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SUMMARY

To understand the small-signal gain,
signal-gain saturation and noise characteris-
tics of 1.5 um InGaAsP Fabry-Perot cavity-
type laser amplifiers, two types of laser
amplifiers having different thickness of the
active layers were tested. It was found that
the larger the gain coefficient (i.e., the
larger the injected carrier density), the
higher the gain and saturation output of the
amplifiers, and the lower the noise level.
Stern's gain calculation method was applied
to materials for the 1.5-um region. It was
found theoretically that these characteris-
tics are due to the dependence of the carrier
lifetime on the injected carrier density and
the dependence of the saturation intensity
and the population inversion parameter of the
gain coefficient, by using the material par-
ameters taking account of the Auger effect
and the structure parameters of the device.
The feature of the 1.5-ym amplifiers is that
the reduction of the carrier lifetime with
the increase of the carrier density becomes
more significant due to the Auger recombina-
tion process. It is important for improving
the saturation output by positively utiliz-
ing this phenomenon to design the amplifier
structure so that the amplifiers can be oper-
ated in a high-gain region.

1. Introduction

Semiconductor lasers which have been
developed as small, highly efficient and
long~-lived oscillators operate as linear
optical amplifiers which directly amplify an
external optical signal when they are biased
below the oscillation threshold [1, 2]. A
small-signal gain, the signal gain satura-
tion [3, 5], noises [2, 6, 7] which are fun-
damental characteristics of a Fabry-Perot
(FP) type and traveling-wave-type optical
amplifiers have been elucidated experimental-
ly and theoretically by using 0.8-um AlGaAs
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Fig. 1. Schematic drawing and SEM cross sec-
tion for 1.5 um BH laser amplifier.

semiconductor laser amplifiers. By an ex-
perimental transmission of PCM-IM signal (100
M bits/s) using AlGaAs semiconductor laser
amplifiers [13], it has been shown that this
type of amplifier is used for an optical pre-
amplifier [8, 9] set just in front of the
photodetector, and the minimum receiving
level can be improved compared with a conven-
tional APD detector. It has also been demon-
strated that it is possible to reduce the
size of the repeaters and substantially ex-
pand the regenerative repeater spacing [11,
12] when this type of amplifier is used as
optical linear repeaters [10}. For a further
extension of applications of the optical
amplifiers to optical transmission systems,
it is essential to materialize an InGaAsP
laser amplifier for a long-~wavelength region
in which optical fibers become low-loss and
low-dispersion, and to optimize its device
characteristics by their quantitative analyses.
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Table 1. Device, structure parameters and
material parameters of the InGaAsP amplifiers

Amplifier a (O b ()

nondope nondope

Active layer
Device parameters

Oscillation Wave- j (up) 1.504 1.536
length

Oscillation thresh- |, (w) 36.4 20.2
old

ggéeiefractive Ny 3.53 3.8
Absorption coeff. a (cm') 21 29
%2;§$ness of active d (um) 0.09 0.17
Jidth of active  y (ua) 28 27
Length of cavity L (gm) 190 290
Facet reflectivity R (%) 30.4 3&? ............
néégﬁégafémé;;;;ééé;; ..........................................
Confinement factor r 0.136 0.361

Optical model volume Vo(m? 3.52x10°'® 3.69%10°'*
Photon lifetime T, (ps) 1.4 1.95

Material parameters

Aq (- dg/dNe ) (m*)

N,

Carrier lifetime

4.63x10° %
(m™%) 8.3 x10%*
T (ns) 0.4 1.4

We fabricate 1.5 um InGaAsP FP cavity-
type laser amplifiers [14] using a buried
heterostructure with different thickness of
active layers. The dependence of their
small-signal gain, signal gain saturationmn,
and noise characteristic on the structure are
studied experimentally in this paper. The
amplifier having a thinner active layer and
a smaller mode-confinement factor was found
to have a higher signal gain, a higher
saturation output, and a lower noise level.
Furthermore, Stern's gain calculation method
was applied to materials for the 1.5 um re-
gion. Nonradiative recombination lifetime
due to Auger effect is also taken into ac-
count for evaluating the carrier lifetime.
Amplifier device characteristics were anal-
yzed theoretically by using both the material
parameters and the structure parameters rele—
vant to each amplifier. The differences of
the small signal gain, gain saturation and
noise characteristic between amplifiers hav-
ing different active layer thickness are
attributed theoretically to the dependence
of the carrier lifetime on the injected-
carrier density, and the dependence of the
saturation intensity and the population-
inversion parameter on the gain coefficient,
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respectively. The feature of the 1.5-um
amplifier is the rapid reduction of the car-
rier lifetime with the increase of the car-
rier density due to the Auger recombination
process. Finally, the importance of design-
ing the amplifier should be pointed out: it
should be capable of operating in a high-
gain region where this phenomenon contributes
to high-saturation output and high signal
gain.

