this
letter was used for threshold veltage calculation of a typical
H-MOS transistor with a strongly~gonuniform doping profile
shown in Fig. 2. For this purpose the theory was accompanied
by the well known relation

(7)

pd | =

Vo= Veg + V3+‘P(D,%)+$?;,‘E, 0

where, V;, is the gate voltage, ¥, s the flat-band voltage, 7, is
the oxide thickness, &g, &,, are the permillivities of silicop and
oxide, respectively, and E (0, L/2) is the Transyversal elgctric
field at the semiconductor surface. Afterwards, the foifowing
procedure described_by Doucet and Van de Wicle® was
applied. The left-hand side of eqn. 3 rewritten for x = 0 was
replaced by the surface potential W, related to the onset of
strong inversion (any well knoWwa_criterion can be used there)
and the resulting equation was solved for w. Next, eqn. 3 with
this w was differentiated to calculate™he transversal surface
field E. (0, L/2) value. Finally the values oMN(0, L/2) =¥, and
E (0, L/2) after substitution into eqn. 7 resulted in the thresh-
old voltage value V.
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Fig. 2 Typical channel doping prqﬁ.'.:.' for a double boron-implanted
H-MOS transistor

In Fig. 3 some typical results, i.e. (V; — V;) dependence on L
for varitus V. obtained according to our theory are compared
with results of exact two-dimensional numerical calculations

Vg =2V

0 1
channel
ig. 3 (Ve — V) against ¢
Dqping profile as shown in

Upsse 001 Vi x; = 0:25 um; T, < 350 A; gate\e poli-Si

made by tse of MINIMOS, showin
wide range oRL values.

In conclusion, a new effective theory™ for VLSI
MOSFET modelligg was presented. This the aljows accu-
rate prediction of Mhe potential distribution in~ the short-
channel case being frée of any doping profile averaging but
dealing directly with the real profile, which significantly
exceéeqs the insight offered by other theories.
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THEORY OF SPONTANEOUS EMISSION
IN GAIN-GUIDED LASER AMPLIFIERS

Indexing terms: Lasers and applications, Spentaneaus emission

We give an argument suggesting that spontaneous emission
in gain-guided laser amplifiers is enhanced by a factor much
smaller than the K-factor previously calculated. This is
because the fundamental mode content of the spontaneous
emission field should be calculated in the sense of the Hermi-
tian rather than direct product at the laser output.

In some semiconductor lasers, the optical wave is guided in
the planc of the junction (x, z) by the medium gain rather than
by any increase in the real part of the refractive index. Gain-
guided modes have a field intensity that falls ofl" exponentially
away from the stripe region, but, unlike ordinary modes, they
have curved diverging wavefronts. The fundamental modal
ficld Yrqlx), where x denotes the transverse co-ordinate, is
therefore a complex function of x. Petermann' has shown that
the spontaneous emission power ‘in the mode’ is enhanced by
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a factor K & 1 in gain-guided lasers with inverted profiles
compared to index-guided lasers. Most authors (see the last
paragraphs in Reference 2) take it for granted that the sponta-
neous emission power in such laser amplifiers in the output
mode is enhanced by that factor K. The expression ‘in the
mode’, however, is quite ambiguous. The field /(x) just outside
the laser amplifier may indeed be expressed as the sum of a
field in the fundamental mode ,(x) plus something else
according to either

wix) = Yolx) + '(x) J Yo" dx =0 (la)

or

+ o

W(x) = onfrg(x) + 1J(x) .[ Wi dx =0 (1b)

=
where the star denotes complex conjugate value. The modulus
of the constant « may be very different from unity. The point
made in this letter is that mode filters (nondegenerate lossless
optical cavities, heterodyne optical receivers, beats between
signal and spontaneous emission” ...) measure the power in
ot according to eqn. 1b and not the power in i, according
to eqn. la. It follows from this observation that spontaneous
emission in the mode {as we have just defined it) from the
output end of a laser amplifier is not enhanced at all. If there
is a strong mode-filtering action in the gain-guided laser
favouring the fundamental mode, then the spontaneous emis-
sion originating from the input end of the laser is mainly in
the i, mode at the output end, and for that part of the spon-
taneous emission Petermann’s K-lactor does apply.

It is therefore important to determine whether gain-guided
lasers actually provide strong filtering of higher-order modes.
We will show that in general they do not. because laser ampli-
fiers have rather wide stripes.?

In order to have analytical solutions, let us assume, as in
Reference 1, that the complex index of refraction follows a
square-law:

k(x) = ko[ + Alx/dy¥] — N[ — (x/d)*] (2)

where k = (w/cin. The parameter 2d is roughly the stripe
width. Antiguiding increases with the relative index change
A >0 at the stripe edge. The imaginary term in k is pro-

portional to the density of atoms or electron-hole pairs®

responsible for both stimulated and spontaneous emission.
The solution for the modal fields and the gains in the medium
described by eqn. 2 is well known (see, for example, Reference
4) and need not be repeated here. We will in the following
assume that antiguiding is very strong because this is the most
interesting case.

