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Temperature Sensitivity of 1.54-m Vertical-Cavity
Lasers with an InP-Based Bragg Reflector
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Abstract—We fabricated 1.54-�m laser diodes that employ one
integrated GaInAsP–InP and one Si–SiO2 mirror in combination
with a strain-compensated GaInAsP multiquantum-well active
layer. Considerable care has to be taken of the temperature
performance of the devices. Here, an important parameter is
the gain offset between the gain peak wavelength and the cavity
resonance. This offset is related to the experimentally accessible
photoluminescence (PL) offset between the PL-peak wavelength
and the emission wavelength. Vertical-cavity laser (VCL) charac-
teristics such as threshold current and quantum efficiency show
an extremely sensitive dependence on this parameter. In this pa-
per, we focus on the temperature performance of our VCL’s as a
function of the cavity tuning. VCL’s designed for PL-offset values
between+17 and�16 nm are fabricated and characterized. As
expected, the threshold current of all lasers shows a pronounced
minimum at low temperatures. The position of this minimum
depends on the offset at room temperature (RT) as a parameter.
However, it turns out that the minimum threshold current is
not obtained by matching gain peak and cavity wavelength for
that temperature. The observed behavior is described well by
calculations, taking into account the temperature dependence of
the optical gain, of the cavity resonance, and of the cavity losses.
The model is a valuable tool to tune the lasers for example low
threshold current or reduced temperature sensitivity.

Index Terms—Gain control, laser thermal factors, laser tuning,
modeling, semiconductor lasers, temperature, thermal variables
measurement.

I. INTRODUCTION

SINCE the first CW room-temperature operating devices
were fabricated [1], long-wavelength vertical-cavity lasers

(VCL’s) have gained considerable interest. As a potential
next-generation light source for future optical communication
systems, they offer a variety of advantages such as cost-
effective fabrication, on-chip-testability, array fabrication, and
effective fiber coupling.

For these applications, as low as possible threshold currents
and high output power are desirable. Therefore, big effort
has to be put into the design of the devices. The device
performance of long-wavelength (1.3–1.55m) laser diodes
shows a strong temperature dependence, especially of the
threshold current [2]. This is due to carrier leakage across
the quantum wells (QW’s), high nonradiative losses as Auger
recombination and intervalence band absorption (IVBA) [3].
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The temperature dependence of Fabry–Perot edge emitters is
characterized by the parameter. It is deduced by assuming
the lasing mode always matches the gain peak wavelength.
Since the mode spacing is small compared to the linewidth of
the gain, we usually find a cavity mode close to the gain
peak wavelength . This holds for any temperature. In the
case of VCL, the parameter has to be used carefully, since
the mode spacing is large and there is usually only one mode in
the range of the gain linewidth. Varying the temperature leads
to an offset of gain/photoluminescence (PL) peak wavelength
and cavity mode. Especially at low temperatures, this fact leads
to an increase in threshold current and the behavior of
is considerably different from edge emitters [4]–[7]. Here, the
mismatch between PL-peak wavelength and the cavity mode
dominates the temperature sensitivity. For this reason,is
only a meaningful parameter for the characteristics
within a specified temperature range.

In this paper, we investigate the influence of the temperature
on the laser performance, especially on the threshold current
showing a minimum for a particular temperature. In order
to reach low threshold current and high output power, the
right choice of active material and cavity design of the device
are essential. Once this is fixed, it is important to realize the
optimal gain offset – between the gain-peak wavelength

and the cavity mode (cavity resonance). The gain offset
is close to the PL offset – , where is the peak
wavelength of the PL. Though this requirement seems to
be easy to match, it turns out as a crucial issue depending
on the particular design of the active layer, p-cladding, etc.,
since during operation of the laser (even pulsed) this condition
cannot be maintained easily. The heating of the active layer
and the power dissipated in the cavity result in a shift of
the PL/gain-peak as well as of the cavity mode. The latter
is only important for CW operation, since the cavity does not
heat under pulsed operation. We analyze the pulsed output
characteristics of 1.54-m VCL’s, based on an InP–GaInAsP
integrated bottom mirror. This design offers full-wafer-scale
fabrication, in contrast to the successfully operating wafer
fused devices [1], [8]. Lasers with a varying offset between
cavity mode and PL are fabricated and the threshold current for
different temperatures is recorded. The results are compared
to numerical simulations.