2., Structure Parameters and Material
Parameters of the 1.5-um
Laser Amplifiers

2.1 Fabrication of the InGaAsP ampli-
fiers and their structure parame-
ters

Figure 1 shows the schematic drawing of
the 1.5-um InGaAsP buried heterostructure
(BH) laser amplifier, and its sectional view
obtained by the SEM observation. The device
was fabricated by using the low-temperature
liquid-phase epitaxial growth [15], as fol-
lows. In the first growth, the n-InP layer
(Sn doped), InGaAsP active layer (nondoped),
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Fig. 2. Theoretical and experimental peak
gain coefficient g vs. the minority carrier
density Ne for 1.55-um InGaAsP lasers.

p-InP layer (Zn doped), and p-InGaAsP cap
layer (Zn doped) were successively grown on
the (00l) oriented »n-InP substrate so that
a double heterostructure was formed. Then

an SiO2 film pattern having a width of 8 um

in the <110> direction was formed by using
the RF sputtering method and the photolith-
ography method. This was etched with bro-
mine-methanol solution so that a mesa struc-—
ture having an active layer about 2.8 um
wide was formed. In the second growth, a
p—-InP layer, n—-InP layer and n~-InGaAsP layer
were successively grown. The leakage of the
injection current outside the active layer
is prevented by the reversed biased p -7 junc-
tion in the burying region.

Au-Zn-Ni is vacuum-evaporated and amal-
gamed for the p-electrode, and Au-Ge-Ni for
the n-electrode. Then chips 200 to 300 um
long were made by cleaving. The chip was
mounted on a diamond heat sink with In
solder. The threshold value of the BH laser
fabricated is between 20 and 36 mA. The
lasers operated in a single longitudinal mode
with about 1.6 times the threshold value.

Two kinds of BH amplifier (a and ) hav-
ing the thickness of the active layer of
0.09 and 0.17 um, respectively, were used in
the experiment for studying the structure
dependence of the optical amplifier charac-
teristics in the 1.5-um region. Table 1
shows the structure parameters and the mater-
ial parameters of the two kinds of amplifier.
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Fig. 3. Carrier lifetime T, VS, the minor-
ity carrier demsity Ne for p-doped 1.55-um
InGaAsP lasers.

The absorption coefficient a is obtained
from the dependence of the external differ-
ential quantum efficiency on the cavity
length of the lasers which were taken from
the same wafer used. The group refractive
index ng was obtained by measuring the lon-

gitudinal-mode spacing frequency in the gain
spectrum. The optical-mode confinement fac-
tor T for the active layer [16], and the
facet reflectivity R for the TE polarized
wave of the cleaved facet [17] were obtained
from the slab waveguide analysis, by using
the refractive indices nact = 3,523 [18] and
"lad = 3.17. By using these values, impor-
tant structure parameters of the amplifier,
such as the mode confinement factor I', the

optical mode volume VO (=dwL /T, where w is

the width of the active layer), and the pho-
ton lifetime Tp (=L vola+(1/L) In(1/R)} ],
vg = ¢/n_, which is the group velocity in

the medium) were derived.

2.2 Material parameters of the InGaAsP
amplifier

The gain spectra of InO.SSGaO.42

ASO.QPO.I for the band-gap wavelength of



1.55 ym were calculated as a function of in-
jected carrier density by using the density
of states with the Kane function interpol-
ated to the Halperin-Lax bandtail and
Stern's improved matrix element [19, 20].
This was done by applying the equation, which
Dutta used for the 1.3 um InGaAsP material
[21], to y = 0.9 for the band structure par-
ameters of the material for 1.55 pum, with

the values of Eé = 0.8 ev, mc/m0 =0.045,

mhh/m0 = 0.44, mZh/m0 = 0.057, € = 12.2 and
A= 0.32 eV.

Figure 2 shows the dependence of the
peak gain coefficient g (obtained from the
calculation of the gain spectrum) on the in-
jected carrier density Ne’ with various con~

centrations of the doping materials. From
these, the relationships between g and Ne

are given by
9:Ay(lvv_[v0) (1)

where Ag(mz) is the slope of the gain coef-

ficient vs. injected carrier density curve,

and NO is the density of the minority carri-

ers which makes the stimulated emission
greater than the stimulated absorption. 1In

the case of a p-doped material, No reduces

and Ag increases with the increase of the

In the case of n-
and Aq reduce. The

dopant concentration.

doped material, both No

experimental values shown in Fig. 2 were ob-
tained by the gain measurements described
later. These show that the amplifier a
works in a region where the injected carrier
density and the gain coefficient are greate
than those of b. :

Figure 3 shows the dependence of the
carrier lifetime T, on the injected carrier

density, for various p-dopant concentrations;
T, (shown by solid lines in Fig. 3) 1is repre-

sented by the resultant of the lifetime due
to the radiative recombination process Trad

and the lifetime due to the nonradiative
recombination process T i.e.,

1/15~:1/Trad+1/1n7 (2)

