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Theoretical Analysis of Modulation Response
and Second-Order Harmonic Distortion in
Vertical-Cavity Surface-Emitting Lasers

S. F. Yu, W. N. Wong, P. Shum, and E. Herbert Benior Member

Abstract—A rate-equation model is developed, with the con- [6]. The size dependence of thermal resistance and cavity loss
sideration of size effects, to analyze the steady state and dynamiccan be determined by matching with the experimental data
behavior of index-guided vertical-cavity surface-emitting lasers. (; o threshold current and external quantum efficiency). Using
The size dependence of spatial hole burning, cavity loss, as We”th' ’ del. th dulati f VCSEL’ der th
as thermal resistance of device cavity are taken into account. IS model, _e modulation responses 9 S u_n er. . €
Using this model, the influence of size effects on the amplitude influence of size effects as well as other inherent nonlinearities
modulation response and second-order harmonic distortion are are studied. In Section Il, a rate-equation model of VCSEL's is
studied. It is found that a laser with a small core radius exhibits developed with the consideration of self-heating, spatial hole
better modulation response and less harmonic distortion than that burning, and carrier transport. In Section IIl, this model is
of a large waveguide device, however, there is a tradeoff between lied ’,[ tudv the stead .t ¢ d d - behavi f
the output power and modulation efficiency of the lasers. appiied 1o study the stea .y state an . ynamic be aV'O_r 0

VCSEL'’s. We can also verify that the fitted parameters give
a consistent explanation for the size dependence of threshold
o current. In addition, the amplitude modulation (AM) response
ERTICAL-CAVITY surface-emitting lasers (VCSEL'S) and second-order harmonic distortion (SHD) of VCSEL'’s are
are promising for the applications in high-speed opthiso analyzed. Discussions on the dynamic performance of
cal fiber communication systems due to its capability foycSEL’s are given in Section VI.
single longitudinal mode operation, low threshold current,
and narrow output beam profile. Furthermore, high relaxation I
oscillation frequency (ROF) is expected for VCSEL's due to
its small cavity dimension. However, the modulation respon%e . ,
of VCSEL's is limited by the combination of heat generation™ ngeral Rate Equ:?mons of VC_SELS _ _ _
inside the high-resistance Bragg reflectors and parasitic caA simple rate-equation model with the inclusion of inherent
pacitance due to interconnects on conducting substrates.n@nlinearities such as self-heating, spatial hole burning, and
addition, differences in device structure also affected thelarrier transport to calculate the influence of device dimension

I. INTRODUCTION

. LASER MODEL

high-speed modulation performance [1,2]. on the modulation response of VCSEL'’s are given as
The steady-state properties of VCSEL'’s have been analyzed a8 )

extensively and most of the works are concentrated on the N =v,(I'.G — a;)S + BB, N (1)

improvement of quantum efﬁ_mency as well as reduction ON M N N R

of threshold current. Models including temperature effects, o e 1o vel.g(N)|[¥|°S

carrier spatial hole burning, as well as surface scattering and 18/ oN

diffraction losses have been developed to predict the perfor- +D-— (r—> 2

mance of lasers with different dimensions and structures [3], ) ror\ or

[4]. However, the relatively important behavior of VCSEL'’s, oM - J M M + N (3)

the dynamic response under direct modulation, has not been ot eL.N, 71¢c T2 T2

considered in their investigation. In this paper, we analyze the pmC. or =V - (KVT) + Hey (4)

small-signal response of index-guided VCSEL'’s with size de- ot

pendent of spatial hole burning, cavity loss, as well as thermghere S is the photon densitylV is the carrier concentration
resistance of laser cavity taken into account. The spatial h@igide the active layet}/ is the carrier concentration confined
burning effects are approximated by a perturbation approagide the spacer layers, afidis the effective temperature of
[5] in our model. Furthermore, the thermal rate equation jgser cavity. In the photon rate equatiog,is the group veloc-
Manuscript received January 15, 1996; revised June 10, 1996. This waRd B,,, is the bimolecular carrier recombination coefficient.
was supported by CRCG Grant 337/062/0035. - , _In the carrier rate equationsg is the carrier lifetime andD
The authors are with the Department of Electrical and Electronic Engineer- h binolar diffusi ffici The infl f .
ing, University of Hong Kong, Pokfulam Road, Hong Kong. is the am vipolar diffusion coe |C|ent_. e influence of carrier
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spacer layers, ang,;, the thermionic capture/emission time.
The total thickness of the active layer is the multiplication
of quantum well thicknessl ., with the number of quantum / M2
wells, N,,. J ande given in (3) are the injection current density /I' “\\ /
and electron charge, respectively. In the thermal rate equation,
pm 1s the mass density, is the heat capacity, and is the