II. DEVICE DESIGN AND FABRICATION

Fig. 1 shows the fabricated 1.54-m VCL structure. It is a
low mesa structure, which is intended for pulsed operation
at room temperature (RT). No regrowth is employed. The
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Fig. 1. VCL structure with a 50-period InGaAsP–InP integrated bottom
mirror, strain-compensated MQW active and 5�Si–SiO2 top mirror. Layer
parameters are given in Table II.

aim is to provide input parameters for an improved structure
for CW RT operation. A detailed description of design and
characteristics is given in [9]. The device is fabricated in
two growth steps, using low-pressure metal organic vapor
deposition (LP-MOCVD). The first growth step is the bottom
mirror, consisting of 50 pairs of n-type (Si) GaInAsP–InP
quarter-wavelength-thick layers, with a nominal plane-wave
reflectivity of 99.9%. In a second step, the active region of nine
compressively ( 1% cs) strained 7-nm-thick GaInAsP QW’s
and strain-compensating (0.9% ts) 8-nm-thick GaInAsP bar-
riers is grown. The active region is grown with a constant
As–P ratio in order to improve interface quality and reduce
the susceptibility for temperature induced diffusion. Details
about the multiquantum-well (MQW) structure and the growth
procedure are described elsewhere [10]. The Zn-doped p-
cladding InP and p-GaInAsP (1.3 m) contact layers are
1.95 and 0.15 m thick, resulting in a cavity length of

.
To determine the PL spectrum of the QW structure properly,

a reference piece without underlying mirror is grown. This is
done in the same run as the active region of the lasers. This is
of particular importance, since the PL of the active material on
top of the mirror is always modulated by the cavity which is
formed between the mirror and the semiconductor–air interface
on top of the structure. For this reason, it is impossible to
determine the peak position of the PL properly without a
reference piece. Thus, the PL peak wavelength is roughly
tuned to the desired PL offset; confirmed by the narrow, cavity-
enhanced emission of the as-grown wafer. For the fine tuning,
at this stage, the spectral position of the cavity mode can be
corrected by controlled thinning (reactive ion etching, RIE) of
the contact layer. Etching steps of around 15 nm are performed
(see Fig. 2). For the laser processing, circular 1.6-m-high
mesas with diameters between 5 and 22m are etched and
embedded in polyimide. The processing is concluded by the
deposition of a five-period Si–SiOmirror with a diameter
between 3 and 20m. The actual cavity mode position at this
stage is given by the emission line of the lasers.

III. A CTIVE LAYER ANALYSIS

Since gain calculations are very sensitive on the
Ga In As P MQW layer compositions and thicknesses
(neither of them is precisely known), parameter adjustments

Fig. 2. Controlled thinning of contact layer and related shift of cavity
resonance before deposition of the top mirror.

TABLE I
PARAMETERS FOR BEST AGREEMENT BETWEEN

RECORDED AND SIMULATED HRXD SPECTRUM

The nominal values are given in parentheses.

are required to find agreement with experimental
characteristics. For the present structure with a constant
As–P ratio, there are five free MQW parameters: the thickness
of well and barrier, and , and four composition parameters

and for both well and barriers,
where . Using high-resolution X-ray diffraction
(HRXD), the number of free parameters can be reduced
to three by determination of the MQW period to
15.6 nm and of 0.0174% net strain. Additionally, the peak
wavelength of the PL spectrum is measured at 1540 nm
at RT, leaving two unknown parameters. Thus, the X-ray
diffraction pattern is simulated for different As contents and
QW thickness and compared to the experimentally recorded
spectrum. The set of parameters for best agreement between
measurement and simulation (as shown in Fig. 3) is given
in Table I. While the QW thickness agrees well with the
intended number, the As content is considerably smaller
than intended.

