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Abstract—We report the operation of a vertical-cavity surface- SL?SL
emitting laser (VCSEL) with two active, coupled optical cavities. Electrical
In contrast to a conventional single-cavity VCSEL, the coupling -~ Contacts
between the two electrically independent active regions produces lon p-DBR /
emission into two longitudinal modes. The light output versus cur- Implant ———
rent characteristics are presented under various biasing conditions
in each cavity. Laser operation is achieved with current injection Ontical Selectively
into only one cavity, and additional current injected into the other Conitios n-DBR Oxidized
cavity changes the effective threshold current measured. The lon- / Regions
gitudinal and transverse modes are characterized, and it is found
that the modal evolution of the laser can be modified by current Electrical
injection into each cavity. Contact
Index Terms—Coupled cavity, modal evolution, threshold cur- /

rent, vertical-cavity surface-emitting laser (VCSEL).
Fig. 1. Device structure of a CRVCL.

| INTRODUCTION cavity configuration. We find that, in contrast to a conventional

ERTICAL-CAVITY surface-emitting lasers (VCSELS) VCSEL, the threshold current is a function of the current in-

have emerged as the dominant light source for short-djgeted into each cavity. We show that, if current injection into
tance optical communications. The advantages of VCSEbae cavity brings the device to threshold, additional current in-
over conventional edge-emitting lasers include low threshgjlelcted into the other cavity causes a logarithmic decrease in the
currents, lasing into a single longitudinal mode, and inhereeffective threshold current measured. In addition, the transverse
high-speed operation [1]. For emerging optical networking apnd longitudinal mode characteristics are compared to a conven-
plications, there is a need for control of the optical properties tibnal, single-cavity VCSEL. It is shown that output character-
the device. Previous research on edge-emitting semicondud#tics can be controlled through selection of the current levels in
lasers has demonstrated additional functionality through tttee two cavities. The VCSEL structure and experimental setup
use of multiple sections, such as the cleaved-coupled-cawviite described in Section Il. In Sections Il and 1V, the threshold
(C*) laser. The € structure typically includes a passiveand modal characteristics are examined, respectively. The paper
secondary cavity that acts as a source of frequency-selecitemicludes with potential applications and future work.
absorption. This technique has been used to obtain single
longitudinal mode operation and wavelength tunability from a
coupled cavity, where the single cavities alone would support

multiple modes [2]-[4]. More recently, these ideas have been-tljhe de\{|tge cgaraﬁtenzcta_d In t?}'s wo_rk[|:s_ a SR'I'\;CLCVI\QU]CtIYVP
extended to vertical coupled cavity laser structures [5]-[1 ctive cavilies. A schematic 1S snown'in Fig. 1. The IS

A VCSEL with two optically coupled cavities will be referred rown by r'ne'talorgamc vapor phase epitaxy and is comppsed
to as acomposite-resonator vertical-cavity las€ERVCL). of a monolithic bottom distributed Bragg reflector (DBR) with

The CRVCL has been used to obtain dual longitudinal Wavg%r?;rllods,_admu_dr(:lle D_BR V‘ll'th 14.5 perlotdst, ‘?gha iiOp DBR
length operation [5], high single transverse mode power [7}, periods. The mirror fayers separate twa-Iaick op-

Q-switched operation [8], picosecond pulse generation [9], a al cavities, each .Of Which contai_n fiye C_EaAs quantum_wells
high-contrast optical switching [10]. (QWSs). The top cavity is defined using ion implantation, with an

In this paper, the threshold and modal characteristics are ?@_erture Of Gum. The bo;tom ca_wty has an apeft“r? of approx-
ported for a CRVCL with two active cavities. We show thakmately 10pm and is defined using selective oxidation [1]. The

the unique features of the laser output characteristics are gyice IS fabncat_ed ina d(_)ub_le-me_sa strucfcure to a_llow for in-
termined and can be controlled by the details of the coupl Spendentelectncal|nject|on into either cavity. The light output
versus currentl(—1) characteristics were measured by on-wafer

probing with a semiconductor parameter analyzer and a Si pho-
Manuscript received April 11, 2003; revised September 12, 2003. This woi@detector. The second cavity was simultaneously biased with
was supported by the National Science Foundation under Grant 0121662. 5 precision power supply. The transverse mode measurements
The authors are with the Department of Electrical and Computer Engineerir\}g . . .
ere taken with an optical spectrum analyzer and each cavity

University of lllinois at Urbana-Champaign, Urbana, IL 61801 USA. - . o
Digital Object Identifier 10.1109/JQE.2003.819544 was biased with a separate precision power supply.
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Fig. 2. Output characteristics for varying current into oxide-confined cavityig. 4. Comparison of effective threshold current measured in the primary
lon-implanted cavity currents are labeled. cavity for different current injection conditions in the secondary cavity.

