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Temperature-Dependent Polarization Characteristics
of Composite-Resonator Vertical-Cavity Lasers
Daniel M. Grasso, Student Member, IEEE, and Kent D. Choquette, Fellow, IEEE

Abstract—We investigate the output characteristics from 10 C
to 160 C of a monolithic dual-resonator vertical-cavity laser composed of three distributed Bragg reflector mirrors that separate
two nominally identical optical cavities. The light output from the
top ion-implanted cavity under forward bias is partitioned into two
orthogonal polarizations of the fundamental transverse mode. A
reverse bias of sufficient magnitude applied to the bottom oxide
cavity causes the abrupt suppression of the dominant polarization
and simultaneous emergence of the orthogonal polarization, consistent with wavelength dependent electroabsorptive loss in the reverse biased quantum wells of the oxide-confined cavity. We calculate the internal loss as a function of reverse bias and temperature,
and characterize the polarization properties of the device based on
the temperature dependence of the laser output. The polarization
switching is consistent with increasing absorption with increasing
temperature and decreasing absorption at longer wavelengths.
Index Terms—Composite resonator, coupled cavity, polarization
switching, vertical-cavity surface-emitting laser (VCSEL).

I. INTRODUCTION

V

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
offer many advantages over Fabry–Perot edge-emitting lasers, including inherent high-speed operation and low
threshold currents [1], [2]. However, with its typically isotropic
transverse cavity geometry, the VCSEL light output is a superposition of two orthogonal polarizations for each transverse
mode [3]. The two polarizations are usually found to lase at
slightly different frequencies because of several factors. These
include unintentional crystal strain induced during fabrication
and electrooptic birefringence resulting from the built-in electric field in the structure [4]. In addition, the partitioning of
the laser power into the two polarizations can be unequal and
influenced by the relative spectral overlap with the temperature-dependent material gain [5], [6] and optical loss [7]. There
has been considerable work in the area of polarization modulation and switching in VCSELs. Polarization switching has been
achieved through a variety of techniques, including anisotropic
cavity geometries [8], an external cavity with feedback [9], and
optical injection [10].
In this work, we report the output characteristics under continuous-wave (CW) operation of a VCSEL with two optically
coupled, electrically independent cavities. This structure will
be referred to as a composite-resonator vertical-cavity laser
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Fig. 1.

Device structure for composite-resonator vertical-cavity laser.

(CRVCL) [11], [12]. The additional optical cavity can provide
gain or loss to the coupled structure, depending on the biasing
conditions [13]. In addition, polarization switching in CRVCLs
has been reported under both pulsed and CW operation [14],
[15]. We characterize the polarization properties of the CRVCL
output, which can be modified by applying a reverse bias to one
of the cavities. We also examine the temperature dependence
of the laser output and polarization. The VCSEL structure and
experimental setup are described in Section II. In Section III
the polarization characteristics and temperature dependence are
discussed. The paper concludes with potential applications for
the CRVCL.
II. DEVICE STRUCTURE AND EXPERIMENT
The device characterized in this work is a CRVCL with dual
one-wavelength thick optical cavities, each of which contain
five GaAs quantum wells (QWs). A schematic is shown in
Fig. 1. The CRVCL is grown by metalorganic vapor phase
epitaxy, and is composed of a monolithic bottom distributed
Bragg reflector (DBR) with 35 periods, a middle DBR with
14.5 periods, and a top DBR with 21 periods. The CRVCL has
two longitudinal resonances which can potentially lase [11],
and the number of middle DBR pairs is chosen to determine
the spectral splitting between these modes. The top cavity is
transversely defined using ion implantation, with a current
injection aperture diameter of 6 m. The bottom cavity is
defined using selective oxidation, and has an oxide aperture
of approximately 10 m 10 m. The device is fabricated
in a double mesa structure to permit independent electrical
injection into either cavity. The apertures of the top and bottom
cavities are nominally aligned. The light output versus current
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Fig. 2. Unpolarized room-temperature light output characteristics for current
sweep in ion-implanted cavity. Oxide-confined cavity biases are labeled on
curves.

Fig. 3. Calculated internal loss in the CRVCL versus reverse bias in the
oxide-confined cavity.

characteristics of the top ion-implanted cavity were measured
by on-wafer probing using a semiconductor parameter analyzer,
with the oxide-confined cavity simultaneously biased with a
precision voltage source. In this work, we apply a reverse
bias to the electrical junction of the oxide-confined cavity,
and examine the effects on the laser emission. The light was
captured with a Si photodetector, and the polarizations were
distinguished with a linear polarizer. The spectral output of the
device was examined using an optical spectrum analyzer with a
resolution bandwidth of approximately 0.06 nm. The ambient
substrate temperature was varied from 10 C to 160 C using a
temperature-controlled probe station.

is the threshold current,
where is the injection current,
is the internal quantum efficiency,
is the photon energy, is
and
are the internal and mirror
the electron charge, and
losses, respectively. From (1), we can solve for the internal loss,
to show the explicit dependence on
which we write as
of the oxide-confined cavity:
the reverse bias
(2)
We have repeated the measurements shown in Fig. 2 at elevated temperatures. Using this data and (2), we calculate the
change in internal loss as
(3)