T pad (shown by dash-dotted lines) is
obtained as a function of Ne by integrating

spontaneous emission power in a thermal equi-
librium condition (which is obtained in the
above-described gain spectrum calculation)
{19]. Since the dominant nonradiative re-
combination process in the 1.5-ym material

is the Auger recombination of the CHSH
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Fig. 4. Theoretical and experimental peak
gain coefficient g vs. the nominal current
density Jnom for nondoped 1.55 um InGaAsP

. lasers.

process [22], the Auger lifetime Taug [23]

is used for Tt T is shown by dashed

np’ aug
lines in Fig. 3; T, decreases rapidly with

Ne, since the recombination rate is propor-

tional to the cube of the injected carrier
density in the Auger recombination, unlike
that in a material having a small concentra-
tion of impurity in which the recombination
rate is proportional to the square of the
injected carrier demsity. This effect is
seen in the dependence of the gain coeffi-
cient on the nominal current density JnO

m
(=eNe/TS(Ne)).

Figure 4 shows the g -Jhom curves of
nondoped InGaAsP obtained from g(Ne) and
TS(Ne) in Figs. 2 and 3. The value of g con-

sisting of T (Ne) alone increases linearly

rad
with Jnom (shown by a dashed line). By con-

trast, the value of g including Taug (shown

by a solid line) tends to saturate, due to
the rapid decrease of Taua The experimental

values of a and b (shown by circles and tri-
angles in Fig. 3) were obtained from the sig-
nal gain measured by the optical injection
method (described later in Fig. 5). These



values have a good agreement with the solid
curve in Fig. 4.

Table 1 also tabulates the theoretical
values of the material parameters; Ag (=dg/
dNe)’ NO and the carrier lifetime T, at the

threshold of the amplifiers a and b used for
the experiment, which significantly affect
their amplification characteristics.

3. Signal Gain and Saturation
3.1 Small-signal gain
The signal gain G of an FP cavity-type

optical amplifier for a small-signal optical
input having a frequency f is given by

65 = (1-R)*G,
ety T (1-RG,)*+4RG,sin*[27(f~ fo)L/v,]
(3)
where Gs is the single-pass gain. This is
related with the gain coefficient g by
G, =exp[ (g-a) L] “4)

The ratio v of the output of the amplified
signals in a resonant state (f = fb) and a

nonresonant state (f = fb + vg/AL) is given

by

G{fo) (1+RG&)2
&)

"“G(fovv,/4L) \1-Ro,

By measuring the value of v, Gs is given by

V-1

1
G_‘.:_'—
R Vv+1

(6)

Therefore, G is given from Eq. (3), and g is
given from Eq. (4).

From Eq. (3), the gain profile of the
single-longitudinal mode in the small-signal
region is given for f-— fo K( vy/ZL) by the
following Lorentz-type equation:

GU) _ ]
G(fo) 1+[ (f-fo)/B]?

N

where B is the half-width at half-maximum

(HWHM) of the signal gain profile given by
B=(v,/2zL)sin* [ (1-R)/2VRG(f)]  (8)

This shows that vG B becomes constant in each

amplifier. By measuring B, therefore, the
signal G can be obtained from Eq. (8).
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Fig. 5. Unsaturated signal gain ¢ for TE

input signal light vs. the amplifier pumping
rate J/Jth'

It has been confirmed that the two
types of measuring methods using Egs. (6)
and (8), respectively, give the same results
in the experiment, using the 0.8 um AlGaAs
amplifier [3]. The gain measuring method
using the value of v (Eq. (6)) however, has
a poor accuracy for the InGaAsP amplifier,
since InP used for the cladding layer is
transparent to the optical input signal of
1.5 um so that most input optical power pass-
es through the cladding layer without coup-
ling into the amplifier waveguide. Therefore,
we used the optical injection method [1 -3]
with the measurement of the HWHM bandwidth
B (Eq. (8)) to obtain the signal gain. The
vGB of the amplifier g and b used are 45 and
24 GHz, respectively.

The experiment was carried out by using
the same arrangement as shown in [3, Fig. 1].
In this experiment, the output of an InGaAsP
laser which produces a single longitudinal-
mode oscillation is coupled into the optical
amplifier through an optical isolator and an
optical chopper. The amplified output power
is detected using a lock-in amplifier so
that the influence of the spontaneous emis-
sion is eliminated. The temperatures of the
amplifier and the oscillator were controlled
to within 0.01°C by using a Peltier element.
Frequency tuning between the amplifier FP
mode and the input signal is achieved by con-
trolling mainly the temperature of the ampli-
fier. The bandwidth B which determines the
signal gain was obtained from the temperature
change of the amplifier.



Figure 5 shows the dependence of the
small-signal gain in a resonant state on the
normalized pumping rate for the TE polarized
input signal. The signal gain increases
with the pumping rate and becomes between 27
and 33 dB at the lasing threshold. The
solid lines in Fig. 5 were obtained theor-
etically by using the g-—Jnom curve (Fig. 4)

and Eqs. (3) and (4). A larger signal-gain
is obtained by the amplifier a which has a
smaller value of T than the amplifier b,
with the same normalized pumping rate. In
the amplifier a, the rate of the signal gain
change against the pumping rate change is
more decreased than in the amplifier b.