/! \N
NN

/2
thermal diffusion coefficient of semiconductor materi}., is e 77
! rmaterlil, is 2NN
defined as the average thermal power density generated inside =200 2020200002

the laser cauvity.
The optical field distribution¥, is assumed cylindrically
symmetric and satisfies the unperturbed wave equation

%W (r) 19¥(r) 5 5
or? + r Or + (eoky — B°)¥(r) =0 (5) ¢
wherek, = (2x/X,) is the wavevectorg, is the background
dielectric constant, angl is the propagation constant to be
determined.

For quantum well material, the optical gain, given in (2)
can be written as [7]

g(N) = anln (N/Ny) (6)

Np - NsJo(ar)

2w
whereay is a fitted parameter andl; is the carrier concentra-

tiqn at transparency. The ParamemﬁsandNt are also Vari_ed Fig. 1. Distribution of carrier concentration and optical field intensity inside
with temperature and their dependence can be approximatedcylindrical laser cavity.

by the empirical formulas given in [3] and [8{7, given in
(1), can be expressed as

well confined inside the core region. Fdf, is smaller than
w oo N,, the optical gain can also be written as

G =/ g(N)| ¥ (r)|?r dr / [T (r)|?r dr (7
0 0 g(N) =ayIn(N/N)

and w is the radius of core. The output pows, of the ~an[ln (Np/Ne) = (Ns/Np)Jo(ar)].  (10)

device is given by Substituting (9) and (10) into (1)—(3) and integrating along
P,, = %ug(l _ |reﬁ|2)7rw21“ZS @) the lateral direction, we get
oS

whereh is the Planck’s constank.g| is the effective reflec- 5 = vg(anT: [ ln (Ny/Ny) — (No/Np)ér] — ar)S
g}/nt)r/‘ (:fl ;rslirBragg reflector and is the operation frequency + BBy N2 (11)

' ON, M N,

W = - - - _DX1NS bl I/g(l,N
B. Approximation on the Spatial Hole Burning T2 T
and Divergence of Thermal Flux L2 In (Np/Ni) — (N /Np)&i]S, (12)
In (1)-(3), M and N are nonuniformly distributed along QNS =vzanT:[C2ln (N, /Ni) — (Ns/Np)éa]S

the lateral direction,r. However, it is noted that for our ot D LN 13
previous analysis of VCSEL'’s [8], the lateral distribution of +[Dxz = 1/71]Ns, (13)
carrier concentration along the spacer layers is quite uniform. oM J M N (14)

Furthermore, the spatial hole burning inside the active layer dt ~ eL:Ny i, T2

is less than 10% of its p_eak magnitude. Theref_ore,_ it {here1/r), = 1/7. + 1/721,1/7y = 1/7. + 1/712. The size
reasonable to assundd is uniform along the lateral direction gfects related to converting the carriers into photon have been
and the nonuniform distribution o is approximated by & cqnsidered in (12)-(14) through the size-dependent parameters
perturbation approach [5] (i.e..T'y, &, 1, &1, o, &2, x1, andyz) and their expression can

N = N, — N, Jy(ar) (9) be found in Appendix A. _

The temperature dependence of threshold current density

whereN,, is the average carrier concentration along the laterdh, (300 °K) is described by the Arrhenius-type relation [9]
direction andN, is the perturbation of carrier concentration T — 300
arisen from¥(r) (see Fig. 1).J,(ar) is the Bessel function of Jin(T) = J, exp < )
first kind of order O and the constant a satisfig$aw) = 0. ¢
In (9), only the fundamental lateral mode is considered in thehere J, is the threshold current at 30K and T, is the
analysis. We have assumed that the carrier concentratiorcligracteristic temperaturel, can be expressed a$, =

