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Abstract—Vertical-cavity surface-emitting lasers (VCSELs)
with two optically coupled but electrically isolated cavities form
composite resonator vertical-cavity lasers (CRVCLs). These devices may lase at one of two wavelengths depending on the bias
conditions to the two cavities and temperature. A model of the
modal gain is presented, which explains the lasing wavelength at
threshold based on the spatial and spectral overlap of the microcavity optical modes with the two gain regions.
Index Terms—Coupled-cavity, threshold current, threshold
gain, vertical-cavity surface-emitting laser (VCSEL).

I. INTRODUCTION
ERTICAL-CAVITY surface-emitting lasers (VCSELs)
have established their place in data communication applications over traditional edge-emitting lasers due in part to
their single longitudinal mode output characteristics. One version of a VCSEL is a composite resonator vertical-cavity laser
(CRVCL), which is most simply a multicavity VCSEL. The
CRVCL discussed here refers to a VCSEL with two electrically
isolated but optically coupled active regions separated by a partially transmitting middle mirror. The reflectivity of the middle
mirror controls the optical coupling between the cavities, which
results in nondegenerate spectral splitting [1].
Because of their unique structures, CRVCLs are being examined for various communication applications. Research has already focused on active/passive devices, in which only one cavity contains a gain region [1]. Some particularly attractive properties of CRVCLs include wavelength switching between two
longitudinal modes [2], Q-switching [3], and high single-mode
power [4]. Applications include wavelength division multiplexing [5] and optical modulation using polarization switching [6].
Previous research has focused on characterizing the modal
properties of CRVCLs [7]. In this paper, the threshold behavior
of one cavity with regards to temperature, carrier injection into
the secondary cavity, and the resulting output longitudinal mode
of a CRVCL are reported and modeled. We show that with one
cavity held at a constant current, the threshold current to the
other cavity shows a similar threshold dependence on temperature as that of a VCSEL [8]. This behavior is complicated by
the existence of two longitudinal modes and can be understood
by the spectral and spatial overlap of these modes with the gain
in the lasers. The ability to design the threshold current and
lasing mode will aid the development of CRVCLs for emerging
applications in communication and sensing.
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Fig. 1.

Structure of CRVCL [7].

II. EXPERIMENT
A. Device Description
The devices examined in this paper, shown in Fig. 1, consist
of quarter-wave distributed Bragg reflector (DBR) stacks with
35, 10.5, and 21 periods for the bottom, middle, and top mirrors,
respectively. Each CRVCL has two active regions that are one
wavelength long and contain five GaAs quantum wells producing gain nominally centered at 835 nm. The CRVCL considered
in this work has one longitudinal cavity resonance near 860 nm
and one near 870 nm. Transverse confinement for the bottom
cavity is achieved with an oxide aperture and for the top cavity
with ion implantation. The diameters of the implant and oxide
apertures are approximately 6 and 12 µm, respectively.
B. Experiment Description
The CRVCLs are probe tested on a temperature-controlled
platen under continuous wave operation. The light intensity and
spectral characteristics are monitored, and a fiber positioned
over the device connected to an optical spectrum analyzer (OSA)
is used to determine the lasing resonance. In order to examine
the change in threshold characteristics of the CRVCLs caused
by varying temperature and bias conditions, a constant current is
supplied to the bottom (oxide-confined) cavity while the current
to the top (ion implanted) cavity is increased until one of the
modes reaches lasing threshold. This is repeated as a function of
platen temperature. This procedure is also repeated for a fixed
current to the top cavity and a variable current to the bottom
cavity.
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III. RESULTS
A. Threshold Gain
For a microcavity laser, both spatial and spectral alignment
between the gain region and bandwidth with the optical mode
resonance must occur. The spatial overlap between the optical
mode and the active region is determined by the epitaxial design
of the VCSEL structure [9]. Through proper placement of the
antinode of the longitudinal field, an enhancement of the relative
confinement factor can be achieved [10], [11]. In the CRVCL,
each longitudinal mode will overlap both active regions, but for
each active region the overlap will not be necessarily identical.
The dependence of the threshold current on temperature in
VCSELs is well documented [8], [9], [12]–[15]. To summarize,
the spectral overlap between the gain bandwidth and cavity resonance is the dominant cause of the temperature dependence [8].
For a Fabry–Perot edge-emitting semiconductor laser, many
longitudinal modes fall within the gain bandwidth and so the
modes closest to the gain peak will lase. Thus, the laser gain
essentially selects the lasing mode. Unlike these devices, the
short cavity length of a VCSEL results in at most one longitudinal cavity mode spectrally overlapping the gain region. Hence,
lasing occurs only at the frequency of the single overlapping
cavity resonance. Changing the temperature causes the gain and
cavity resonance to shift spectrally but at different rates. More
exactly, as temperature increases, the gain peak shifts to longer
wavelengths with respect to the cavity resonance. Therefore,
the VCSEL threshold current will be approximately lowest at
a temperature where the cavity resonance nears spectral alignment with the peak of the gain curve. For temperatures higher
and lower than this temperature, the cavity resonance overlaps
lower values of gain for the same injection current, and thus
increased injection current (higher gain) is required to reach
threshold.
The CRVCL’s temperature dependence of threshold will be
influenced by both the spatial and spectral overlap between
gain regions and cavity modes. Because the dual coupled-cavity
system is significantly more complex than that of a conventional
VCSEL (two gain curves plus two longitudinal modes), it is not
immediately clear how the threshold current of CRVCLs will
vary with temperature although spectral characterization has
been done examining variations of bias conditions [7].
For simplicity, the resonance occurring at the shorter wavelength will be referred to as the short mode, and likewise, the
resonance occurring at the longer wavelength will be referred
to as the long mode. Each mode is assumed to have a higher
amplitude in one cavity than the other as presented in [16] for
weakly to moderately-coupled non-frequency-locked cavities.
The assumptions for the devices studied here are that the short
mode is slightly more dominant in the bottom cavity and that
the long mode is slightly more dominant in the top cavity, which
will be shown to agree with the data presented.
B. Threshold Measurements
Because confinement and spectral behavior will vary between
devices across a sample due, for example, to growth nonunifor-