This is due to the operation of amplifier a
in a region where the change of the gain co-
efficient against the injection current is
reduced. This reduction is caused by the
reduction of the carrier lifetime due to the
Auger recombination in the region where the
injection current is large.

3.2 Gain saturation and saturation
intensity

Figure 6 shows the dependence of the
tuning characteristic of the amplified out-
put signal on the optical input signal power,
obtained by feeding the optical output of
the laser oscillator into the optical ampli-
fier b, and by sweeping the temperature of
the amplifier. When the optical input power
is small, the gain profile is the Lorentz-
type represented by Eq. (7). When the opti-
cal input power is increased, the peak wave-
length of the signal gain shifts towards a
longer wavelength, and the profile becomes
asymmetrical. As is already reported for a
GaAs amplifier [5], this is due to the in-
crease of the refractive index of the active
layer owing to the reduction of the rejected
carrier density stemming from the gain satur-
ation, resulting from the increase of the
resonance frequency of the amplifier.

The inset in Fig. 7 shows the block dia-
gram used for measuring the saturated signal
gain. This method was used because the gain
profiles in the gain-saturated region do not
follow Eq. (7), i.e., the signal gain measur-
ing method by using the bandwidth B cannot
be applied. By using the same Ge photodiode
(PD) having a large diameter, the optical
output vs. injection current characteristics

were measured behind a half-mirror P4 and at

the amplifier output facet P Then the out-

3
coupling efficiency n was obtained from
the ratio of the external differential quan-
tum efficiency above the threshold value.
Figure 7 shows experimental results for P3

and P

put

5 as a function of the optical input

43

Matching temperature (degq.)

23 22 21

0 T T T
- iInGaAsP
£
o L
-

5 -13.2
a° -10
§ i -14.8
o -21
a
5 -20F -27.5
a
= -33.2
o -
©
2
3 -30f
g -45.3
Pm=-52.1dBm
—40 It / 1 1 1
-1 0 1 2 3
Wavelength shift AA (A)
Fig. 6. Amplifier gain profiles are changed

due to gain saturation. Resonance condition

is met at longer wavelength and gain profile

becomes more asymmetric with the increase of
the input power (sample b).

power P, measured at the immediate front of

1
the input coupling lens.
P3 was derived by P

The output power
= P4/n, where P, 1is the

3 4
power actually measured. P2 is the input
power derived by P2 = P3/G, where G is the

(8). The
show a good agreement with the

signal gain obtained by using Eq.

values of P2

broken line (in Fig. 7) having a declination
of 1 (corresponding to the input coupling
loss of 6 dB), notably in a small-signal gain

region below P1 = -30 dBm. This ensures that

the experiment was carried out with a con-
stant coupling efficiency. The amounts of

P3 increased from the broken line of P2 are

plotted in Fig. 8 as the signal gain includ-
ing the saturation region.

Figure 8 shows the dependence of the
signal gain at a resonant state of the ampli-
fiers a and b on the amplified output power
with unsaturated signal gains of 20 and
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30 dB. When the output power increases, the
signal gain decreases due to the gain satur~
ation. Let us define "the saturation output

power P3dB" as the output at which signal

gain is reduced by 3 dB from the unsaturated
value. P3dB reduces with the increase of

the unsaturated signal gain. at the

F3a8
unsaturated signal gain of 20 dB is -4.8 dBm
for the amplifier a, and -13.5 dBm for the
amplifier b, the former being improved
greatly. This difference is attributed to
the differences of the structure parameters
and the material parameters of the two ampli-
fiers.

The gain saturation of an optical ampli-
fier is caused by the reduction of the popu-
lation inversion in the active layer due to
the increase of the stimulated emission.

The injected carrier density can be deter-
mined by using the following single-mode rate
equation [24] to which a term of the optical
injection is added:

AN, A N,
Tempegt e ar (N ®)
%%=L4§~+%§3£+Ar(%?—Ag)n+Pm (10)
p e e

b4

30
)
Z
O 20
&
©
o
w
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7
o] . . " . .
-40 -30 -20 -10 0 10
Amplified output power P, (dBm)
Fig. 8. Theoretical and experimental signal

gain at resonance condition vs. the amplified
output power.

where IVc is the number of the injected car-
riers (=Ne~Ve) in the volume of the active
layer Ve (=FV0); n is the number of the pho-

tons in the fundamental mode; P is the pump-
ing rate; Pin is the number of the injected

signal photons and 4 (=Ag'Vg) is the differ-

ential gain coefficient per unit time with
respect to the carrier density (m3/s). The
solid lines and broken line in Fig. 8 are
the theoretical results obtained from the
numerical calculations by using Eqs. (3),
(4), (9) and (10) in conjunction with struc-
ture parameters and the material parameters
of the two amplifiers, respectively.