III. OUTPUT CHARACTERISTICS
A. Electroabsorptive Loss in the Oxide-Confined Cavity
Fig. 2 shows the unpolarized, room temperature CW light
output versus injection current only into the top ion-implanted
cavity with various values of reverse bias applied to the bottom
oxide-confined cavity. The reverse breakdown voltage of the
electrical junction in the oxide-confined cavity is larger than
15 V over the entire temperature range studied. In all our
measurements the reverse bias applied is less than this value,
so that the p-n junction of the oxide-confined cavity is never in
the current avalanche breakdown regime. An increase in reverse
bias applied to the oxide-confined cavity causes an increase in
threshold current and a decrease in differential slope efficiency,
as apparent in Fig. 2. In the CRVCL biased under these conhas two components. The first is
ditions, the internal loss
due to distributed optical losses such as free-carrier absorption
and scattering in the DBR mirrors. This component is always
present, and depends on temperature [16] but not on the biasing
condition in the oxide-confined cavity. The second component
is due to electroabsorptive loss in the reverse biased QWs of
the oxide-confined cavity [15]. For a VCSEL operating above
threshold and before thermal rollover, the light output is approximated by
(1)

is the minimum value of internal loss determined at
where
each temperature.
Fig. 3 shows the change in internal loss versus reverse bias
in the oxide-confined cavity for various temperatures. In this
calculation, we assume an internal quantum efficiency of unity,
and neglect the decrease in with increasing temperature. The
effective longitudinal cavity length of approximately 3 m is
measured from the output of a one-dimensional DBR simulapoint of the longitudinal electric
tion, and is taken as the
field. From [17], we use

(4)

to calculate the DBR mirror reflectivities with high (low) index
and periods. We iglayers having refractive index of
nore the coupling effects of the middle mirror and the thermal
dependence of the semiconductor refractive index for this calpairs,
pairs, and
culation. With
a DBR pair composition of Al Ga As–Al Ga As,
the reflectivity of the top and bottom mirrors is approximately
99.2% and 99.99%, respectively. For each case, the internal loss
does not change significantly until approximately 8 V, which
is consistent with the output characteristics observed at 20 C
in Fig. 2. In addition, we find that the temperature dependence
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Fig. 4. Unpolarized light output from ion-implanted cavity and current in
oxide-confined cavity versus reverse bias in oxide-confined cavity.

Fig. 5. Polarization-resolved light output from ion-implanted cavity versus
reverse bias in oxide-confined cavity.

of the electroabsorption is nonlinear and increases dramatically
above 50 C. Although free-carrier absorption is dependent on
both wavelength and temperature, the dominant loss mechanism
under the reverse biasing conditions studied is quantum-well
absorption. The large increase in internal loss with increasing
temperature is consistent with previous work [16]. In the next
section, we show that the wavelength dependence of the electroabsorptive loss dominates the polarization partitioning of the
laser output.

rent injected into the ion-implanted cavity. When the oxide-confined cavity is open circuited, the output of the ion-implanted
cavity lases simultaneously in two orthogonal linear polarization states, with the p1 polarization dominant. As the reverse
bias in the oxide-confined cavity is initially increased, the majority of the light is maintained in the dominant p1 polarization,
although the partitioning changes slightly. However, at approximately 13 V there is an abrupt switch and the p1 state is suppressed in favor of the orthogonal polarization p2 [15]. Eventually as the reverse bias is increased to 15 V, both p1 and
p2 states are extinguished. Small changes in the ion-implanted
cavity current near 8 mA do not cause a polarization switch if
the reverse bias is held constant. For a given device, this switch
occurs at slightly different values of reverse bias for repeated
sweeps of voltage. This is the cause of the small gap between
the turn off of the p1 state and the turn on of the p2 state in
Fig. 3, as well as the small shift in voltage between the light
output shown in Figs. 4 and 5. The reverse bias required to produce the polarization switch varies by less than 10% between
different devices measured. In addition, we have measured devices where the switch occurs from p2 to p1, indicating no evidence of a systematic preferred initial polarization state across
the sample.
Fig. 6 shows the wavelengths of the p1 and p2 polarizations
versus reverse bias in the oxide-confined cavity. The initial apparent birefringence is smaller than the resolution bandwidth
of the optical spectrum analyzer. Near the reverse bias corresponding to the polarization switch, however, there is an increase in the birefringence between p1 and p2 that is larger
than the experimental error. The measurements of birefringence
taken in [14] under pulsed operation showed no dependence
on the voltage applied; therefore, the mechanism causing the
switch here is different. The increase in wavelength splitting between p1 and p2 is consistent with the electrooptic effect, which
is known to cause birefringence in VCSELs [4].
It is also notable that near the polarization switch, the orthogonal polarization p2 shifts to a longer wavelength than p1.
Both of these trends have been observed from several CRVCL
devices. Since both polarization modes are significantly red
shifted with respect to the material gain, the mode with shorter