absorption as a mechanism for the change in threshold current.
Similar to the use of a Fabry—Perét etalon in‘al&ser [2], we
assume that the second cavity is a source of variable absorp-
tion for the coupled structure. When the secondary cavity has no
electric potential applied, the QWSs strongly absorb light, with
a typical value of absorption coefficient af ~ 10* cm~! per
well [15]. Although the QW layers are thin, most VCSEL struc-
tures are designed so that the optical field antinode overlaps the
QWs [1]. This implies that an optical field induced from gain of
Implant Cavity Current (mA) the primary cavity will also be strongly attenuated by the sec-
ondary cavity. Because of this loss, we find that the threshold
Fig. 3. Output characteristics for varying current into ion-implanted cavitgurrents measured with the secondary cavity open circuited are
Oxide-confined cavity currents are labeled. relatively high. In fact, only some of the devices tested were
found to lase with current injection into only one cavity. As cur-
[1l. THRESHOLD CONDITIONS rentis injected into the QWs of the secondary cavity, the absorp-
tion is reduced until transparency. If additional current is added,
the secondary cavity will also provide gain. This implies that the

The additional optical cavity of the CRVCL device admitgffective threshold current will depend on the secondary cavity
new functionality since two injection currents can be varied iyrrent.
dependently. Figs. 2 and 3 show thel characteristics of the
CRVCL obtained while varying the current into one cavity withg, Effective Threshold Current
raefg;%dngl;rtrgng{i%;higtgﬁégi\s:gi:]ﬁ tiotrhixt?g:tglz’ 0F>I<?d§((::cc)>rn Fig. 4 (solid points) is a plot of the effective threshold current
) . . . ! o . versus the current injected into the secondary cavity. The figure
fined cavity with various fixed injection currents into the top

ion-implanted cavity. The cavity with variable current will be relncludes two configurations: one where the oxide cavity is the

ferred to as therimary cavity and the cavity with constant cur-primary cavity and the implant cavity is the secondary cavity,

rent will be referred to as theecondary cavitvThe outout char- and vice versa. The solid line through each data set is a curve fit
Y y P t|hat determines the effective threshold currént, as a function

acteristics shown in Figs. 2 and 3 are similar to that of a singo? the secondary cavity curreii.. We use the equation
cavity VCSEL. The variations of the output light with increasing y y a q

currgntindicategrich transverse mode spectrum, as describedin Lin(Iee) = Aln(B — cl..). 1)
Section IV. A unique feature of the-I characteristics observed
in Figs. 2 and 3 is the decrease in primary cavity threshold curhe parameter®3 and ¢ are determined from the conditions
rent measured with increasing current in the secondary cavify, = 0 andI;. = 0. The value ofA4 is chosen to minimize
With sufficient injection current in the secondary cavity, théhe mean-square error between (1) and the measured data. As
threshold current measured in the primary cavity is reducedgshown in Table I, the values of for the two biasing schemes
zero. We define the effective threshold current to be the valaee different. If the CRVCL had identical transverse optical con-
measured in the primary cavity. For example, in Fig. 3, the dfinement in each cavity, the two data sets in Fig. 3 would be
fective threshold currentis 4 mA when the secondary cavity clexpected to overlap and intersect each axis at the same cur-
rentis 16 mA. In contrast to Figs. 2 and 3, output characteristient value. However, significant asymmetry results from the dif-
reported in [6] for a passive/active CRVCL structure showed rierent confinement mechanisms (ion-implanted versus oxide-
change in the threshold current with current injection into theonfined) and aperture size of the cavities (see Fig. 1). The trend
secondary cavity. of decreasing effective threshold current with increasing current
The large threshold current values obtained with no injectionthe secondary cavity agrees with the qualitative analysis given
into the secondary cavity (open circuit) suggests variable QW Section 1lI-A.

Light Output (mv)

A. Absorption Properties of the Secondary Cavity
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TABLE | TABLE I
PARAMETERS USED IN THRESHOLDCURRENT DATA NUMERICAL VALUES FOR TRANSVERSEMODE SPACING MODEL
Implant Cavity Oxide Cavity Model Parameter | Value (Implant Cavity) | Value (Oxide Cavity)
Prima; Primary
Ty n, —ng 0.006 0.0122
A 10.44 2.29
As (nm) 850 850
B 7.68 20.6 Y] 3 5
¢ (mA)’ 0.88 0.92 calculated A% (nm) 0.73 0.59
measured AA (nm) 0.86 0.45

IV. OPTICAL MODES
906

The additional optical cavity and middle mirror of the
CRVCL impact the spectral properties of the device. Although
the two cavities are composed of the same material and
containing the same number of QWSs, the optically coupled
structure causes a wavelength splitting between the two degen-
erate longitudinal modes.