(15)
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2w TABLE |
PARAMETER USED IN THE MODEL
Parameter Symbol | Value
] lasing wavelength A 0.98um
. p-type N e 10
: Bragg reflectors group velocity Vo 0.83x10 “cm/s
longitudinal optical confinement factor r, 0.065
bimolecular carrier recombination coefficient | By, 1x107 ' 0¢m3s7!
Core region Spacer layer spontaneous emission factor ) 1x107#
} MQWs active layer carrier lifetime in active layer TC 3x107 s
} Spacer layer carrier transport time in the spacer layers 112 10-20ps
thermionic capture/emission time T 200ps
diffusion rate coefficient D 5-20s" em?
L]
. n-type thickness of quantum well L, 804
B: flect
122:Z:Z:l2221:2:I:::IIZZ!ZZZ‘ZZZZ:ZZ!ZIZ:ZZZZZZZZZZZZZ:I ragg etector h“ghlndex layer number quuantum Well Nw 3
3 mass densi 5.36pcm™>
) e e
specific heat C 0.35]g7°C
Substrate low index layer 2
<oy ew 4 thermal conductivity K 0.45-0.55Wem™!c™!
\L)/ Metal contact effective reflectivity of Bragg reflector Iregd 0.9995
characteristic temperature T, 110°K

Output light

Fig. 2. Schematic of an index-guided VCSEL.

evaluated in detail by using the thermal equation [11] as
well as the scattering and diffraction model of VCSEL's [12],
however, this is not the scope of this paper. An alternative

eL,N,Nin/7. where Ny, is the threshold carrier concentra- ) . - ! )
tion at 300°K. approach used in this paper is to fit these parameters with

Furthermore, using the technique in [6] of replacing thibe experimental data given (i.e., the threshold current and
divergence of heat flux with an equivalent thermal resig&gy the external quantum efficiency obtained from the light/current

(cm1) representing both the active layer and Bragg reflecto@{rve_s)' This approach gives a satisfac_tory explanation of the
we can rewrite (4) as the nonlinear differential equation ~ Physical phenomena of VCSEL'’s provided that and i,
demonstrate an inverse relation with the device size (i.e., the

oT

AT

(16)

reduction ofw causes the increase af and R.y); otherwise

Cinor = (Prv — Pry) — k5— ) : .
ot Rin this model fails to produce self-consistent results.

where Cy, (= mepwszsz) is defined as the thermal
capacitance Pry is the total input electrical power and can .
be expressed as The schematic of an index-guided VCSEL used in our
2 pw analysis is shown in Fig. 2. The device structure is similar to
Py = %/ / Ve(N)J(r)rdrdf. that given in [2] and [3] except the p- and n-type distributed
0o Jo Bragg reflectors have equal core diameter in order to simplify
Vr given in (17) is the voltage across the active layer and éar calculation. The waveguide (core) region is surrounded
given by [10] by air and its effective refractive index is equal to 3.30. The
1 background temperature is set to 30R. In addition, the
Vr = E[Eg + kpT - In{(exp (N/N.) — 1) injection current is assumed uniformly distributed along the
lateral direction. Furthermore, only the fundamental lateral
 (exp (N/No) = 1)}] (18) mode is considered in our analysis as we have assumed in
where E, (= 1.519-5.408 x 10=% x T?/(T + 204)) is the the derivation of (11)-(16). The steady-state characteristics of
effective energy gap of the quantum well’s active layer andCSEL’s can be calculated by using the Newton Raphson
kg is the Boltzmann constanfV, and N, are the effective method. In addition, using (11)-(16), the AM and SHD of
conduction and valence edge density of states, respectivé/{zSEL’s can also be determined by the small-signal analysis,
and can be expressed as and the derivation procedures are similar to those in [13]. The
laser and size-dependent (iE,, &.,I'1,£1,1'2, &2, x1 andys
Nepo = m:/thT/thLz (19 parameters used in the model are shown in Tables | an)d Il.

