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Abstract—Due to the potential application in all-optical
signal processing, semiconductor ring laser (SRL) has
become one of research hotspots in the present. In this paper,
an equivalent SRL was modeled utilizing a numerical device
simulator (ATLAS), and the effects of structure parameter
on the temperature characteristics of multiple quantum well
SRL were simulated and analyzed with temperature range
from 260K to 460K. The simulation results indicated that an
optimal quantum well structure with well width around
20nm and well number of five existed for the lowest
threshold current density. And the ring radius has little
effect on the temperature characteristics of differential
qguantum efficiency and lasing wavelength.
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. INTRODUCTION

With the rapid development of optical fiber
transmission technology, High-speed signal processing
capacity at the switching nodes in optical communication
system is required. However, due to the limitation of
electronic bottleneck, conventional electronic switching
scheme is increasingly challenged. To realize high-speed
optical communication network, it is therefore necessary to
substitute the electronic router with all-optical signal
processing system by integrating the photonic devices in
one chip. At present, various implementation schemes
have been proposed and employed, such as semiconductor
optical amplifier-based Mach-Zehnder interferometer
(SOI-Mz1)™, nonlinear optical loop mirror (NOLM)™,
semiconductor ring laser (SRL)E!, and so on. Compared
with the other photonic devices, semiconductor ring lasers
(SRLs) have received increasing attention, because they
can be fabricated without the need for cleaved facet or
gratings for optical feedback!™. Moreover, SRLs have the
benefits of compact structure, high density integration,
optical bistability, and excellent wavelength selectivity!™.
These features make SRLs particularly suitable for the
large scale photonic integrated circuit. Therefore, SRLS are
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increasingly seen as a promising approach for integrated
all-optical functional devices.

Up to now, many excellent review articles and research
reports on device fabrication and characterization has been
published®” and SRLs have been widely applied in the
field of all-optical signal processing, such as optical
memory™®, all-optical logic gatel”, and label swapping"“.
As we know, the device parameter of SRL, such as
threshold current, differential quantum efficiency, and
lasing wavelength, varies accordingly with the operating
temperature. However, this temperature dependence
seriously affects the stability and reliability of SRLs, and
brings about many problems in application. Therefore, the
temperature characteristic of SRL is an important issue for
the device application. To improve the temperature
stability, optimizing the structure parameters of SRL
device is necessary.

In this paper, we firstly analyze the temperature
dependence of the key parameters for multiple quantum
well SRL. And an equivalent SRL is modeled utilizing a
numerical device simulator (ATLAS). The effects of
variation of the device structural parameters, such as ring
radius, well width and well number, on the temperature
characteristics of SRL are simulated and analyzed with
temperature range from 260K to 460K.

Il.  DEVICE STRUCTURE AND THEORETICAL ANALYSIS

The schematic illustration of a typical SRL, with a
straight waveguide coupled to the ring resonator, is shown
in Fig.1. The gap between the ring cavity and the straight
waveguide is lum, providing a theoretical amplitude
coupling ratio of 1%-5% depending on the ring radius and
the etching depth of the waveguides.

We suppose the SRL devices are fabricated in standard
GaAs/AlGaAs multiple quantum well (MQW) material
system. The active region has several GaAs quantum wells
separated by AlysGagsAs barriers. The p-type and n-type
cladding layers consist of 1.0um-thick AlgzGay;As and
2.0um-thick AlysGagsAs, respectively. The cross section
of MQW ridge waveguide is depicted in Fig. 2, where the



waveguide width and the etching depth are 1.0pm and
0.9um, respectively.
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Figure 1. Schematic illustration of a typical SRL
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Figure 2. Cross-section of MWQ ridge waveguide

Based on the laser oscillation condition of a Fabry-
Perot cavity™, the threshold gain for the circular SRL as
shown in Fig. 1 can be modified as

127m L
Texp[(g - aW)L]exp[l} =1

Where T =1—«? represents the power transmission ratio
of the coupler, « is the amplitude coupling ratio, g is the
material gain, a,=ai+a, +as is the loss of ring cavity, ¢
is the intrinsic waveguide loss, a, represents the bending
loss, which is a function of the ring radius and the etching
depth, o represents the scattering loss caused by ridge
waveguide sidewall roughness, L=2xnR is the cavity length,
R is the ring radius, ne is the effective index of ring cavity,
A is the vacuum wavelength.