B. Polarization of Laser Output
Fig. 4 shows the unpolarized light output of the device for
approximately 8 mA of current injected into the top ion-implanted cavity and current in the oxide-confined cavity versus
reverse bias applied to the oxide-confined cavity. Under these
conditions, the output of the device is both single longitudinal
and single transverse mode, with
900 nm, regardless of
the polarization. Similar to a conventional VCSEL, the emission is into two orthogonal linear polarizations whose absolute
orientation is determined by factors such as crystal strain. This
output represents a significant red shift from the peak of the material gain, which is nominally 850 nm for the GaAs QWs.
The detuning is important for the analysis to follow. The light
output in Fig. 4 is consistent with previous reports on a CRVCL
with a bulk GaAs absorber as a second cavity [11], as well as
integrated QW modulators in VCSELs [18]. The reverse bias
current is apparently composed of two parts. The first is due to
intrinsic carriers generated within the depletion region or minority carriers that diffuse to the junction and are collected [19].
The second component is due to electron-hole pairs that are optically generated through absorption of the laser emission. The
large increase in the reverse current observed between 8 and
12 V in Fig. 4 occurs at the same bias conditions as the decrease (and eventual extinction) of light from the ion-implanted
cavity. Once this emission is extinguished, the absorption component of the reverse current is no longer present and follows
the previous functional dependence.
Fig. 5 shows an example of the light output versus reverse
bias with the two orthogonal linear polarizations, p1 and p2, resolved. This measurement is taken at 20 C with 8 mA of cur-
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Fig. 6. Spectral evolution versus reverse bias in oxide-confined cavity.

Fig. 8. Threshold current measured in ion-implanted cavity for various
temperatures.

Fig. 7.

Light output from ion-implanted cavity for various temperatures.

wavelength should have more available gain. Furthermore,
with heating the peak of the material gain will shift to longer
wavelengths [5]. Therefore, we do not believe that the polarization switch is caused by the relative spectral overlap of p1 and
p2 with the material gain, where the spectral overlap may be
changing with reverse bias in the oxide-confined cavity.
The data in Figs. 5 and 6 is consistent with the general trend
of decreasing absorption coefficient, , for wavelengths longer
than the bandgap of bulk GaAs [20]. Herzinger et al. calculated
1 to 5 cm /nm, which would produce sufthe value
ficient excess loss for the shorter wavelength mode to induce
a polarization switch (especially given the increased birefringence near 13 V in Fig. 6). Therefore, with increasing reverse
bias, the polarization with longer wavelength will encounter
less electroabsorption and therefore become the dominant lasing
mode, as observed in Fig. 5.
As the temperature is increased in a VCSEL, the material gain
and cavity resonance both shift to longer wavelengths, although
the material gain shift is much larger [5]. If the temperature is
increased enough, the cavity resonance will become completely
misaligned spectrally with the material gain, and the laser output
will be extinguished. Fig. 7 shows the output characteristics
of the CRVCL at various temperatures up to 160 C with the
ion-implanted cavity forward biased, and the oxide-confined
cavity open circuited. This broad range in operating temperature is partly due to the large offset of the cavity resonance; the

Fig. 9. Unpolarized light output from ion-implanted cavity versus reverse bias
in oxide-confined cavity for various temperatures.

spectral alignment with the material gain becomes better as the
temperature is increased.
Fig. 8 shows a plot of the CRVCL threshold current over the
temperature range considered. The general trend of decreasing
threshold current with increasing temperature arises from the
large spectral offset between the laser gain and the cavity resonance at room temperature. As the sample is heated, the improved spectral alignment corresponds to a decrease in the current required to reach threshold, as seen in Figs. 7 and 8.
We observe no polarization switch with increasing reverse
bias for temperatures greater than approximately 100 C. For
sufficiently high temperature, the polarization with the longer
wavelength has both better alignment with the material gain and
reduced loss from electroabsorption. These two factors should
imply suppression of the polarization switch, in agreement with
our observations in Fig. 8.
Fig. 9 shows the light output from the ion-implanted cavity
versus reverse bias in oxide-confined cavity for various temperatures. As the temperature is increased, the laser output is extinguished at smaller values of reverse bias. We observe that the
polarization switch always occurs near the reverse bias where
the total light output also starts to decrease. This implies that the
polarization switch is occurring at a lower value of reverse bias
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with increasing temperature. The data shown in Fig. 8 is consistent with the increased internal loss at higher temperatures
shown in Fig. 3.
IV. CONCLUSION
In summary, we have reported the CRVCL polarization
characteristics under CW operation with one cavity biased near
threshold and the other reverse biased. The laser emission in
this reverse biased operation is dominated by the wavelength
and temperature dependence of the internal loss in the device,
which is mainly due to QW absorption. Our results are consistent with increasing absorption with increasing temperature and
decreasing absorption at longer wavelengths, both in agreement
with previous reports for edge-emitting structures. The polarization switching of light in a CRVCL provides a novel method
for controlling the laser output since the switch is created by an
electric field external to the lasing cavity.
The CRVCL may be useful as an optical source in polarization-sensitive applications.
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