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Design and Analysis of Vertical-Cavity
Semiconductor Optical Amplifiers

Joachim PiprekSenior Member, IEEEStaffan Bjorlin, and John E. BowerBellow, IEEE

Abstract—The authors present detailed, yet largely analytical, multi-quantum-well (MQW) stacks are placed at the three
models for gain, optical bandwidth, and saturation power of ver- - central peaks of the standing optical wave (Fig. 1). The 21
tical-cavity semiconductor optical amplifiers (VCSOAs) in reflec- o .antym wells are designed to have maximum optical gain at
tion and transmission mode. Simple formulas for the gain-band- . .
width product are derived. The saturation model considers a sub- the signal vyavelength (Fig. 2). The quantum wells are also_the
linear material gain' gain enhancement by the standing_wave ef- Only |ayerS In our structure to a."OW fOI‘ band-to-band abSOI‘ptIOI’l
fect, and all relevant carrier recombination mechanisms. Excellent of the 980-nm pump laser beam. The pump beam is focused
agreement with measurements on novel 1.3m VCSOAs is ob- through the bottom GaAs substrate to a small spot of about
tained. The models are used to analyze device performance and tog xm in diameter. The input signal is generated by a tunable

investigate optimization options. Parameter plots are given which o .
allow for an easy exploration of the VCSOA design space, matching 1.3um laser and it is coupled in and out through the front

desired performance data with the required mirror reflectivityand =~ DBR using a circulator (signal spot sizez4n). Focusing and
pump current. matching both the light beams is crucial to achieve sufficient

Index Terms—Fabry—Perot resonators, nonlinear equations, op- optlc_al gain in our planar device. A 1/am antl-.reflectlon
tical fiber devices, optical filters, optical resonators, optical satura- c0ating was applied to the GaAs substrate to avoid interference
tion, quantum-well devices, semiconductor device modeling, semi- from backside signal reflection. The output signal is monitored
conductor optical amplifiers, surface-emitting lasers. by an optical spectrum analyzer. With 13 front mirror periods,
the best performance parameters measured at different pump
levels are 9.4-dB fiber-to-fiber gain, 90-GHz optical bandwidth
(0.5 nm), and-6.1-dBm saturation output power. At different
signal wavelengths, other VCSOAs have already shown higher
R ECENTLY, vertical-cavity semiconductor optical ampli—gain [1], [2] and larger bandwidth [3].
fiers (VCSOAs) have been the topic of increasing interest. 1o improve the performance of present VCSOAs, a more de-
They are potential low-cost alternatives to in-plane SOAs apglied understanding of design options is highly desirable. The
they have the inherent advantage of polarization insensitivia@sign theory for Fabry—Perot in-plane SOAs is well developed
high-fiber coupling efficiency, and low noise figure. Two-di-see, e.g., [6]); however, some limiting factors are often ne-
mensional arrays of VCSOASs are attractive for parallel applicgfected, like the sublinear increase of the material gain with
tions. Several groups have fabricated VCSOAs based on Gafng carrier density (see inset of Fig. 2). Moreover, vertical-
(0.97:m wavelength) [1] or InP (1.5hm) [2], [3]. We have re-  cayity devices exhibit important differences. The short vertical
cently demonstrated the first 1,8n vertical-cavity amplifiers  cayity allows for only one longitudinal mode. Thin active layers
[4]. VCSOAs operating at a 1.8m wavelength are desirableare passed in the vertical direction and the single-pass gain is
fiber optic components. Commercial 1,8 vertical-cavity sur- yery small. However, the material gain may be enhanced by up
face-emitting lasers (VCSELS) are already in production [Sf 5 factor two if the active layers are placed at the peaks of the
Those optically pumped VCSELs use GaAs/InP wafer fusiafjanding optical waves. Highly reflective DBRs are required for
to combine InP-based gain regions with highly reflective Akeasonable amplifier gain. Light penetration into these mirrors
GaAs/GaAs mirrors. o substantially enlarges the effective cavity length (Fig. 1) which
The refractive index profile in the center part of oUheeds to be considered in Fabry—Perot-type models. There are
double-_fuse_d, planar, and undoped vertica_l-cgvity amplifier %ry few publications on the design theory of VCSOASs [7], [8].
shown in Fig. 1. Two 1.3:m AlAs/GaAs distributed Bragg Those papers neglect essential properties of vertical-cavity am-
reflectors (DBRs) with 25 (bottom) and 13 (top) periodsyifiers and do not validate their calculations by measurements.
respectively, are fused to an InP-based active region. The DBRp, the following, we derive a detailed yet largely analytical
spacing is about &m, 2.5 times the internal signal wavelengthgne-dimensional VCSOA model both for operation in reflec-
The_ active region cor_1tains three stacks of seven compressivigh, mode (signal output through top DBR) and transmission
strained 6.3-nm thick InAg;P 5 quantum-wells (QWS) mode (signal output through bottom DBR). The model for gain
and strain-compensating JRGa,..P barriers. The three gnq pandwidth is based on the Fabry—Perot resonator approach
and the saturation model uses single mode rate equations. Mea-
Manuscript received June 19, 2000; revised September 18, 2000. This wstkred characteristics from [9] are employed for validation as
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Sy tions. The maximum gain is achieved with = 0, when the
' effective cavity length : signal wavelength is identical to the Fabry—Perot resonance. The
] ' L amplifier needs to operate &2 R, R, < 1 to avoid lasing. As-
< 4.0 ' %‘ suming typical DBR reflectivities, the lines in Fig. 3 represent
§ ] 5 the lasing threshol@?R;R, = 1 which gives the upper limit
° £ of the reflectivity design space as a function of the single-pass
-% % gain. Close approximation of this limit allows for high ampli-
je i fier gain. Equation (1) leads to another rule for the reflection
& 8 mode. The gainGg drops below unity ifG?2 < R, ' since
5 r g the emission through the back mirror exceeds the single-pass
3x7 : s gain. These rules apply to all Fabry—Perot amplifiers, however
: i InAsP/InP r VCSOAs exhibit much smaller valués, and larger reflectivi-
| GaAs/AlAs mirror i quantum wells : GaAs/AlAs mirrorg ties than in-plane devices. For VCSOAs, the peak reflectivity of
T T lossless DBRs withn periods @m layers) is given by [11]
45 5.0 55 6.0 6.5 7.0
Vertical Position [um] 1_ qum_la 2
i o . : . : Rppr = <W) ®3)
ig. 1. Refractive index profile and standing optical wave in the center of our 1+gqp a