N UMERICAL RESULTS

(17)

where i, = h/2w, andm},, is the effective mass of elec- _ _ _ _
tron/holes. A. Influence of Waveguide Dimension on the Static

In (11) and (16), we have not specified the size depender®¥! Dynamic Behavior of VCSEL's
of a; and Ryy. It is expected that the reduction af causes  Fig. 3(a) shows the measured light/current curves (dotted
the increase of?;,,. In addition, due to the increase of surfacdéines) of VCSEL'’s obtained from [2]. It is shown that the
scattering and diffraction losses; is also increased with output power is saturated at high injection current and the peak
the reduction ofw. These phenomena of VCSEL's can b@ower is reduced with the core radius. There are several effects
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TABLE I 7
PARAMETERS DEFINING THE TRANSVERSE STRUCTURE OF THEVCSEL’s
parameters\w 2.5um 3.54m 5.04m 7.514m st
I, 0.9999 0.9999 0.9999 0.9999 [ e 7.5um
& 0.4148 0.4165 0.4182 0.4194 3 — g
I 0.2744 0.2731 0.2720 0.2704 § st
£ 0.1138 0.1138 0.1137 0.1137 ~§« e
r, 0.7014 0.7013 0.7012 0.7011 ; 3tk
£y 0.5287 05279 0.5271 0.5261 21
o) _8.9085x10~% | —4.9350x107 | —2.3081x107 | 0.6285x10~¢ 2 3.5um
X2 —2.1426x10% | —0.9167x108 | —0.5684x10% | —0.500x10%
measured  eeesesssescsscons
1 I calculated
TABLE 11l L
Size DEPENDENCE OFOPTICAL LOSS AND THERMAL REsISTANCE OFVCSEL'’s 00 5 10 15 20
core radius w (um) optical loss oy (cm_') Thermal Resistance Ry, (cm_l) current (mA)
25 72 4500 (a)
35 59 2600
5 46 1660 10
7.5 38 990 .
N
responsible for the reduction of output power as the core radiug 7.5um
is reduced. They are: 1) the thermal resistance of VCSEL'& 6l

which is inversely proportional to the core radius (i.e., small§
devices suffer high thermal dissipation); 2) the size dependeng:

of cavity loss due to the surface scattering and diffractiorg 4 |- measured _ calculated
losses; and 3) the increase in threshold current density wité + 25um

the junction temperature. In fact, these phenomena have be@n ® 3.5um

introduced into the rate-equation model through: 1) the thermé cl; :*;’:m
resistanceR;, defined in (16); 2) the equivalent model loss i

defined in (1); and 3) the threshold current density which is ¢ . ; - 1'0 1'5 o

approximated by the Arrhenius-type relation [see (15)]. Using
the measured light/current curves given in Fig. 3(a), the pa-
rametersy, and Ry, can be evaluated, and their magnitude are (b)
shown in Table Ill. The corresponding calculated light/curremg. 3. Comparison of measured and calculated (a) light/current character-
curves (solid lines) are also shown in the figure for comparisdpfics and (b) ROF of VCSEL’s with core radius equal to 2.5, 3.5, 5.0, and
In the calculation, it is assumed th& = 5 s~ cm?, 710 = \7,\',5 g (_I:tflls assumed thaD =5 s~!ent*, 71, = 10 ps ands = 0.45
’ cm in the calculation.
10 ps, andk = 0.45 Went'C™L.
In Table lll, botha; and R;1, exhibit an inverse relation with . ]
w which indicated that the rate-equation model gives a satiEherefore the relation between threshold current and device
factory explanation on the physical phenomena of VCSEL’§iz€ can also be predicted by the model.
Furthermore, the variation of threshold currefgt with the  Fig. 3(b) compares the calculated and measured ROF [2]
device size can also be explained by the following equatior: VCSEL's. It must be noted that the ROF is calculated
without optimizing the fitted parameters; and Ry, [i.e.,
Jin R eL:NowNen/7c (20) a, and Ry, are only evaluated from the light/current curves
Gih = = an In (Nen/Nt) (21) given in Fig. 3(a)]. In general, the measured results show

where.J.,, is the threshold current densit,s, is the threshold that small .devices exhibit high modulation efficiency as well
carrier concentration, ar@s is the threshold gain. Obviously, @ Saturation level of ROF (i.e., peak ROF). However, the
the increase in device size implies the decreasdVjp and Modulation efficiency of the smallest lasgn = 2.5 um) is

