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Abstract—The temperature dependence of the differential
gain in AlInGaAs 1310-nm vertical-cavity lasers is investigated.
The variations in differential gain and in relaxation resonance
frequency are shown to depend on the room-temperature offset
between the gain peak wavelength and the wavelength of the
lasing mode. The tradeoff between high modulation bandwidth
and good high-temperature performance for vertical-cavity lasers
is analyzed. A cavity mode that is red-shifted about 25 nm from
the gain peak is shown to minimize the variation in modulation
bandwidth with temperature, and simultaneously allow for sat-
isfactory high-temperature operation. Experimental results are
presented and compared to calculated results with excellent agree-
ment. Because of the change in gain-mode offset with internal
temperature, the measured modulation current efficiency changed
from about 2 to 4.8 GHz/mA'/? for an increase in drive current
from 2 to 10 mA.

Index Terms—OQptical communication, optical modulation,
semiconductor lasers, surface-emitting lasers, vertical-cavity
surface-emitting lasers (VCSELSs).

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
V are of significant interest for application as low-cost
sources in optical communication systems. They offer a
number of advantages over in-plane devices, such as low power
consumption and low manufacturing cost to name a few. For
applications in high bit-rate systems, devices with a large
modulation bandwidth are required. The modulation bandwidth
might in practice be limited by damping or electrical parasitics,
but the ultimate bandwidth of a laser is determined by the re-
laxation resonance frequency of the laser cavity, beyond which
the modulation response decreases rapidly. In order to achieve
a large relaxation resonance frequency, low threshold current,
small mode volume, high efficiency, and a large differential
gain are needed. Commonly used methods to maximize the dif-
ferential gain in high-speed in-plane lasers include employing
strained quantum wells (QWs) [1], p-doping the active region
[2], or positioning the cavity mode blue-shifted from the gain
peak [3].

Long-wavelength VCSELs with relaxation resonance fre-
quencies over 10 GHz at room temperature (RT) have been
demonstrated [4]. However, most of the current long-wave-
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length VCSEL research is focused on achieving high
single-mode power and operation over a wide temperature
range [5]-[8]. High temperature operation requires, among
other things, a lasing wavelength that is red-shifted with respect
to the gain peak, i.e., a negative gain-mode offset. However,
the differential gain of a semiconductor laser is higher at short
wavelengths and decreases for wavelengths longer than the
gain peak. For high-speed operation, it is, therefore, desirable
to design the laser with positive or zero gain-mode offset. This
well-known fact is routinely utilized to maximize the modu-
lation bandwidth of distributed feedback lasers [3], [9]. For
applications such as dense wavelength-division multiplexing,
the lasers are temperature controlled so that the emission wave-
length does not change during operation and the gain-mode
offset, and, therefore, the differential gain, is kept constant.
VCSELs, however, typically have larger thermal resistance
and also typically target low-cost applications where uncooled
operation is desired. Without temperature control, fluctuations
in the ambient temperature and self heating caused by changes
in drive current lead to variations in gain-mode offset, which
consequently cause variations in the VCSEL properties during
operation. The alternative source for low-cost applications is
the Fabry—Pérot laser, which due to its small mode spacing
always lase at the gain peak, i.e., zero gain-mode offset is
maintained at all times. The issues discussed here are, there-
fore, of greater importance for VCSELs compared to most
other types of lasers. The differential gain in VCSELSs has been
analyzed theoretically [10] and experimentally [11], but the
temperature dependence of the differential gain and variations
with gain-mode offset have not previously been investigated
for this class of devices.

Calculated differential gain versus wavelength for an Alln-
GaAs active region with five compressively strained QWs is
shown in Fig. 1. Details about the gain model can be found in
[12]. The RT gain peak of the QWs is at 1275 nm. This active
region design is consistent with the devices that were used in
the experiments presented in this letter. Nine curves are shown,
representing active region temperatures from 0 °C to 160 °C.
The gain along the curves is fixed at 550 cm™!, which is the es-
timated threshold gain of these VCSELSs (the slight increase in
threshold gain at higher temperatures caused by increased in-
ternal loss was determined to not impact the results of these
calculations, and is, therefore, neglected in this model). Further
details about the device design are reported elsewhere [7], [12].
At low temperatures, the differential gain decreases drastically
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Fig. 1. Calculated differential gain versus wavelength at a constant gain of
550 cm~1, and the RT gain peak at 1275 nm. Curves are shown for active-region
temperatures ranging from 0 °C to 160 °C.
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Fig. 2. Calculated differential gain versus temperature for RT gain-mode
offsets of —5, —25, and —40 nm.

for wavelengths longer than the gain peak. At higher tempera-
tures, the variation in differential gain is smaller, but the max-
imum differential gain is also smaller. Over the entire tempera-
ture range, the differential gain is highest at a wavelength about
15 nm shorter than the gain peak.