To understand the physical meaning of
the gain saturation, it is important to ex-
amine the following equation obtained by sub-
stituting the steady-state solution of Nc

[derived from Eq. (9)] into Eq. (1):
Jo

:1+,5’n. (11

g

where 90 is the unsaturated gain coefficient

for a case where the number of the injected
carriers for the pumping is determined by
the spontaneous emission alone, without any
stimulated emission (n = 0); B is the spon-
taneous emission coefficient which is given
from the second term of Eq. (10) [24, 25] by
A=A, /V, (12)
Equation (11) shows that the gain coefficient
g reduces with the increase of the number of
photons in the cavity n; g is 90/2 when »n is
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Fig. 9. Theoretical and experimental satur-
ation intensity IS vs. the gain coefficient

g for p-doped 1.55 ym InGaAsP lasers.

1/8. An amplifier having a smaller B8, there-
fore, has a larger saturation output. From
Eq. (12), the theoretical values B of the
amplifiers o and b are given by 4.5 x 10-6
and 1.4 x 10-5, respectively.

By representing the number of the pho-
tons in the active layer by the optical in-
tensity 7 (=hfbgn/V0), the following equation

is obtained:

_ go
IT1+1/1, (13)

where IS(W/mz) is the saturation intensity

[26, 3] defined by the optical intensity
which reduces g to gO/Z; IS is given by

hAfv hAfv 1
=—Z "9 = R
I e ( 2 )/, (14)

5

Figure 9 shows the dependence of Is on

the gain coefficient with different concen-
trations of the p-type dopant; Is is deter-

mined by the material parameters of the amp-
lifier Ag (=A/vq); T, and the photon energy

hf. A large value of IS in the region of a
small g is due to the fact that Ag becomes

smaller at the raised part of the gain coef-
ficient (see Fig. 2). The increase of Is in

the region of a large g is due to the fact
that To reduces with the carrier density

(see Fig. 3). In general, as the dopant
concentration is increased, IS becomes great-

er in a region where g is wider due to
shortened Ty value.
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IS is smaller in the region where g is

smaller, since the photon energy in the
InGaAsP amplifier is about half compared
with the AlGaAs amplifier having a nondoped
active layer (shown by a dash-dotted line
in Fig. 9); IS is larger in a region where

g is larger, since the reduction of Ty is

significant due to the Auger recombination.
The IS obtained from the experimental value
of PBdB (in Fig. 8) are also shown by a tri-

angle and circles in Fig. 9; P for the

3dB
amplifier a is larger than that for the
amplifier b, since the former is operated
with a larger Ié.

As shown in the forementioned examples,
it is important for improving the saturation
output of the 1.5-um amplifier to design its
structure so that the amplifier is operated
in a region where g is large, and since the
IS dependence on the gain coefficient is

more significant than the AlGaAs amplifier.
To increase g, the reductions of the cavity
length L, the mode confinement factor T, and
the facet reflectivity R are effective [27].
To improve Pout/I, the increase of the mode

sectional area Vb/L is desirable [3].

4, Noise Characteristics

When the output from an optical ampli-
fier is detected by an avalanche-photodiode
(APD), the noise power measured with the RF
spectrum analyzer Pﬁ(w) is given [6] by

Polw)=(2efal it <M>2+2.< tpho >

1<M>*"T)R,B,G, (w) (15)

+ P\hermal ((‘))

where o2 is the variance value of the

beat

photon number per second corresponding to
the beat noise component at the output ter-
minal of the amplifier; <M> is the multi-
plication factor of the APD; x is the excess
noise exponent of the APD; n is the product
of the coupling efficiency (between the
amplifier output and the APD) and the quan-
tum efficiency; <iph0> is the photocurrent

when the amplifier output is detected with
n=1and <M> = 1; ¢ is the electron charge;

RL is the load resistance; BO is the resolu-

tion bandwidth of the spectrum analyzer;
Ge(w) is the overall frequency response of

the APD and electronic amplifier circuits;
(w) is the thermal noise in the

measurement equipment.
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Fig. 10. Amplifier noise vs. the amplified
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The noise spectrum density per unit fre-
quency (AZ/Hz) per unit of load resistance
for the optical amplifier output is given by

<2l >/ By=2e%00c0 t2e<Tipp0> (16)
By using Eq. (15),

<>  P@) = Pirerma (@)
By  RB,G,(w)z?<M>?

(17)

5 - < M>*
T2e <z~ (l"—-—n—)

The first and second terms in Eq. (15)

represent the beat-noise component and the
shot noise component, respectively. The
shot noise increases with a rate of the
power of (2 + x) of the APD multiplication
factor <M>, and the beat noise with a rate
of the square of it. The whole efficiency n
reduces proportionally to n in the shot
noise, while n reduces at the rate of square
of n in the beat noise. In this experiment,
a pT - n type Ge-APD [28] having x = 0.83
was used with n = -9 to -4 dB.