J. For an air-post VCSELJ,, is equal to AJ,, where notthe highest (device ab = 3.5 has the highest modulation
A (: fn—w2) is the junction area. Therefore’ the decrease Sfﬁciency). This is attributed to the h|gh Optical loss of small
Jin does not imply the decrease &f,, as the reduction of YCSEL's that drives the threshold gain toward the saturation
Jin is compensated by the increaseAfuch thatly, can be levels of quantum wells which reduces the differential gain and
maintained nearly constant for some range of device radiushence the modulation efficiency [2]. This phenomenon has not
(i.e., 2.5 to 5um). However, I, increases forw> 5 pm been taken into account in the model, however, for devices
because the rate of change of is less than that ofd. with w > 3.5 um, the agreement between the theoretical
This phenomenon of VCSEL'’s has been observed from tpeediction and measured results [as shown in Fig. 3(b)] is
experimental data and can be explained by our simple modstisfied considering the simplicity of the model. Therefore,

current (mA)
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Power=1mW 4
measured  ssessessseesesess 0

calculated

—
(¥}
T

w=3.5um Spum  7.5pm

power/current (nW/mA)

Response (dB)

frequency (GHz)

Fig. 5.  Amplitude modulation response of VCSEL's with core radii equal to
3.5, 5.0, and 7.;xm. The steady-state output power of all VCSEL's is 1 mW.

8 10 12

frequency (GHz) 10k
. . . . Power=1mW
Fig. 4. Comparison of measured and calculated amplitude modulation re-
sponse of VCSEL with a core radius of 3u8n. Sk

the gain saturation effects due to the high optical loss havg 0
less influence on large area devicgs > 3.5 ym) and is B
ignored in the following calculation. The AM response of ag -5
3.5-um radius VCSEL for various bias currents is also giver
in Fig. 4. -0 |

The analytical expression of ROBb,,, is given by

T

15 i w=3.5um Sum  7.5um
w? = T, 11 (vyanT2)? I (Npo/Ny)(So/Nyo)? e T | = —
where the subscript stands for the steady state. In (22), the -20 = '0‘1 0'3 — i - 3 E—
influence ofD andr» are ignored and the detailed derivation ) : frequency (GHz)

of w,, can be found in Appendix B. In (22)y,, is directly quency

proportional to S, such that the magnitude ab, is also Fig. 6. Second harmonic distortion of VCSEL's with core radii equal to 3.5,
saturated. The modulation eﬁicienc&wn/al, can also be 5.0, and 7.5:m. The steady-state output power of all VCSEL’s is 1 mW.
deduced from (22) for injection currenf, less than 5 mA

(i.e., light/current gives a linear relation): B. Influence of Spatial Hole Burning, Carrie_r
Transport, and Thermal Effects on the Static

Owy, [0] = ’yug(l/wQ)(aN/Npo)\/FTFl In (Npo/N¢) (23) and Dynamic Behavior of VCSEL'’s

where v (= 2n/v,hu(1 — |reg|?)7) is a constant and The ipfluence ofspgtial hole burning and carrier tra}nsporton
is the slope of the light/current curves. As we can se@,e s.,tatlc.a}nd dynamic response of VQSEL’S |s.stUQ|ed. These
dw, /T is inversely proportional to waveguide area such th@Pnlinearities are examined by changing the diffusion fate
small devices have better modulation efficiency. In additiofOM 5 to 10 cris™" and the carrier transport tima; from
the effective threshold current is increased with the junctickP t0 20 ps for devices with core radii equal to 3.5 and 7.5
temperature, but the differential gaimy /N, is reduced. It pwm. Fig. 7 shows the corresponding -Ilght/curre.nt curves and
must be noted that heat generation is more rapid in smBPF of VCSEL’s.D andr,, have relatively less influence on
devices such that fast saturationwf with injection current the static and dynamic behavior of VCSEL's. The influence of
is observed in Fig. 3(b). spatial hole burning and carrier transport on the AM response
Fig. 5 shows the AM response of VCSEL'’s with core radidnd SHD of VCSEL'’s are also shown in Figs. 8 and 9 for
varying between 3.5 and 7/m. The devices are biased suctflevices ofw = 3.5 and 7.5um. The lasers are biased such
that the output power is equal to 1 mW. As we can see,tat the output power is equal to 1 mW. The overshoot of AM
small device has better modulation response than large-aresponse is affected by bot and . On the other hand,
lasers. The corresponding SHD of VCSEL'’s is also showhese inherent nonlinearities have less influence on the SHD
in Fig. 6. VCSEL with small core radius exhibits less SHDof VCSEL's.
Two resonance peaks appear and the second peak is caused Bg shown in the above paragraph, the peak output power
resonance in the AM response and will not occur if a constasft VCSEL's is less dependent on the spatial hole burning
optical modulation depth is considered [13]. and carrier transport. In order to improve the maximum