904

902

900 +

Wavelength (nm)

A. Theoretical Modeling of Transverse Modes 898 -

The transverse mode splitting in VCSEL structures is ana- 896 s ‘ ‘ ‘
lyzed following [16]. It is assumed that the VCSEL geometry ! Blmplant Cgav"y - (m;; 12
and the cavity effective refractive index profile both have cylin-
drical symmetry. It is assumed in this model that the refractivgy. 5. Modal evolution with varying current injection only into the
index profile is the truncated parabola ion-implanted cavity.

n2(1_2A7‘2) r<a . ] . ) .
n*(r)=4 "¢ ar ) D= (2) into the implanted cavity, the modal evolution with current
nZ, T>aq should appear similar to that of a single-cavity ion-implanted
where VCSEL. However, there is the possibility of lasing in two
9 9 longitudinal modes, each with a family of transverse modes. As
A= le Tl Te T s (3) seenin Fig. 5, the fundamental mode begins to lase first, and

2~ . . . L
2n; Te the device remains single mode near threshold. This is similar

Here,n. andn, are the refractive indices of the optical cavityto the behavior of a single-cavity ion-implanted VCSEL [1].
and the surroundings, respectively, in analogy to “core” arftb the current is increased, higher order modes begin to lase
“cladding” of an optical fiber. For an ion-implanted device, th@t progressively shorter wavelengths. Additionally, the output
n. value refers to the region where the thermal lens is formegiavelength of each mode shifts to longer wavelengths. This is
For an oxide-confined device,, is the refractive index of the due to parasitic resistive heating, which has similar effects on
oxide layer. The approximation in (3) holds when-n, < n., the modal properties of conventional VCSELSs. In Fig. 5, only
which is always satisfied. The solutions to the Helmholtz equ&ne longitudinal mode is present. The transverse mode spacing
tion allow determination of the transverse mode spacing  remains fairly constant between adjacent modes, as predicted

by (4).

Ve — ng A\ N . . .
AN =[Nt — Apgl = 12(m — q) + 1 — p n'—;Q'— 4) Shown in Fig. 6 is the modal evolution of the device when
V2" @ the ion-implanted cavity is open circuited, and current is in-

wherel, m, p, andq are integers identifying a particular transjected only into the oxide-confined cavity. Comparisons can
verse mode. An important result of this formalism is that thegain be drawn to the spectral characteristics of a single-cavity,
wavelength spacing between any two adjacent modes is ceRide-confined VCSEL [18]. Fig. 6 shows emission at mul-
stant. Shown in Table Il are the numerical values used for eagble transverse modes, even near threshold. As the current is
parameter, and the resulting calculated transverse mode spagriggeased, higher order modes begin to lase and the emission
A between the first two transverse modes for the device undgifts to longer wavelengths. In contrast to Fig. 5, the family
study. of transverse modes for each longitudinal mode can be seen
from threshold. Since the shorter wavelength set of transverse
modes (around 891 nm) are apparent at threshold in Fig. 6 but
In this section, the measured spectral characteristics atin Fig. 5, this may indicate that the shorter longitudinal mode
presented under various current injection conditions. Showniilocated predominantly in the lower oxide-confined cavity.
Fig. 5 is the modal evolution of the device when the oxide-comdthough the QWs and the longitudinal cavity lengths are iden-
fined cavity is open circuited, and current is injected only inttical, the different transverse confinement will influence the rel-
the ion-implanted cavity. Since all of the current is injectedtive distribution of each mode between the top and bottom cav-

B. Experimental Results
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order transverse mode that begins to lase, are compared. In
each case the measurement is taken under current injection into
only one cavity, the second cavity remaining open circuited,
and an effective mirror length of 4m is used. Both calculated

| transverse mode spacings compare well with the measured
values.

V. CONCLUSION

19.5 20 20.5 21
Oxide Cavity Current (mA)

19

Fig. 6. Modal
oxide-confined cavity.

905 T T T T

evolution with varying current

2 In this work, the CW operation of a coupled-cavity VCSEL
is reported. The CRVCL has two optically coupled but electri-
cally independent cavities with asymmetric transverse confine-
ment. It is shown that the output characteristics are a function
of the current injected into each of the cavities. The threshold
condition is found to depend on the currents injected into both

cavities. The output characteristics presented show that it is pos-

injection only into

Oxide Cavity
Current = 22 mA

900 |

Wavelength (nm)

830 I I L I I L

sible to obtain lasing with a threshold current that is apparently

zero through the use of a secondary cavity current. In addition,
1 the modal evolution is also presented under various biasing con-
ditions in each cavity. The calculated transverse mode spacing
is compared with the spacing from the eigenfunctions of a con-

1 ventional, single-cavity VCSEL. The output wavelength can be

tuned by selection of the two cavity currents, which determines

lasing of one (or both) of the two longitudinal modes.

0 1 2 3 4 5 6
Implant Cavity Current (mA)

Fig. 7. Modal evolution with varying current injection into ion-implanted
cavity and 22 mA injected into bottom oxide-confined cavity.

8 Much of the asymmetry observed in the output and spectral
characteristics is a consequence of differences in the aperture
size and confinement mechanisms of the two cavities. A device
with two or more cavities having a low threshold current and
multiple longitudinal modes could have applications for coarse
wavelength division multiplexing networks. By exploiting the
effective threshold current in the CRVCL, high efficiency mod-

T
| Implant Cavity

902 Current = 8 mA

900

898

Wavelength (nm)

894

892 -

| ulation could be designed for data communication applications.
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ities. As intermediate cases, Figs. 7 and 8 show the modal evolu-

Modal evolution with varying current injection into bottom
oxide-confined cavity and 8 mA injected into ion-implanted cavity.
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