The computation of the band structure using the values
given in Table I shows that due to strain compensation, light
holes experience almost no quantum confinement. The MQW
band gap is 805 meV at RT and the calculated PL peak
occurs at 1540 nm. The energy distance from the lowest QW
states to the barrier band edges is relatively small (42 meV
for electrons and 93 meV for heavy holes), and a considerable
amount of MQW carriers can be assumed outside the QW’s
at high injection. On the other hand, the distance of these QW
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Fig. 3. Recorded (solid line) and simulated (dashed line) HRXD-pattern for the MQW, yielding the compositions shown in Table I.

Fig. 4. Thermal resistance: emission wavelength depending on input power, measured at a temperature of�35 �C.

states to the InP spacer band edges is relatively large (241 and
302 meV, respectively) and no significant carrier escape rate
from the MQW is expected at RT.

IV. OPERATING CHARACTERISTICS

Pulsed RT operation is achieved for devices with top mesa
diameters of 10, 15, and 20m at threshold currents of
70, 30, and 61 mA, respectively, corresponding to current
densities of 62, 13, and 16 kA/cm. These high-threshold
current densities are most likely explained by a surface leakage
channel along the mesas, caused by defect-induced (RIE)
nonradiative recombination. Other indications for this leakage
are a low external quantum efficiency as well as a small

temperature rise in the active region (Fig. 4). According
to numerical simulations, the CW active region heating is
expected to be three times higher than measured (Fig. 4),
indicating that a large part of the heat power is generated
far away from the active region.

Slightly above threshold, the lasers operate single mode.
At higher current (1.5–2 times threshold) a second or third
mode appears. The linewidth is less than 0.1 nm, limited
by the resolution of the spectrum analyzer. For a 15-m
device, the differential resistance at threshold is 18, and
the threshold voltage is 1.8 V. The lasers are investigated
within the ambient temperature range of160 C to 42 C,
where the characteristics improve toward lower temperatures.
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Fig. 5. Typical output characteristics of a 15-mm laser for a set of temper-
atures.

Fig. 6. Variation of cavity mode and PL, respectively, with temperature. At
RT, the gain peak is 8 nm above the PL.

Typical output characteristics for several temperatures are
shown in Fig. 5. CW operation is achieved at temperatures up
to 25 C, even though the lasers are not designed for CW.
The following analysis is done for lasers with 15-m mesa
diameter and assumes pulsed operation at different ambient
temperatures. Self-heating of the laser is neglected.

V. TEMPERATURE EFFECTS

For further investigations, the temperature dependence of
the PL (bandgap) and the laser line (cavity) are determined.
This is of importance since, unlike in Fabry–Perot edge-
emitters, in VCL’s the emission wavelength is not given
by the gain peak wavelength. This causes a gain offset–
for VCL, depending on design and temperature.

A. Energy Band Gap

Fig. 6 shows the the PL peak wavelength as a function
of temperature. For the investigated VCL, the PL peak at
different ambient temperatures shifts by0.54 nm/K, resulting
in 0.28 meV/K.

TABLE II
PARAMETERS OF THE VCL L AYER THICKNESS, LAYER DOPING

Ndop, REFRACTIVE INDEX n, AND ABSORPTION COEFFICIENTa

Fig. 7. Calculated and measured differential optical efficiency as function of
temperature with and without IVBA.

B. Cavity Mode

With increasing temperature, the cavity modered-shifts
due to the temperature dependence of the refractive index

and layer thickness. is assumed to be 210
K for the semiconductor, 110 K for Si, and 110
K for SiO . The measurement yields 0.1 nm/K
(Fig. 6), which is in agreement with previous results. This
number as well as the emission wavelength 1538 nm
is reproduced in the simulation later on, applying the material
parameters given above. Thus, the cavity wavelength

red-shifts about six times slower than the PL peak
with rising temperature.