-
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7
] Power=1mW
6k / w=7.5um
HPPT, ~—~ 1,5 o
st 5 D=20 D=5 D=0
£ w=3.5um
g B b | 12=10 =10 17=20
£ — — ---
E4T S
~ 1 ]
5 2
23k ]
8 3
& D=20 5
2r g =10 =10 1.=20 §.05 ____
1 =
0 L 0 i, " PRI " 2
0 5 10 15 20 0.1 03 1 3 10
current (mA) frequency (GHz)
@ Fig. 8. Amplitude modulation response of VCSEL's with core radii of 3.5
12 and 7.5um under the influence @b and 2. The steady-state output power
of lasers is 1 mW. Solid linesD = 20 s~!' cn? and 71> = 10 ps; dotted
- lines: D = 5 s ! cm? and7i> = 10 ps; and dashed line® = 20 s~! cn?
=10 and 712 = 20 ps.
e
E sl
E 10 [- Power=1mW
2 !
] - A ——
26 S sk
2 i D=20 D=5
§ 41 | {1:=10 =10
2 D=5  D=20 s o™ '
S B J— P
s ) =10 =10 =20 =
i . a -s
B =
7
0 L -1
0 5 10 15 20 0
current (mA)
-15
(b) I
Fig. 7. Calculated (a) light/current characteristics and (b) ROF of VCSEL's _5q

under the influence ob and 2. Solid lines:D = 20 s~' cm? and o =
10 ps; dotted linesD = 5 s~ ! cm? andr;2 = 10 ps; and dashed lineg) =
20 s 'cen? and 72 = 20 ps.

frequency (GHz)

Fig. 9. Second harmonic distortion of VCSEL'’s with core radii of 3.5 and
) o 7.5 pm under the influence ab and 2. The steady-state output power of
output power and modulation efficiency of VCSEL'’s, théasersis 1 mW. Solid linesD = 20 s~ cm? and ;2 = 10 ps; dotted lines:

thermal resistance of the laser cavity should be reducedc= 5$ ' ¢ and7i> = 10 ps; and dashed line&? = 20 s™! cn* and
avoid excess self-heating. To verify the above statement, wé = 0 ps.

analyze the influence of thermal conductivityon the static

and dynamic behavior of VCSEL'’s. Fig. 10(a) shows the V. DISCUSSION AND CONCLUSION

light/current curves of devices with radii equal to 3.5 and 7.5 The dependence of device size on the modulation response
pm. The thermal conductivity of VCSEL's is varied between of VCSEL'’s can be explained by (22) and (23). In (22), ROF
0.45 and 0.55 Wem! C™'. D and 7y, are set to 20 cfs' s directly proportional to the photon densiy such that ROF

and 10 ps, respectively. As we can see, the maximum outfpeisaturated with injection current. It is noted that a small laser
power is enhanced by several milliwatts. The correspondihgs large thermal resistance and the ROF is saturated faster
ROF is also shown in Fig. 10(b). It is shown that the ROF iwith injection current due to the temperature dependence of
enhanced for both devices but small-area devices have bettgrand V;. In addition, the modulation efficiency is inversely
improvement. The AM response and SHD under the influenpeoportional to the waveguide area as shown in (23) such
of xk are also shown in Figs. 11 and 12, respectively. It ihat a small devicéw = 3.5 um) exhibits better modulation
assumed that the output power of devices is equal to 1 mW. éfliciency. For devices smaller than 3:8n in radius, gain