Fig. 2 shows calculated differential gain versus active-region
temperature from 20 °C to 140 °C, for three different RT
gain-mode offsets: —5, —25, and —40 nm. Positive offsets are
not considered here, as they are impractical for satisfactory
high-temperature operation. The calculations are based on the
curves in Fig. 1. A red shift of the cavity mode wavelength of
0.1 nm/°C was used in the calculations. As expected the highest
differential gain can be obtained for the smallest offset at low
temperatures. For —5-nm gain-mode offset, the peak value of
the differential gain is about 18 x 1076 cm? at 35 °C active
region temperature. However, as the temperature increases,
the differential gain decreases rapidly. For larger offsets, the
differential gain increases with temperature until the cavity
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Fig. 3. Maximum lasing temperature versus RT gain-mode offset. A negative
offset of about 25 nm or more is required to achieve lasing at 140° active region
temperature.

mode passes the gain peak. For the QW design analyzed here,
—25-nm offset yields the smallest variation in differential gain,
from 10.5 x 10716 ¢cm? to a peak value of 14.5 x 1076 cm? at
about 60 °C active-region temperature. The VCSELSs that were
used in this experiment were optimized for high-temperature
operation and, therefore, have a large RT gain-mode offset of
about —40 nm. This design is represented by the third curve
in Fig. 2. The differential gain of these VCSELs is low at low
temperature and increases slowly to a peak value of about
10 x 10716 cm? at elevated temperature. It is evident from
Figs. 1 and 2 that the highest differential gain can be obtained
for small RT gain-mode offsets, provided that the temperature is
kept low. To illustrate the design constraints put on the VCSEL
by temperature range requirements, gain-mode offset versus
maximum lasing temperature (active region temperature) is
shown in Fig. 3. The same gain model that was used to generate
the data shown in Fig. 1 was used to determine the temperature
at which threshold gain can no longer be reached. In order to
be able to achieve lasing at 100 °C ambient temperature, an RT
offset of about —25 nm or more is required. For an operating
bias current of 10 mA, operating voltage of 3 V, and a thermal
resistance of 1.3 °C/mW, this corresponds to about 140 °C
internal temperature.

The calculations are compared to experimental data in Fig. 4.
The relaxation resonance frequency (fo) is plotted versus the
square root of the bias current less the threshold current, at 20 °C
ambient temperature. The data, shown as dots, were obtained
from relative intensity noise spectra measured on a VCSEL with
a 12-pm active region diameter and a RT gain-mode offset of
—40 nm. The lines were calculated using the following equation
[13]:

=

fo= o [”H”L

B - 1)

where v, is the group velocity, n; is the injection efficiency, a
is the differential gain, ¢ is electron charge, V,,, is the mode
volume, [ is the bias current, and [}, is the threshold current.
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Fig. 4. Relaxation resonance frequency versus square root of the bias current
less the threshold current. The dots show measured data; the lines were
calculated from the theoretical gain curves shown in Fig. 2.

The active region temperature is related to the drive current
by the expression T = Ry, (IV — Poyt), where Ry is the
thermal impedance (measured to be 1.3 °C/mW), V' is the bias
voltage, and P, is the VCSEL output power. The range of
drive currents shown in Fig. 4 goes from threshold (2 mA) to
10 mA, at which the internal temperature is estimated to be
about 88 °C. Excellent agreement between the data and the cal-
culations are demonstrated using 7; = 0.65. The mode volume
of the VCSEL used in this experiment was calculated to be
1.66 x 10~'2 cm?, and includes the field penetration depth into
the distributed Bragg reflectors. From the measured data for
—40-nm RT gain-mode offset, a modulation current efficiency
of about 2 GHz/mA'/? can be extracted at low drive currents.
For higher drive currents, as the internal temperature increases
due to self heating, the differential gain increases because of the
change in gain-mode offset resulting in a local modulation cur-
rent efficiency of 4.8 GHz/mA'/?.

As shown in Fig. 4, the highest resonance frequency at RT
ambient is predicted for the smallest offset of —5 nm. However,
with this offset, fo starts to roll off at higher drive currents due
to the increase in active region temperature. At elevated tem-
peratures, this offset results in further reduced differential gain
(Fig. 2). This design is also poorly suited for high-temperature
operation (Fig. 3). The —40-nm offset used in the present de-
vices is too large for good high-frequency modulation at low
temperatures. At internal temperatures above 140 °C, this offset
produces the highest differential gain (Fig. 2). —25-nm gain-
mode offset results in the smallest differential gain variation
across the temperature range shown in Fig. 2. At low temper-
atures, it shows higher differential gain than the design using
—40-nm offset. Between 100 °C and 140 °C, —25-nm offset
yields higher differential gain, and hence, higher fj, than the
other two offsets considered here.
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In conclusion, the differential gain in long-wavelength VC-
SELs varies with gain-mode offset leading to variations in f
with internal temperature changes in the VCSEL. There is a
design tradeoff between high-temperature operation and good
modulation properties. The large negative gain-mode offsets
commonly used to achieve operation at high temperatures result
in compromised fy. A small negative offset, or zero offset,
would result in good modulation properties at low temperatures,
but poor high-temperature performance. For the QW design
analyzed here, an RT gain-mode offset of —25 nm was shown
to minimize the variation in differential gain over an internal
temperature range of 20 °C to 140 °C, and simultaneously
produce satisfactory high-temperature operation. In order to
further optimize the modulation properties of VCSELSs, further
reduction of the threshold current and the size of the optical
mode must be addressed.
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