C. Differential Quantum Efficiency

Another optical parameter that can be measured easily is the
differential quantum efficiency with the injection
efficiency accounting for carrier losses. Since is a dif-
ferential quantity, is affected only by the changes in carrier
losses above threshold. The value of is determined by
optical losses within the cavity, i.e., by absorption, emission,
and scattering [11]. Assuming typical absorption coefficients
(Table II), a value of 0.4% is calculated (Fig. 7)
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(a)

(b)

Fig. 8. (a) Calculated spectrum of the MQW optical gain with the carrier
density as a parameter. The intended lasing wavelength (dashed line) is
matched perfectly at room temperature. (b) MQW gain spectrum at different
ambient temperatures showing the thermal shift of the peak wavelength�p
as well as of the peak heightgmax.

that is much higher than the measured value 0.04%.
No reasonable change of internal optical loss parameters
allows for a reduction of by a factor of 10. Thus,
injection losses seem to be large, as expected from the high
threshold current density measured. As above for the thermal
resistance, it is concluded that leakage currents at the mesa
surface are substantial in these devices. Such leakage currents
increase with higher total current and hence reduce. The
differential efficiency also depends on the temperature, caused
by changes in the refractive indices as well as in the absorption
coefficients. In particular, IVBA within the MQW or within
other layers with high hole concentration could reduce the
quantum efficiency at higher temperatures [2]. This is shown
in Fig. 7, comparing simulation results with and without IVBA.
In the measurements, a similarly strong reduction of is
observed above 0C, indicating the influence of IVBA in the
VCL’s.

VI. OPTICAL GAIN

Using the parameters of the active layer as well as the
values for the temperature shift of bandgap and cavity mode,

Fig. 9. Measured threshold current for three different RT–PL offsets as a
function of ambient temperature.

Fig. 10. Threshold carrier density as function of temperature with and
without IVBA and for different parametersdEg=dT of the thermal bandgap
shrinkage.

the material gain is calculated as a function of
wavelength, temperature, and carrier density. The gain model
is based on Fermi’s golden rule and 44 band structure
computations for the strain-compensated MQW active region
[12]. Fig. 8(a) shows the gain spectrum calculated for different
temperatures. At RT, the gain peak wavelengthis located
8 nm above the PL peak wavelength . The shift of the
gain peak 0.59 nm/K is slightly faster than for
the PL peak due to different carrier statistics. The height

of the gain peak also shifts with temperature almost
linearly by 11 cm K [Fig. 8(b)]. This
is caused by the increased spreading of the carrier’s Fermi
distribution with rising temperature. At constant splitting of
the quasi-Fermi levels of electrons and holes

, the total carrier density would also rise with higher
temperature. To keep constant in Fig. 8(b), is re-
duced by 0.56 meV/K with increasing temperature (25
C: 828 meV, 58 meV,

14 meV).
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Fig. 11. Threshold carrier density as function of temperature for different
cavity wavelengths (solid lines in Figs. 11 and 10 are identical).

VII. GAIN OFFSET AND THRESHOLD CURRENT

The measured emission wavelength changes slightly with
the VCL position due to inhomogeneous layer thicknesses
across the InP wafer. Employing these variations, the pulsed
threshold current is measured against temperature at different
cavity wavelengths (Fig. 9). The minimum threshold cur-
rent occurs at different temperatures because of the different
RT gain offset. Thus, finding the proper RT gain offset
allows for the design of the threshold current temperature
sensitivity.