Figure 10 shows the dependence of the
noise spectrum density of the amplifier a
(signal gain 20 dB) on the amplified output

signal Pout' The total noise is the sum of

the beat noise between spontaneous emission
components, the beat noise between the

46

signal-spontaneous emission, the spontane-
ous emission shot noise, and the amplified
signal shot noise. When the input optical
signal level is less than -45 dBm, dominant
amplifier noise is the beat noise between
spontaneous emission components. The beat
noise between the signal and spontane-
ous emission becomes dominant above this
input signal level [6]. Among these two
types of beat noise, the signal-spontaneous
beat noise is inevitable in the optical amp-
lifier, since this arises from the beat be-
tween the amplified optical signal and the
spontaneous emission in the longitudinal
mode related to the signal amplification.
The spontaneous-spontaneous beat noise which
occurs between the spontaneous emission com-
ponents in all the longitudinal modes in the
gain bandwidth, can be reduced by selecting
the amplified longitudinal mode alone with
the optical frequency filter.

The spectra of the two types of beat
noise are free from resonance peak when they
are below the threshold value [6]. The
amplifier noise in the low-frequency region
(order of few 100 MHz) can be given from the
theoretical analysis [11, 13] (in which the
master equation of the probability density
function of the number of photons [29] are
extended to the FP type amplifier) by

agul =G<n’in>+ (G_l ) n’.vpmt Afl
+26(6-1)ngx<nip> (18)
+(G-1Ynd mdf,

where <(n,,> is the number of photons in-
2

out
the variance value of the number of photons
at the output, nsp is the population inver-

cident on the amplifier, per second ¢ is

sion parameter of the amplification medium,
X is the excess noise coefficient for the
signal-spontaneous beat noise, Afl and Afé

are the equivalent noise bandwidths for the
spontaneous emission shot noise and the spon-
taneous-spontaneous beat noise, respectively,

and My is the effective degree of the trans-

versal mode of the spontaneous emission [13].

From the first to the fourth term in
Eq. (18) represents the amplified signal
shot noise, the spontaneous emission shot
noise, the signal-spontaneous beat noise,
and the spontaneous-spontaneous beat noise.
When G = 1, only the first term remains,
representing a conventional signal shot
noise. As Eq. (18) shows, the beat noise is
greater than the shot noise by about & times.

From the traveling~wave type equation
which is transformed from the rate equation
of the number of photons in Eq. (10), the
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Fig. 11. Theoretical and experimental popu-
lation inversion parameter nspl vs. the gain
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population inversion parameter nsp is given
by

ATN,
-
PTAM (N, Ny ) —av,

(19)
N r
_'_.L__. g E";x‘n
NC—NO Pg—d ?

As Eq. (19) shows, the population inver-
sion parameter is the result of two compon-
> t
ents nspl and nspZ’ nspl represents the

degree of the ineffectiveness of the injected
carrier density Ne for the stimulated emis-

sion which produces the net gain, because

there is the carrier density NO corresponding

to the stimulated absorption; »n represents

sp2
the contribution of the inner losses such as
the free carrier absorption and the scatter-
ing loss. When nsp approaches unity more

ideal noise characteristics are obtained.
Figure 11 shows nspl dependence on the gain-

coefficient with various dopant concentra-
tion. Figure 11 also shows nspl of the amp-

lifiers a and b obtained from the experiment-
al values in Fig. 2. It is important for
making nspl small to use an n-type active

layer having a large dopant concentration,

or to design the structure so that the ampli-~
fier works in a region where g is large;
i.e., the reductions of T, L and R. By using

Eqs. (4) and (6), nspz is represented by

~ 1 V=17
nypz—l‘?‘(aL)'[lﬂk" ]

Vi+l (20)
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Fig. 12, Theoretical and experimental sig-
nal-spontaneous beat noise vs. the amplifier
output power.

This shows that ns
a, L and R.

2 is reduced by reducing

The excess noise coefficient y, which
represents the increase of the signal-spon-
taneous beat noise caused by the reflectiv-
ity Rl at the input terminal, is given [13]

by

_(1+R,G,) (G,—1)
x= (I—Rl)(;: (21)

X approaches unity at an extreme with Rl =0
and G, >1 [27].

The equivalent noise bandwidth Afl is

obtained by summing the number of the spon-
taneously emitted photons in all the longi-
tudinal modes; Afé is obtained by summing

the beat components in all the longitudinal
mode which consists of the overlap integral
of the number of spontaneously emitted pho-
tons in each longitudinal mode [11, 13].

For the calculation, an approximated equation
Akg (&) = 340 + 2.95 g (cm~1l) was used, where

Axg is the wavelength full width for the

positive gain coefficient of 1.5 um nondoped
InGaAsP material used for the experiment.
This equation was obtained by calculating
the gain shown in section 2.2.