Fig. 2. Threshold current of the top cavity and dominant longitudinal mode
for two biases on the bottom cavity is shown. For the upper points, bottom
cavity current is 0 mA. For the lower points, bottom cavity current is 3.5 mA.
An asterisk indicates that the short mode lased, and a diamond indicates that the
long mode lased.

mities, we focus on two neighboring CRVCLs. If one cavity is
driven at a constant current, then the threshold current injected
into the other cavity can be measured as a function of temperature. The amount of current in the first cavity affects the total
absorption that current injection into the second cavity must
overcome before lasing can occur. For threshold current measured in the bottom cavity while the top cavity is not pumped
and vice versa, the short mode is always the first to lase below
a certain temperature for the devices tested. This implies that
the cavity resonances initially occur at longer wavelengths than
the peak of the gain curves. Since the gain for both cavities is
designed to be peaked at about 835 nm, the assumption that the
resonances are at longer wavelengths than the peak of the gain
at room temperature is consistent with the measured resonances
of 860 and 870 nm. Increasing the temperature of operation
will change which of the two cavity resonances overlaps with
the highest value of gain and therefore, which mode will reach
threshold first. Generally, at lower temperatures the short mode
will lase at threshold, and at higher temperatures the long mode
will lase at threshold.
In Fig. 2, the threshold current of the top cavity is measured
while the bottom cavity current is set to 0 mA (upper points)
and 3.5 mA (lower points). An asterisk indicates that the short
mode lased at threshold, and a diamond indicates that the long
mode lased at threshold. With 3.5 mA applied to the bottom
cavity, the threshold current versus temperature plot is very
similar in shape to the case of a VCSEL with the minimum
threshold occurring near 70◦ C. When no current is applied to
the bottom cavity, however, the results are notably different.
In this case, the threshold minimum occurs around 50◦ C, and
at higher temperatures, the lasing mode switches to the longer
wavelength where there is a second apparent relative minimum
around 75◦ C.
Different modal behavior is obtained when the current to the
top cavity is held constant and threshold is measured for the
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Fig. 3. Threshold current of the bottom cavity and dominant longitudinal mode
for various biases on the top cavity. For the upper points, top cavity current is
0 mA. For the middle points, top cavity current is 3.5 mA. For the lower points,
top cavity current is 4.5 mA. An asterisk indicates that the short wavelength
lased, and a diamond indicates that the long wavelength lased.