double-fused 1.3«m vertical-cavity amplifier.

using the low-to-high refractive index ratios of the two DBR
layers(p), as well as at the firstg) and the las{a) DBR in-
terface. Assuming refractive indexes of 3.45 (GaAs) and 2.89
(AlAs), we calculateRR; = 0.985 and R, = 0.999 for our de-
vice. Absorption or diffraction within the mirror reduces the re-
flectivity [12]. The wavelength dependence of the DBR reflec-
tivity is ignored here since the reflection bandwidth of typical
DBRs is much larger (about 100 nm in our case) than the am-
plifier bandwidth, and the cavity resonance wavelengtls as-
sumed identical to the DBR center wavelength. Our one-dimen-
sional model also neglects the transversal optical mode struc-
ture. Resonance wavelengths differ slightly among transversal
modes. The phasg in (1), (2) gives the deviation of the signal
wavelength\ from A,

& = 2. L, (1 - i) (4)

Material Gain [1000/cm]

Wavelength [um]

Fig. 2. Calculated quantum well gain spectra at four different carrier densities.
The inset gives the peak gain versus carrier density (dots) including the fit by

(8) (line).

A X

with the cavity refractive index.. The effective cavity length
L. is larger than the DBR distandg,, and it includes the phase
IIl. THEORY AND DESIGN RULES penetration depth ; and L, into the front and back DBR, re-
A. Gain and Bandwidth spectively(L. = L; + L., + L;). The phase penetration depth
of a lossless DBR at the center wavelengthis given by

]

A common modeling approach to vertical cavity lasers is tkﬁ%
replacement of the DBRs by hard mirrors of the same reflet-
tivity which are separated by an effective cavity lengith[10].