We shall impose the condition that the ,4(x) field intensity
is negligible in the region where the medium has loss instead
of gain. Otherwise the ratio P, /(G — 1), where G denotes the
power gain, would be enhanced by a factor gain/(gain-loss)
quite aside from the efTect of wavelront curvature that we are
studying. This condition may be written, from Appendix 1, as

Nod » /(28) 3)
The gain of mode m is (see Reference 4; eqn. 8)
Ym = N0 — (m + $./2A)d )

A more general result is given in Appendix 2. Under the con-
dition in eqn. 3 the net gain of the amplifier is approximately
1/2N, L if L denotes the laser length, For example, for a net
gain of 10 dB, Ny L = 2-3 and the ratio of the field intensities
of two modes at the laser output, assuming equal excitation:

[ /Wl =exp [(7, — 1o)L] = exp (—2-3./(28)/Nod) (5)

is close to unity according to eqn. 3. Thus mode fltering is
weak for practical laser gains when the calculated K-factor is
large, and consequently the effective spontancous emission
enhancement factor of gain-guided laser amplifiers ‘in the

mode’ may be much smaller than K. In order to get precise
numbers, rather involved calculations are needed that will be
reported elsewhere.

The author expresses his thanks to J. C. Simon for his com-
ments on an earlier version of this letter.

J. ARNAUD 2nd June 1983
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Appendix 1: The expression of the modal field :*
Urolx) = exp (—3ko Qx7) (6)

is applicable to square-law media with gain according to eqn.
2if we set (N, < kg):

Q? = —2A/d* — iNy/kod? (7)
i.e., approximately for strong antiguiding,

Q =~ —i/28)/d + No/(2/(2A)k d) (8)

The fundamental mode halfwidth &, is therefore given from

eqns. 6 and 8 by
d*/E3 = Nod[2./(28) )

In the main text we explain why, for reasons of consistency,
we must assume that this quantity is much larger than unity.
The conditions set up in this letter are consistent provided the
Fresnel number d?/iL > 1. This is the case for rather wide-
stripe short laser amplifiers, Note that the K-factor defined in
egn. 15:

K = [1 + (4Ako/N)*]*? (10)

does not depend on the stripe width d in our large A square-
law model.

Appendix 2; It has been shown in Reference 1 that the sponta-
neous emission power P, is enhanced in gain-guided lasers by
a factor K > 1. We show here that the important parameter
P, /(G — 1) is indeed proportional to K if mode filtering is
very strong.

For a mode exp [i(fiz — @t)] the wave equation for the
optical field y(x) is*

B = kix) + fkg ' *yjox? (11)
If we set fi=fi, —iy and k(x) = k,(x) — ig(x), multiply both
sides of egn. 11 by *, integrate from x = —c0 to + oo,

neglect in the second term the imaginary part of ko, = k(0) (a
permissible approximation), and note that ¥ —0 as x
approaches infinity, we get the power conservation law

= .[ 93 o 12 d-‘f/f [Wo|* dx (12q)

where | |* = yf*. For a slice comprised between z and
z + dz, the power gain G is

G—1=2yd: (12b)
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Now, the term g responsible for stimulated emission in egn. 12
is also responsible for spontaneous emission. We can view
ng(x’) 6(x — x’), where n = (2hv dz)"* and &(.) is the Dirac
function, as the field emitted spontancously at x’. This field
can be expanded in the modal fields i, (x) according to

ng(x’) 8(x — x) = ¥ ngxW,.(xW,.(x) ; j Wi(x) dx  (13)

where we have used the well known orthogonality condition
for modes in waveguides with gain or loss. The spontaneous
emission power in the fundamental mode is obtained by inte-
grating over x the modulus square of the term properional to
Yolx) in egn. 13 and integrating that power from x' = —e to
+ 0. We readily obtain for that slice comprised between z
and z + dz

P, =h(G- 1)K (14)
where G — 1 = 2y dz, y is given in eqn. 124 and

2
K= (J‘ltﬁnlz d.\.'j/ jl{r‘zj dx ) (15)

is Petermann’s K-lactor.

TWO-PARAMETER EMPIRICAL MODEL
FOR RAINFALL RATE DISTRIBUTION

Indexing rerms: Radiowave p””fﬂ“-‘i'i””' Rain

reduced the number of parameters to two by s

one conslant-This modified model appears to™gjv
agreement wjth € xperimental data gathered in
locations arountd the w:

tribution at high rai
the low rates.

According to this model,
R exceeds r is given by

P(Rz:—]:::er,, .1 =2 mm/h
where a,

.ﬁﬁhmg@;gmeters depending on t
time of the rain gauge and on the climate.
Then, the

probability densityxare given by  ~~

F(r)= PR =r) =

L dF)
ﬂ”‘_—dr

From these equations it has been shown® that: 0 <a < 1;
O<u<l;b>0 ’

In previous papers we considered the possibility of setting
constant one out of these parameters for all climatic areas, in

order to reduce the number of parameters. This is achieved in
this letter.

The comparison of our empirical model with the gamma
-normal distributions was already discussed® ® and
will merely give some examples of our empirical law

time.
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La Neuve
Integration time = | min

In its report 563-2% (see Table | and Figs. 11 1o 13), CCIR

gives rain hydrometeorological zone intensities across the
world.
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