bottom cavity as shown in Fig. 3 for top cavity biases of 0, 3.5,
and 4.5 mA. When the top cavity has no applied bias, the peak
gain aligns with the cavity resonance around 35◦ C, and because
the absorption losses are relatively high, the device only lases
to temperatures near 55◦ C. Increasing the top cavity injection
to 3.5 mA decreases the injection current needed in the bottom
cavity for the threshold condition to be met. It also shifts the
minimum threshold current to a higher temperature, which is
65◦ C. (The lasing of the long mode at the threshold current
minimum in Fig. 3 was only observed in a few devices and is
disregarded in our analysis.) Increasing the top cavity current
to 4.5 mA further decreases threshold current for the bottom
cavity, and the temperature at which lasing switches from the
short to the long mode at threshold is reduced to 65◦ C.
C. Threshold Simulation
The data shown in Figs. 2 and 3 can be understood by
incorporating an effective modal gain caused by each mode’s
spatial overlap with both gain regions. This is an extension of
the description of effective or modal gain of a laser in which
the spatial overlap of the field with the material gain of a single
active region is considered [9]
γeﬀ = Γγmaterial

(1)

where Γ is a coefficient between zero and one, which reflects
the amount of spatial overlap the mode has with the gain
region. For the case of two gain regions pumped with different
injection currents, (1) can be extended to account for the spatial
overlap a mode with the different gain regions in each cavity
γeﬀ,i = Γtop,i γmaterial-top + Γbottom,i γmaterial-bottom

(2)

where i indicates the long or short wavelength mode, and
Γtop(bottom),i gives the fraction of the longitudinal mode
overlap of mode i with the top (bottom) cavity’s gain region.
Because each mode may have a higher amplitude in one cavity

Fig. 4. Plots of effective gain and cavity resonances. The intersection of
each cavity resonance with its effective gain curve is marked with a point.
The top plots correspond 1.7 × 1012 carriers/cm−2 in the bottom cavity, and
the bottom plots correspond to 3.7 × 1012 carriers/cm−2 in the bottom cavity.
The top cavity gain is increased until threshold (1500 cm−1 ) is met as plotted
here. Each column corresponds to a different temperature as labeled.

than in the other, Γtop and Γbottom will have different values
which reflect this. Due to the relatively large spectral separation
between the two longitudinal modes, each may have a different
effective gain.
An example for the CRVCL model is shown in Fig. 4. In these
calculations, the gain in the bottom cavity is fixed in each row
while the top cavity gain is increased until one of the modes
reaches threshold, which corresponds to the situation of Fig. 2.
The modal threshold gain profiles are then plotted with the cavity resonances which are assumed to shift with temperature at
a rate of 0.07 nm/◦ C [13]. For the top plots, the bottom cavity has a low pumping equivalent to 1.7 × 1012 carriers/cm3 ,
and for the bottom plots, the bottom cavity has a higher injection current equivalent to 3.7 × 1012 carriers/cm3 . The gain
curves have been generated using a free carrier gain model from
LaserMod [17]. The calculation is an 8 × 8 K·P band structure
computation to calculate the density of states and solves various
semiconductor equations including the Poisson and continuity equations to determine the quasi-Fermi levels as described
in [13], [18]–[20]. Because the short mode lases at threshold
for low temperatures whether the top cavity or bottom cavity
is pumped, the modes may be assumed to overlap both cavities
to some degree. The degree of the wavefunction localization is
determined from the values of Γ, which we have used as fitting
parameters for the simulation of the data. Therefore, the effective gain for the short mode, which is more dominant in the bottom cavity, is found assuming Γtop = 0.45 and Γbottom = 0.55
in (2). The effective gain for the long mode, which is more
dominant in the top cavity, is found assuming Γtop = 0.55 and
Γbottom = 0.45 in (2). The solid effective gain curves in Fig. 4
correspond to the effective gain for long mode, and the dotted
effective gain curves correspond to the effective gain for the
short mode. (The material gain curves for each cavity are not
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Fig. 5. Modeled threshold carrier density of the top cavity and dominant
longitudinal mode for various biases on the bottom cavity. An asterisk indicates
that the short wavelength lased, and a diamond indicates that the long wavelength
lased. Threshold gain is assumed to be at 1500 cm−1 .