X . X )\c q (1 _ a2p27n,—1)(1 _ pan,)
This way, we can start with the well-known gain formulas of L,= X X T . (5)
Fabry—Perot amplifiers({g: reflection mode;G: transition dne.  1-p 1 =g a“p*m~
mode) [7] ) . . Lo
With n. = 3.2, the DBR penetration depth in our device is
about 585 nm, resulting in the effective cavity lendth =
2 2
G = (VEy = VEG,)” + 4y By G, sin” @ (1) 22 pm (Fig. 1). Due to the high index contrast, AlAs/GaAs
(1—/RsR,G,)? +4\/R;R,G, sin*> ® DBRs exhibit smaller penetration depths than mirrors grown
on InP. The cavity refractive index. is obtained by averaging
(1—Rp)(1 - Ry)Gs . e
Gr (2) over all layers between the two DBRs. Typically, it is some-

(1= VRRyG, ) +4y/Ry Ry Gy sin® @ what higher than the refractive index of the spacer material (InP)
at the target wavelength; however, it can be affected by the
with the front mirror reflectivity/ ¢, the back mirror reflectivity quantum well carrier density as well as by device heating.
R, the single-pass gaifi;, and the single-pass phase detuning The remaining parameter in (1), (2) to be discussed is the
®. These equations allow for some general design considesaigle-pass signal gai¥;. Assuming laterally uniform mate-
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rial properties across the signal spot, the single-pass gaini 100 : ' * —
VCSOA is calculated from the active region material gainy 3 \ /.”07 i
- b hYR
G, = expl€gLa — acLe] © % @

2 z L

. . . = T % \
with the gain enhancement factg¢ < 2), the total thickness B 0.96- 7 L
L, of all guantum wells, and the average cavity loss coefficie s % \

a.. Gain enhancement results from the placement of the actD_:
region(s) at the peak(s) of the standing optical wave with [14 g 0944

Sin(27mcLMQW/)\c)

Top M
o
N
/ /
\9\
N

=1+ 7 ‘o
¢ 2rneLyvgw/ Ac % 7,09 ¢
{7
(Lmgw—thickness of each MQW stack). We calculdte= 0 \\
1.75 for our periodic gain structure (Fig. 1). Equation (6) cai 0.0 —S T
0.90 0.92 0.94 0.96 0.98 1.00

also be written in the more general fo& = exp[g,, L.] with _ .
the net modal gaig,, = éI'g — «. and the confinement factor Bottom Mirror Reflectivity
I' = L,/L.. However, calculation of the quantum well ma-_ 5. Design imits of vertical-cavity ampli i the sina i
. . . f H 1. 5. esign limits ot vertical-cavity amplitiers wi e single-pass @aln
te”_al gam_g is the main challenge of \,/CSOA ,mOde“n,g' Théa:saparameter. The lines give the lasing threshold which imposes an upper limit
optical gain depends on the QW carrier dengity the signal on mirror reflectivity combinations.
wavelength\, the temperatur#’, and the photon density. As-
sumingA = ., room temperature, and relatively low photoras the peak gain increases. The square root of the peak gain
densities, the quantum well gain can be approximated by [1QJmes the bandwidth give a figure of merit that is practically
constant (gain-bandwidth product). The threshold condition and
N) = g.1 N+ N g) the approximatiosin(z) = = (for smallx) leads to the simple
g(N) =g, In (8)
Ny + N formulas

with the transparency carrier density;, and the fit parame- c 1

ters g, and N,. We calculate the optical gain of our strained GRAfr = p—— \/T -V Ry (11)

MQWs utilizing an advanced laser simulation software [15]. e 4

The conduction bands are assumed to be parabolic and the non- (1— Rp)(1— Ry)
i GOAfr = — / v 12

parabolic valence bands are computed by tkd &p method TAfr = o \/}W . (12)

including valence band mixing [16]. The gain calculations em- e Eih

pongLorentzian broadgning function with 0.2-ps inFrab.and These equations are valid for any Fabry—Perot amplifier and
laxation time. The resulting gain spectra are shown in Fig. 2 fﬂéeir results are identical for symmetrical devidd — Ry).

four different carrier densities. Strong absorption is calculat?n the reflection case, (11) is restricted to gain values well above

at the pump wavelength and the gain is maximum at the signal . - : : .
: o dB, since the initial reflection causes a singularity of (9). Re-
wavelength. The spectral width of the gain is on the order of 100 rkably, the gain-bandwidth product in reflection mode does

nm. The carrier density dependence at the signal wavelenﬁ%cﬁ depend on the bottom reflectivity, and gain-bandwidth

iﬁ_zlur]nv ca_n f ? llttleodlsbé/rr(gl uas:]ré%hi p_""(;"’g;itﬁfi Cﬁ?g measurements can be used to verify the front reflectikigyor
QA ’ s the optical cavity length..L..