we can seey has no negative effects on both AM response argdturation effects due to high optical loss should be taken into
SHD of VCSEL'’s. From our theoretical analysis given aboveonsideration in the model. The spatial hole burning has less
we can conclude that the thermal effects determined the R@Huence on the ROF of VCSEL'’s and is clearly explained
of lasers, however, the AM and SHD are less dependent lop (B11) of Appendix B. This is because spatial hole burning
this factor. is determined by the parametey but this parameter is only



YU et al: THEORETICAL ANALYSIS OF MODULATION RESPONSE AND SECOND-ORDER HARMONIC DISTORTION 2145

10
Power=1mW
sk D=205 em? / .
Ti=10ps // g
| /’ w=7.5um §
z 6l - E
g k-
5 &
 af g
2 3
@
x=045  K=055 2
- &
2} —
0 | L 1
0 5 10 15 20 0.1 0.3 1 3 10
current (mA) frequency (GHz)
(@) Fig. 11. Amplitude modulation response of VCSEL'’s with core radii of 3.5
and 7.5p¢m under the influence of. The steady-state output power of the
12 lasers is 1 mW. Solid linest = 0.45 Went! C—1; and dotted linesk =
0.55 wenr! cL.
= 10 [
)
= 10+
‘g 81 Power=1mW
E il
S 6f
z x=0.45 x=0.55
8 5 0
£ 2
§ k=045 x=0.55 a -5
£ 02} - _ ==
4 @
-10
0 1 i | |
0 5 10 15 20 .15
current (mA) |
(b) 20
Fig. 10. Calculated (a) light/current characteristics and (b) relaxation oscil- £
lation frequency of VCSEL’s with core radii of 3.5 and 7:8n under the requency (GHz)
i - H H e — 1 0~—1. H .
ggl;es\?fn?f{‘é,sg“d lines: = 0.45 WenT " C™; and dotted linesk = Fig. 12. Second harmonic distortion of VCSEL'’s with core radius of 3.5

and 7.5um under the influence of. The steady state output power of lasers
is1 rlw}/v 7810Iid lines:x = 0.45 Wenr* C—'; and dotted linesx = 0.55

significant at highSy. This conclusion, however, is dif“ferentWcm c
from [8] as the optical intensity and carrier concentration are
well confined inside the air-post cavity. In (B10), the carriepver other inherent nonlinearities on the influence of the
transport effects may have crucial effects on the ROF as wgnamic behavior of VCSEL's. Slight increases in the thermal
have discussed in Appendix B. In order to maximize the ROEpnductivity of the device enhances the saturated ROF by more
it is desired to have large magnitude of but smallr; to than several gigahertz. From our analysis given above, we
enhance the modulation bandwidth of the VCSEL's. noted that reduction of heat generation inside the laser cavity

In conclusion, a rate-equation model for index-guided VGs an alternative way to improve the dynamic behavior of small
SEL’s, including thermal effects, spatial hole burning, an&aveguide VCSEL's.
carrier transport, has been developed. The purpose of this
paper is to understand the influence of size effects on the
modulation response of VCSEL'’s. Although this laser model ] )
is simple, it is able to explain the dependence of threshold The expression df., £, I'1, &1, 'z, &2, x1 andx are given
current as well as the thermal resistance and cavity 0%
on the device size. It is shown that peak output power is w .
limited by small waveguide area, however, high modulationr, — / r|w)? dr// | (r))?r dr (A1)
efficiency is obtained. In addition, a small device exhibits Jo Jo
better AM response and less harmonic distortion. We have also w oo
shown the importance of thermal effects on the modulationt, = / rJo(ar) | W) (r) dr// [T () |*r dr (A2)
response of VCSEL's. Itis noted that thermal effects dominate 0 0
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Fl — iz / 7"|\11|2 dr (A3) 1/T12 :I/gaNFer{(]. - ESSO/NPO)SU/NPO

v; 0 + €510 (Npo/N:)(So/Nyo)?} + 28Bs,Nyo - (B7)
b=— / |¥ |2 Jo(ar)r dr (A4)  1/To =vyanT,l. In (Nyo/Ni)(1 — 265S0/Npo)  (B8)