To study the effect of the gain offset in more detail,
numerical simulation is applied [13]. Here, we take into
account a particular RT gain offset of10 nm (i.e., a PL offset
of 2 nm), corresponding to the curve in Fig. 9 showing the
minimum at 60 C. Firstly, the transfer matrix method is
employed to obtain emission wavelength, threshold gain

, and differential optical efficiency as a function of the
ambient temperature (cf. Figs. 6 and 7) For verification of the
input parameters, the room temperature value of 1538
nm and 0.1 nm/K are in very good agreement with
the measurement. In a second step, MQW gain calculations
are performed for any given wavelength and temperature,
leading to the threshold carrier density as function of the
temperature (solid curve in Fig. 10). The calculation shows
a minimum at 30 C and not near 0 C, where a perfect
match of mode and gain peak exists. This can be explained as
follows: when the gain offset is increased by lowering
the temperature, an increase in gain occurs for the same carrier
density [Fig. 8(b)], i.e., the same gain is reached with a lower
carrier density. Within a certain temperature range, this effect
overcomes the mismatch of gain peak and cavity mode. The
threshold carrier densitydropsdespite the fact that the tuning
of the laser becomes worse for lower temperature. Only for
large temperature reduction, the gain drops for const.
The mismatch becomes dominant, and the threshold carrier
density increases again.

Fig. 12. Measured threshold current as a function of detuning, i.e., offset
between PL and cavity mode.

In other words, to maintain a given threshold gain
required for lasing, the threshold carrier density is
minimum for a gain offset toward smaller wavelength, i.e.,
for . This finding is in contrast to a widely used
VCL design rule saying that the gain offset must be zero for
minimum threshold current [7], [14].

Fig. 10 also shows the impact of the parameter on
the position of the minimum as well as the influence of IVBA
(above 0 C). For the measured value of 0.28
meV/K, the calculated minimum occurs at about30 C,
whereas the measured one is at60 C. Only a further
reduction of leads to a reproduction of the measured
minimum of the threshold current. This deviation can be
caused by an internal heating of the active region even in
pulsed operation and/or by an additional temperature depen-
dence of the surface leakage current.

To further address the question of gain offset effects, sim-
ulated curves are shown in Fig. 11 for different RT
gain offsets that correspond to the measurements in
Fig. 9. A change of the gain offset toward negative numbers at
room temperature ( 1557 nm) actually shifts the minimum
of to higher temperatures but it also increases this
minimum value. There are several reasons for the rising
minimum: the gain is smaller and IVBA is larger at higher
temperatures, and the DBR reflectivity becomes smaller for
larger wavelength offset.

Fig. 12 shows the measured threshold current at RT as a
function of the offset between cavity mode and PL, . A
minimum occurs in a region of a detuning between5 nm and

5 nm, i.e., the minimum threshold current at RT is connected
with a small offset at this temperature. In this case, the
minimum still occurs at much lower temperature near

30 C in the calculation and 60 C in the measurement,
respectively.

The ability to describe the observed behavior is important to
design the temperature sensitivity of the VCL. For instance,
minimum threshold current at RT might be reached at the
expense of a stronger temperature dependence, since the slope
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of the curves in Fig. 9 is quite steep at this temperature.
Moving the minimum to a higher temperature will increase
threshold current, but reduce the temperature sensitivity of the
threshold current.

VIII. C ONCLUSION

We have fabricated 1.54-m VCL’s with an InP-based
integrated bottom mirror and a dielectric top mirror. The
lasers were designed for pulsed operation. The temperature
performance of the devices, in particular of the threshold
current, was investigated. Although a surface leakage channel
occurs which is difficult to model, the experimentally observed
behavior is described well by a model based on kp band struc-
ture calculations and a transfer matrix method. The recorded

characteristics show that the minimum in temperature
does not occur for perfect matching of the gain peak and the
cavity mode. Therefore, the lowest threshold current for RT
is not reached when the minimum is at RT. Anyway, for
minimum at RT the gain peak has to match the cavity
mode at this temperature. The model is a tool to tune the
lasers for, e.g., low threshold current or reduced temperature
sensitivity.
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