(inset of Fig. 2).
The VCSOA bandwidth is mainly restricted by the linewidtly  saturation Power

of the Fabry—Perot modes. From (1) and (2), one can easily ob- : . . . .
tain the following formulas for the amplifier bandwidth in re- High-signal power results in gain saturation due to carrier de-
flection and transmission mode, respectively: pletion within the active layers. We use steady-state rate equa-

tions for carriers and photons to describe the saturation effect. In

. _» VCSOAs, only a single longitudinal mode needs to be consid-
Afr= L. arcsin{d/ B Ry Ga[(1 — /B Ry Gs) ered. Equation (13) summarizes all physical mechanisms which
affect the average carrier densily within the active layers.
—2(/Ry — VR,G,) 3} /2 (9) The first term describes external pumping by an effective cur-
rent densityj,, which is related to the optical pump power (
. 1 electron charge). In Section Ill, we shall ugeas a fit param-
Afr = L. arcsin{(4y/ 1y 1y G ) eter, since our optical pump efficiency is h?rad to calculate. The
carrier recombination ratB(N) = AN + BN2+CN?in (13)
x (1 —/R;R,G,)?}1/? (10) includes defect recombination (discussed below), spontaneous

photon emission8 = 10~1° cm?/s), and Auger recombina-
(e: vacuum light velocity). These formulas give the full width ation (C = 2 x 10~2° cm/s)—material parameters are given for
half maximum 3 dB). In general, the bandwidth decreasetypical 1.31:m InGaAsP active layers [17]. In linear approxima-



130 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 37, NO. 1, JANUARY 2001

tion, the carrier lifetime, is often employed aB(N) = N/7.. photon densityS, is low and the stimulated recombination in
However, in long-wavelength amplifiers, Auger recombinatiofl3) is negligibly small compared 8(V). In other words, car-
may cause significant deviations from the linear approximationier densityV,,, material gairy(V, ), single-pass gaif¥; as well
The lasttermin (13) gives the stimulated recombination rgte ( as the amplifier gaifGr, Gr) are independent on the input
photon group velocity, anfl: average photon density). The gairpower which is desirable for typical amplifier operation. How-
enhancement factd@raccounts for the standing-wave effect. Aever, with increasing input power, the stimulated recombination
linear gain approximatiog(XN) = ~(N — N,,) is often used rate rises and the carrier density eventually starts to decrease.
which is appropriate for small carrier densities (cf. Fig. 2). W&his results in lower material gain and lower amplifier gain.
avoid linear approximations here to find more realistic perfofFhe saturation input powety, s, is reached when the amplifier
mance predictions for strong pumping and large carrier densitgggin drops to half its maximum value. Signal input and output
power at saturation are key performance parameters of ampli-
AN Jp ) 5 fiers and they can be calculated analytically from above equa-
& oL, (AN +BN*+ CN®) = €g(N)vg§ =0 tions without any simplification, as shown in the following.
(13) First, the unsaturated carrier densiy, is obtained from the

weak signal equilibrium limit of (13).S = 0) which gives a
dS A, Py simple cubic equation having the solution
%
— (e + am)vgS = 0. (14) B u\ 3 wy\2Z w
M=)+ (5) -3
The second rate equation summarizes all physical mechanisms 1
u (E)3+(E)2_E _B
term describes the photon density increase resulting from the 3 3 2 2 3C
signal powerP,, per aread;, entering through the front mirror
lated and spontaneous photon generation rates, respectively. The T21\C) 302 cL,C’
tons that is coupled into the signhal mode. In our c&ss,about
0.01 [10]. The last term in (14) represents all photon losses, Wsing (1) and (2), the carrier densit, leads to the unsaturated