9 70 1 w 5 1/T22 ZI/g(LNFpFZ{(l - €pSQ/Np0)So/Np0
Lz = w? J2(aw) /0 rJo(ar)|¥["dr (AS) +ep 10 (Npo/Ne)(So/Npo)*} = 1/73:. (B9)
£y = 12 . 1 /w rJ2(ar)|O|? dr (A6) The resonance frequenay, (= ) of the device satisfies

w? J§(aw) Jo (B5) and is given by

2 (v Jy(ar dJo(ar
Xi=— (r 0(;(2 ) + (()9(7" )) dr (A7) wp & 1/T15To1 + 1/T11Tho + 1/712(1/ T

0

2 1 w ?Jo(ar)  dJo(ar) + T2z = 1/721) (B10)
X2 =573~ Jo(ar) | r—F 5 + —; dr.

w? J§(aw) Jo or ar where we have assumed, ~ 7{,. As we can see from

(A8) (B10), w, is inversely proportional tor;, provided that

1/Th1 +1/T52 > 1/721, and this is confirmed by Fig. 7(b). In

APPENDIX B

The number of rate equations given in Section II-B can tie
reduced by two using the quasi-static steady approximation 0
N, andT to simplify the derivation of ROF. This can be doné"
by setting the time derivative of (13) to zero for the reaso
of (1 — Dxa741)/7, in (13) which has a value in the order
of 100 ps and is short compared to the period of practic
small-signal modulation waveforms [5]. Thus,

elsIn (N, /Ny)S
1+ e&2(S/Np)

wheree = vyanT .75, /(1 — Dx27%;). In addition, for devices
with short cavity length and small surface area, (hgCin/k
time constant is also in the order of 100 ps such that we can
nore the time derivative term in (16). Now, the correspondi
rate equations are given by

N, = (B1)

a8
i Vg(anD. Ty In (Np /Ni)(1 — €S/ Np) — o)
+ BBy, N, (B2)
ON, M N, (1]
Btp = ;,1: —vganT.I'yIn (N, /Ny)
(1 —¢,8/N,)S (B3) 2
oM J % & (B4)

ot - eLzNw T{Q T21 [3]
where e, = €(F2£T/FT + 52),].—‘1, = I'y + Dx17m212 and

g, = e((T'2¢,—T'1&2) /T, +€2). The auxiliary thermal equation

is given by AT = Rn(Prv — Pry)/k. [4]

The relaxation oscillation of the laser can be derived from

(B2)—(B4) by applying a small perturbation 0S5, N,, andM (5]
from the steady state [13], and the corresponding characteristic
polynomial of the laser is given by [6]

712721 \ 111 J T12To1 \ 715 J (7]

1 1 1
V(g (= te) = B
(Tll -l-J'Q)<T22+‘7 )(T{2+] ) ¢ B g

where Q is the modulation frequency of the laser, and the®
expression ofl1, Ty2, To1, and Ths are shown below:

[20]

1/T11 =VgaNFTFZ€S In (NpO/Nf)SO/NpO (BG)

12 <

(B10), the resonance frequency can be maximized by carefully
designing the dimension of active quantum wells and spacer
ayers such that;s < 721 and1/Ti1 + 1/Tes > 1/791 (i€,

10 ps andrz; > 400 ps).

If we omit the terms representing the carrier transport effects
(i].e., T21 and 721) and the spontaneous emission rate, (B10)
can be rewritten as

N, S,
2 T.)°T,C,In | =22 ) (=%
Wn, (I/g(L]\ —'~) p il Nt NpO

So <3 —In (%”f))

So
l—ey——
{ NPO

+ N—po} (B11)

Furthermore, we can also ignore the influence of spatial
le burning, sefl’, = I't + Dxi7.I'> = I'y, and assume
/Npo > 1 for high-power operation, and (B11) can then
e written as

wi ~ Frrl(Vg{J,NFZ)Q In (Npo/Nt)(So/Npg)Z. (512)
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