shown.) To determine which mode is lasing at threshold, one
must look at where the short mode overlaps the dotted gain curve
and where the long mode overlaps the solid gain curve as shown
by the points in the plots of Fig. 4. These plots were generated
assuming a threshold gain of 1500 cm−1 for both modes.
In Fig. 5, the threshold carrier densities and lasing modes are
calculated for a series of temperatures. As in Fig. 4, the carrier
densities to the bottom cavity are 1.7 × 1012 and 3.7 × 1012
carriers/cm2 for the two sets of points. This can be compared to
the experimental data in Fig. 2. It is clear that the general trends
are the same between the two figures. For instance, for low injection to the bottom cavity, there is a threshold minimum of the
short mode and at higher temperatures, a threshold minimum
of the long mode. For a higher injection to the bottom cavity,
the short mode dominates at threshold over a larger temperature
range. One notable difference between the two plots is that the
minimum threshold densities for low injection into the bottom
cavity in Fig. 5 are approximately the same for the long and
short modes unlike in Fig. 2 where the local minimum threshold
current is lower when the short mode is lasing. For this to occur,
each mode must experience a different amount of loss. From
the data in Fig. 2, we can determine that the short mode should
have less loss. In Fig. 6, we repeat these calculations but assume
threshold for the short mode is reduced to 1300 cm−1 while
threshold for the long mode remains 1500 cm−1 . A relatively
larger threshold for the long mode is consistent with the formation thermal lens, which is needed to form for optical guiding
in the top cavity [9]. Since the long mode overlaps more of the
top cavity, it should have a higher threshold gain relative to the
short mode.
The longitudinal modal switching in Fig. 3 can be understood with the help of Figs. 7 and 8. In Fig. 7, the top cavity
of the CRVCL is being pumped at 3.0 × 1012 and 4.5 × 1012
carriers/cm2 for the top and bottom rows, respectively, while the
bottom cavity injection is increased until threshold is reached
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Fig. 6. Modeled threshold carrier density of the top cavity and dominant
longitudinal mode for various biases on the bottom cavity. An asterisk indicates
that the short wavelength lased, and a diamond indicates that the long wavelength
lased. Threshold gain is assumed to be at 1300 cm−1 for the short mode and
1500 cm−1 for the long mode.

Fig. 7. Plots of effective gain and cavity resonances. The intersection of each
cavity resonance with its effective gain curve is marked with a point. The top
plots correspond 3.0 × 1012 carriers/cm−2 in the top cavity, and the bottom
plots correspond to 4.5 × 1012 carriers/cm−2 in the top cavity. The bottom
cavity gain is increased until threshold (1500 cm−1 ) is met as plotted here. Each
column corresponds to a different temperature as labeled.

for one of the modes. In Fig. 8, the three simulations correspond to top cavity carrier densities of 1.1 × 1012 , 3.0 × 1012 ,
and 4.5 × 1012 carriers/cm2 . Once again, the short mode is associated the dotted effective gain curve and asterisks, and the
long mode is associated with the solid gain curve and diamonds.
For the low applied bias to the top cavity in the top set of points
in Fig. 8, the short mode reaches threshold first as carrier injection increases to the bottom cavity for low temperatures but
does not have enough gain at the necessary frequency for lasing
at higher temperatures. This is consistent with the 0-mA top
cavity current experimental data in Fig. 3. When the injection
is increased to the top cavity as depicted in the middle row of
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cavity resonance and gain. The spatial overlap is accounted for
with an effective gain curve for each mode. This curve corresponds to the amount each wavefunction of the modes overlaps
with the gain in each of the cavities. We estimate the distribution of the wavefunctions to be 45% in one cavity 55% in the
other cavity for the devices studied here. The dependence of
threshold current on temperature for various biasing conditions
of a particular CRVCL is compared to VCSEL behavior. The
effective gain theory is found to explain the shape of the threshold versus temperature curves as well as to indicate which mode
lases at threshold based on operating temperature and bias conditions. This model can thus be used to understand and predict
the threshold behavior of CRVCLS, which will be necessary for
optimization of these novel devices for emerging applications.
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