— =(1-R;)>== Tg(N I'BN?
G = 0= R T+ ETg(N)uyS 4+
that affect the average photon densfty{see (14)]. The first B
3 . 2
(h—Planck’s constant). The next two terms represent stimu- , _ 2 <B> BA Jp o A1 <B>
c 3 '
coefficient s gives the fraction of spontaneously emitted pho- a7
cluding cavity absorption and scattering.(= 15 cm™') as peak gainGg, and G, respectively. The saturation carrier

well as photon transmission trough the mirrors with densities for reflection and transmission mode are then given
by
1 1
m=—1In | ——| . 15 c
o I n —Rbe (15) Ngs = (Ny: + NS)exp[ggg }
1
For our device, we calculate,, = 36 cm~!. Equation (14) V0.5 x Gry + /Ry Shoole N
delivers the equilibrium photon density VR R/05 % Gru + VR, s
1 A(1—ReP (18)
S, = — </3FBN2 2ell= BB i“)
Vg hcAi, L, a,
Nrs = (N + NS)expLF’ }
X (0t + v — ETg(N)) ™ (16) Go
§FgloLc
. . N .2 1
which becomes very large near lasing threshold. The threshold x {7 - \/7 - R;R, } — N, (19)
is defined byél'g(N) = o, + a. which is equivalent to
R;R,G? = 1. Alternatively, the average photon denstty in ) Gru/RBsRy+ (1 — Ry)(1— Ry)
amplifiers may be calculated from the Fabry—Perot approach " = GruRsRy ’

[8], [18] which results in significantly larger numbers. Both

methods are known to give different results [6] and we finfrom these saturation carrier densities we obtain the saturation
full agreement with the measurements only by using the rafgut power using (13) and (16)
equation approach.

Introducing (16) into (13), an implicit equation for the equi- hed L
librium carrier densityN, is obtained which is rather difficult ~ Finsat(Nsat) = )\(1731};) [(
to solve. This situation can be simplified by looking at two spe- ¢ !
cific steady-state cases which are of special interest with am- y <am + ae

2
plifiers. In the unsaturated case with small input pogy; the £9(Naas) F) B ﬁFBNsat} (20)

i
CL,,, R(Nsat)>
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10004 e L - . 6000l L e e
] parameter; L ]

§ top mirror reflectivity (periods) | E" \
5] o Tl
<. Q 0.770 (5) 0.587 (3)
£ S T-0.880(7) =
‘3 ke
3 z ~0.939 (9)
< B
@ i § 10001~ 989 (11)
L 1\
o x 10985 (13)
a c 1
£ o}
< Q

-

g | dashed: reflection mode

D solid: transmission mode

parameter: front mirror reflectivity (periods)
'40 100 +—+———7F——T 77—
05 06 0.7 0.8 0.9 1.0

Peak Reflection Gain [dB] Output Mirror Reflectivity

Fig. 4. Optical bandwidth versus peak gain in reflection mode. Dots give L . . -
measured data. Lines are calculations by (9) for 25 bottom mirror periods wiig: 5. Square-root (gain) times bandwidth versus output mirror reflectivity
the top mirror reflectivity (periods) as parameter. as calculated by (11) and (12) for reflection mode (dashed) and transmission

mode (solid), respectively. For the transmission mode, the top mirror reflectivity
(periods) is given as parameter.

with N, = Ng, or N.,.w = Nr, for reflection or transmission

mode, respectively. The saturation output power forbothmodes g oo e v e i1y,
is parameter:
Gr 1 top mirror reflectivity (periods) I
PR = Ppai(Ng * .
out,sat in,sat (Vi) 2 8 dots: measurement (13) B
Gr. T 1 40% i i
T T more pumping (8)
Pout,sat = ‘Piﬂysat (NTU) 2 - (21) g 6 ~ 0.985 (13) i
= 6-
g
[Il. PERFORMANCEANALYSIS AND OPTIMIZATION s — 0.978 (12)
8 44
To validate the model and to specify internal parameters, ‘g | 0.969 (11)
we first simulate measured device characteristics. Fig. 4% | 0.957 (10
shows measured bandwidth data in reflection mode versus® 2-: 0.939 59))
peak gain. For comparison, calculated curves are plotted for 0914 (8)
different front mirror reflectivities. The lines are generated by 0
L SLARLL ML BB |