Figure 12 shows the dependence of the
signal-spontaneocus beat noise (at the signal



Table 2. Noise figure of InGaAsP amplifiers
(signal gain 20 dB)

Amplifier a (O b ()
Popu. invers. param. Nnsp: 2.2 dB 5.1 dB
Nspz 1.4 dB 2.8 dB
Excess noise coef. X 2.5d8° 2.5dB
Noise fig. (Theor. val.) g 9.1 d8 13.4 dB
Noise fig. (Meas.vﬁéi:S“A #‘ ..... é:é'éé ''''' ii:g &é .....
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Fig. 13. Spontaneous—-spontaneous beat noise

dependence on the pumping rate.

gain of 20 dB) on the amplified output sig-
nal. The dash-dotted line shows the quantum
1imit obtained when a coherent optical sig-
nal having the level of & Pout was received

by an ideal detector (no thermal noise, and
quantum efficiency 1). This level gives the
same S/N value before and after the amplifi-
cation. The increased amount from this
value is the noise figure ¥ [30] of the opti-
cal amplifier which is given by
F=2n.,1 (22)
The broken line shows the value of the sig-
nal-spontaneous beat noise obtained by an
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ideal traveling-wave amplifier having noX =

1, the noise figure being 3 dB [31]. Table
2 shows the noise parameters of the FP
cavity-type amplifiers a and b used in the

experiment; i.e., nspl’ nspZ’ x and F. The

noise figure for the amplifier g is smaller
than that for b. This is due to the fact
that the former is operated in a region
where the gain coefficient is larger, and
nsp is smaller (see Fig. 11).

Figure 13 shows the dependence of the
beat noise between spontaneous emission com-
ponents on the normalized pumping rate. The
spontaneous—-spontaneous beat noise is great-
er than the spontaneous emission shot noise
(shown by a dash-dotted line), and rapidly
increases with the normalized pumping rate,
the maximum value being around the threshold
value [6]. The spontaneous-spontaneous beat
noise is proportional to (G -1)2 as shown by
the fourth term of Eq. (18). The difference
between the amplifiers ¢ and b is attributed
to the difference of the small-signal gain
dependence on the pumping rate.

Figure 14 shows the dependence of the
spontaneous-spontaneous beat noise on the
small-signal gain. The spontaneous-spontane-
ous beat noise increases with the power of
1.1 to 1.2 (not 2) of the signal gain G.

This is due to the fact that nsp’ Afi and m,



are reducing functions with respect to G.
If only a single longitudinal mode which
amplifies an input signal is selected using
an optical frequency filter, the beat noise
can be expected to reduce by about 10 dB.
If an ideal traveling-wave amplifier having
nspx = 1 and mt =1 is used, with an optical

frequency filter having the YG B characteris-
tic (the same as the active-FP type filter),
the noise would be reduced further by about
15 dB.

5. Guide for Designing the 1.5 um-FP
Cavity-Type Optical Amplifier

The relationship between the device
characteristics and the material parameters
and the structure parameters of the 1.5 um
optical amplifier, which was analyzed exper-
imentally and theoretically in the foregoing
sections, is summarized as follows.

For obtaining a large signal gain, it
is necessary to increase the saturation out-
put, as well as relaxing the small-signal
gain dependence on the pumping rate. Since
the latter is determined by the dependence
of the gain coefficient on the nominal cur-
rent density (see Fig. 4), it is necessary
to operate the amplifier in a region where
the carrier lifetime Ty decreases rapidly

with the increase of the carrier density,

i.e., a region where the gain coefficient is
large.
mined by the saturation intensity Is in Eq.

(14), it is important to design the struc-
ture of the amplifier so that it is operated
in a region where T, reduces rapidly with

the increase of the carrier demnsity, as well
as to choose the active layer having small"
Ag and Ty which determine the IS (see Fig.

9).

The magnitude of the signal-spontaneous
beat noise which is the substantial noise in

an optical amplifier is determined by nspl.

nspz .X. The reduction of the noise can be

achieved, therefore, by operating the ampli-
fier in a region where the injected carrier
density Ne is large so that "onl is reduced

by reducing the effect of N, relatively (see

0

Fig. 11), and reducing nsp2 by reducing a,

L and R. For reducing yx, the reduction of

Rl is necessary.

The forementioned analyses show that
improvements of the device characteristics
of the optical amplifier can be summarized
in the following two points:

Since the saturation output is deter-
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(1) use an active layer having the
small values of Ag’ No and Ty

(2) design the structure of the ampli-~
fier so that it is operated with a larger
gain coefficient and a larger injected car-
rier-density.

Thus it is desirable to use an active
layer (notably n-type) having a high doping
concentration for (1); and to reduce the
length of the amplifier, the mode confine-
ment ', and the facet reflectivity R for

(2).

In the case of a laser oscillator, it
is important for obtaining a large optical
output to reduce the oscillation threshold
value as much as possible. On the other
hand, both the forementioned conditions for
the optical amplifier which is operated be-
low the oscillation threshold show the
necessity of increasing the threshold value
and setting the working point of the ampli-
fier in a region where the injected carrier
density Ne and the gain coefficient g are

large.