varying the signal pass gai@, from R; % to (R;R,)~°?
(threshold). Best agreement with the measurement is obtaine«
for Ry = 0.985, exactly as expected for 13 top mirror
GaAS,/AlAS periods. The Sllght, C!e.VIatIOI’I |s.attr|buted to Slgnﬁgig. 6. Gain versus input signal power in reflection mode. Dots are measured
coupling losses. Due to the initial reflection, the bandwidtiith 150-mw pump power; solid lines represent numerical results for 25 bottom
approaches infinity near 3-dB amplifier gain. Lower top mirromirror periods and different top mirror reflectivities (periods). The dashed line
reflection allows for larger gain and/or larger bandwidtH,S calculated for eight top mirror periods and 40% stronger pumping.
however, higher single-pass gain is required. With our present
13 top mirror periods, 10-dB gain, and 30-GHz bandwidthis leads to the intuitive result that the transmission mode gives
are obtained with7, = 1.007 which corresponds t¢ = 440 a higher gain-bandwidth product than the reflection mode if
cm~* quantum well gain andv = 1.24 x 10'®* cm=2 carrier R, < Ry (and vice versa).
density. Thinning the top mirror to five periods, for example, The dots in Fig. 6 represent measured data for the reflection
500-GHz bandwidth could be obtained for 10-dB gain, regain as a function of input power. To simulate this curve, the
quiring G, = 1.07,¢ = 3100 cm™!, and N = 3.83 x 10'® steady-state carrier rate equation is solved numerically using the
cm~3. For 30-GHz bandwidth, five mirror periods could give average photon density given by (16). Several internal parame-
36-dB gain if an even higher value 6f, = 1.135 is achieved ters are involved in this simulation which are not exactly known.
(g = 5600 cm™!, N = 16 x 10'®* cm~2). The latter case seemsWe consider both the effective pump current dengitand the
out of reach but it helps to understand that extremely higtefect recombination parametéias most critical and vary both
pumping levels may be required along those design curves. numbers to find agreement with the measurement in Fig. 6. The
The calculated gain-bandwidth product as a function of tHi¢ gives j, = 540 Alcm? and the defect recombination lifetime
output mirror reflectivity is plotted in Fig. 5 for reflection andA~! = 15 nswhich is a measure of active region growth quality.
transmission mode. Lower reflectivity gives higher bandwidtWith low input power, we extract 1.:810'® cm~2 average QW
in both cases. The reflection mode curve (dashed) crosses tramasrier density and 5-ns carrier lifetime. However, the pumping
mission mode curves (solid) for symmetric devi¢&s = R;). efficiency seems to be quite low, the effective injection current

LA B ML NI LR
-40 -35 -30 -25 -20 -15 -10 -5
Input Signal Power [dBm]
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per quantum well is only 26 A/cfieaving room for substantial 15 A ;33:; (é) — (a.) 1
improvement. From the calculated QW absorption coefficient 1 ' [
gy = 5000/Ccm ath, = 980 nm (Fig. 2), we estimate about 30 10] i
times higher pump current densities 1 0.878 (7) i
P L0 A 1 —exp(—agwla) 5—: _

Ip = ela A, e L, (22) , ] 0.914 (8)
0 0.939 (9) i

assuming a pump beam transmittancd pi~ 1 (pump power ;K_//_\
] 0.957 (10)

P, = 150 mW, pump aread,, = 50 um?). The poor pumping
efficiency is attributed to optical losses as well as to lateral -5 0.969 (11)
carrier spreading which is not yet included in our model. The © T e \

=T

utput Saturation Power [dBm]

LI B B e e e e

pump area is about four times larger than the signal spot. Bette 10 ] 0.985 (1 3‘) \ \

matching and higher pump power are expected to allow for sig- o 10 20 a0 a0
nificant performance improvements. Fig. 6 also predicts the per- Peak Reflection Gain [dB]

formance with lower top mirror reflectivity. The input saturation

power increases as the number of top mirror periods decreases. (CY

The decay in reflection gain can easily be compensated for b 45 L

stronger pumping (dashed line).

Based on (21), the relation between peak gain and output sé €
uration power is shown in Fig. 7 for a wide range of outputg 104
DBR periods. The lines are generated by varying the pump cu §
rent, starting at the transparency current on the left and endir &
at the lasing threshold on the right. Thus, the QW carrier dencé
sity is continuously increased along the lines. The peak gai.8
refers to the unsaturated carrier dengity whereas the satura-
tion power is calculated from the somewhat smaller carrier der
sity NV, at saturation. With small gaiiVv,, > Ny, ), the satura- i
tion power peaks sharply &..; = N, since the material gain 0.994 (18) -
is zero [see (20)]. In other words, the rising input power stop:© 0.996 (19) L
stimulated recombination before saturation is reached. Froi 0.997 (20)\ [
that point on, the input saturation power declines steadily witt ™' . X
stronger pumping; however, the output saturation power ben
fits from the rising saturation gain which can cause a flat max-
imum in Fig. 7. Beyond that maximum, the saturation power (b)
drops sharply as the lasing threshold is approached. The dOﬁB’] 7. Output saturation power versus peak gain for (a) reflection mode
Fig. 7(a) represents the measurement from Fig. 6 and shaws (b) transmission mode (dot: measurement). The output mirror reflectivity
perfect agreement. The measured saturation power is Cbséog@'ods) i_s given as parameter for (a) 25 bottom mirror periods and (b) 13 top
. . . . . mirror periods.
its theoretical maximum for our current device with the max-
imum reflection gain being about 17 dB. Reducing the number
of output mirror periods allows for more gain and higher saturaeriods for 13 top periods). This gives a 2-dBm saturation power
tion power, but the required pump current also rises (Fig. 8). Asee Fig. 7(b)] and about 700 A/&mequired pump current den-
example, by reducing the top mirror reflectivity of our currensity [see Fig. 8(b)].
device to 0.833 (six periods), we can achieve 7 dBm of outputFigs. 5, 7, and 8 allow for an easy exploration of the VCSAO
saturation power without sacrificing the 10-dB gain [see Figlesign space, matching desired performance data with the
7(a)]. However, the pump current density needs to be increaseduired mirror reflectivity and pump current. Fig. 5 is most
to 2.35 kA/cnt [see Fig. 8(a)] which is about four times highegeneral and it allows for bandwidth considerations with any
than with our previous experiments. This pump current gives thabry—Perot-type SOA. However, the curves in Figs. 7 and 8
unsaturated carrier density,, = 2.5 x 10*® cm~2, resulting in are restricted to our 1.8m active region and recalculation
g = 2200 cm~! andG, = 1.05. With the 10-dB gain, the op- is required for other types of active regions. Strong pumping
timized device would exhibit about 420-GHz bandwidth in remay lead to considerable internal heating of the device which
flection mode (Fig. 5). This example shows how to use Figs. &ffects the quantum well gain. Higher temperature reduces
7, and 8 to explore design options. Large bandwidths are desind red-shifts the gain peak in Fig. 2. For any active region
able, e.g., for multiple channels, whereas small bandwidths &eenperature, the appropriate functigf?V) can be calculated
needed in filter applications. For instance, selecting a smalfeom [15]. The cavity resonance wavelength is less temperature
target bandwidth of 30-GHz in transmission mode at 10-dB gasensitive. For strong pumping and high-temperature operation,
(100-GHz gain-bandwidth product), we extract from Fig. 5 theptimized quantum wells are desirable with the room-tempera-
required bottom DBR reflectivity to be about 0.982 (15 bottorture gain peak blue-shifted from the signal wavelength.

(b) {
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Fig. 8. Pump current densities versus peak gain corresponding to the curv
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of vertical-cavity semiconductor optical amplifiers. However,
more elaborate models are required to consider lateral effects.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

in Fig. 7 for (a) reflection mode and (b) transmission mode. The bottom border

indicates the present pump level.

IV. SUMMARY

[17]

(18]

We present a detailed model for gain, optical bandwidth,
and saturation of vertical-cavity laser amplifiers. Distinctive
features of vertical-cavity device physics are taken into account,
like the penetration depth into the mirror and the standing-wave
effect on the gain. Common linear approximations for gain
and carrier lifetime are avoided to reliably investigate the

performance at high carrier densities. Excellent agreems
with measurements on novel 1.3n vertical-cavity amplifiers 2
is obtained. With reduced top mirror reflectivity (six periods &
and increased pumping (2.35 kA/&nsubstantial and simul- |
taneous improvements of optical bandwidth (420 GHz) ar
output saturation power (7 dBm) are predicted maintainir
10-dB reflection gain. Apart from the numerical gain calcule
tions, the model is fully analytic and easy to apply to other typé
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