The characteristic of the amplifier is
not improved infinitely with the increase of
the threshold value in terms of the struc-
ture design, but it is limited by the ther-
mal saturation of gain, since the tempera-
ture rise due to the increase of the injec~
tion current reduces the gain coefficient
(not mentioned previously). To minimize
this limitation, it is important to improve
the thermal characteristic [as a preparation
of applying the condition (2)] by using the
buried heterostructure which ensures carrier
confinement.

The feature of the l.5-pym InGaAsP ampli-
fier is that the dependence of the carrier
lifetime on the carrier density becomes more
significant, compared with that of the
AlGaAs amplifier, due to the Auger recombin-
ation process. To obtain the high satura-
tion output in the InGaAsP amplifier, condi-
tion (2) [the realization of the operation
in a small Ts region] is more important than

in the AlGaAs amplifier.

6. Conclusions

The 1.5 um InGaAsP laser amplifiers
having different active layer thickness were
fabricated. The fundamental characteristics
of the amplifiers, such as the small-signal
gain, the gain saturation, and the noise,
were analyzed quantitatively based on the
material parameters of the semiconductor
amplifying medium and the structure



parameters of the device. This shows that
the amplifier which is operated with a
larger carrier density has a higher gain,
higher saturation output, and lower noise.
It was explained theoretically that these
improvements in the characteristics are due
to the dependence of the carrier lifetime
on the injected carrier density, and the
dependences of the saturation intensity and
the population inversion parameter on the
gain coefficient.

The design policies relating to the
material parameters and the structure param-
eters, which improve the device characteris-
tics of the semiconductor optical amplifier,
were discussed. It is indispensible for
achieving the 1l.5-um InGaAsP amplifier hav-
ing a high saturation output to optimize the
material and structure parameters since the
carrier lifetime dependence on the carrier
density is more significant than that in the
AlGaAs amplifier.
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Differential gain coefficient per
unit time with respect to the car-
rier density

Differential gain coefficient per
unit length with respect to car-
rier density

Bandwidth (half-width at half-
maximum) of the signal gain of the
Fabry-Perot cavity-type optical
amplifier

Resolution bandwidth of the RF
spectrum analyzer

Band-gap energy

Noise figure

Signal gain of the optical ampli-

fier

Electrical gain of the measuring
system

Single pass-gain of the optical
amplifier

Optical intensity in the active
layer

Saturation intensity

Nominal current density

Length of the amplifier
Multiplication factor of the APD
Number of the injected carriers
in the volume of the active layer
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Ne Density of the injected carriers

No Carrier density in which the stim-
ulated emission becomes greater
than the stimulated absorption

P Pumping rate

Py Number of injected photons in the
rate equation

Py Noise power measured by the RF
spectrum analyzer

Pout Amplified signal output power

Ptheymqgl Thermal noise in the electrical
measuring system

P3dp Saturation output power

R Reflectivity at the facet (Ry1:
Input side, Rp: Output side)

Ry, Load resistance of the electrical
system

Ve Volume of the active region

Vo Volume of the optical mode

c Light velocity in vacuum

d Thickness of the active layer

f Frequency of light

fo Resonance frequency of the FP
cavity-type optical amplifier

g Gain coefficient (gg for unsatur-
ated value)

h Planck's constant

<i 2> Noise power per unit load resistance
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Definitions of physical constants and symbols



<ipno> Photocurrent corresponding to spontaneous emission shot noise

the optical output Afo Equivalent noise bandwidth for the

m, Effective mass of electron in the spontaneous—spontaneous beat noise
conduction band Axg Wavelength full-width which gives a

my,y, Effective mass of heavy hole positive gain coefficient

mzy, Effective mass of light hole o Absorption coefficient

mg Effective transverse mode number of B Spontaneous emission coefficient
the spontaneous emission n Coupling efficiency between the

mg Mass of free electron optical amplifier and the detector

n Number of photons in the fundamental by Oscillation wavelength
mode Theat?2 Variance of the number of photons
Group refractive index in the beat noise component

<ngy> Number of photons per second, inci- Tour Variance of the number of photons
dent on the optical amplifier at the optical amplifier output

Nsp Population inversion parameter Taug Carrier lifetime based on the Auger
(=ngp1 and ngp2) recombination

v Ratio of the amplified signal out- Tar Carrier lifetime based on the non-
puts, at a resonant state and a non- radiative recombination
resonant state Tp Photon lifetime

w Width of the active layer Trad Carrier lifetime based on the radi-

X Excess-noise exponent of the APD ative recombination

T Optical mode confinement factor in Tg Carrier lifetime
the active layer X Excess noise coefficient of the

A Energy gap of the spinorbit splitting optical amplifier

Afy Equivalent noise bandwidth for the w Angular frequency in the RF region
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