From equation (1), the resonance condition and the
gain condition of a circular SRL can be written as

mA=ng -L

Tep[(g-a,)L]=1
Where m is an integer.

When the wavelengths satisfy the resonance condition,
they will be lased and output the straight waveguide.
Experimental results found that the temperature shift of
lasing wavelength in the quantum well semiconductor
lasers can be described as following™?

9 s —(a,/T,) (4)

dT
Where a; is a red-shift parameter in wavelength with
temperature at constant current, and a, is a blue-shift
parameters in wavelength with current at constant
temperature, and they are not depend on the device
structure. T, represents the characteristic temperature.
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Considering the gain saturation at a high injection
level, the gain of MQW circular laser can be well
approximated by the well-known logarithmic form!**!

]

Where g, is the gain saturation parameter, J, is the
transparency current density.

If we neglect the coupling between the quantum wells,
the optical confinement factor of MQW can be
approximated as M times of the single quantum well.
Therefore, the modal material gain of MQW ring laser is
given by gn=MI,9.. Where M is the number of quantum
well, I, is the optical confinement factor of one well, g,
is the material gain per quantum well.

At threshold,

Mrwgw,th = aw + ac (6)
is satisfied. Where ¢« is the coupling loss. For the
considered circular laser, it is defined as

a, =—In(l-x*)/L 7)

Combining equations (5)-(7), the threshold current
density can be derived as
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The temperature dependence of Jg, based on empirical

observations, was described by

T-T
Jth:‘]th(Tr)eXp[ T r)

0

®)

‘]th

9)

Where T, is room temperature.

As a key parameter of ring lasers, the differential
quantum efficiency 54, which represents the conversion
efficiency between light output power and injection current,
is given by

G (10)
a,, + .
Where #; is the internal quantum efficiency.

Assuming #; is constant, the temperature dependence of

nq is approximated as

d(1)_1 da,_
dT { n, na, dT

g =1

de,

RESULTS AND DISCUSSION

(®)

Based on the device simulation software (ATLAS), an
equivalent SRL was modeled. Here, the free carrier loss
and the spontaneous recombination model were adopted.
Additionally, the recombination models of Auger,
Shockley-Read-Hall, and radiative recombination were
specified. Numerical calculations were carried out utilizing
Newton’s iteration method to investigate the influence of
structural parameters on the temperature characteristics of
SRL. The key physical parameters adopted in the
simulation are summarized in Table 1.

Fig.3 shows the temperature dependence of the
threshold current density with different structural
parameters. As can be seen, the threshold current density
increases with increasing the temperature. This is due to
the increase of transparent carrier density caused by the



TABLE 1 PHYSICAL PARAMETERS USED IN THE SIMULATION

Symbol Description Value
N Index of air 1.0
N, Index of core 35
N3 Index of cladding 3.17
ot Electron lifetime of AlGaAs 2107
oo Electron lifetime of GaAs 1x10%s
T Hole lifetime of AlGaAs 2107
- Hole lifetime of GaAs 1x10%s
Rc Radiative recombination rate 1.5%107%°
h1 Electron mobility of AlGaAs 2400cm*Vs
2 Electron mobility of GaAs 4600cm?/Vs
kbt Hole mobility of AlGaAs 800cm?/Vs
9 Hole mobility of GaAs 2500cm?/Vs

broadening energy distribution of carrier injection. For a
given temperature, the threshold current density increases
with the increase of well width and well number, as shown
in Fig. 3(a) and (b), but it decreases with increasing of ring
radius (shown in Fig. 3(c)). When the radius exceeds
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Figure 3. Temperature dependence of threshold current density with
different structural parameters. (a) well widths of 10, 20, 30 and 40nm
with five-well and 300um radius; (b) well numbers of 3, 5, 7, 9 with
10nm well width and 300um radius; (c) ring radii of 100, 200, 300, 400
um with five-well and 20pum well width.

32

400um, the effect of radius on the threshold current density
becomes small, but oversize radius will decrease free
spectral range of ring cavity.

To achieve a lower threshold current density, the
dependence of Jy on the well width with a fixed five-well
structure was simulated at room temperature, as shown in
Fig. 4. For the considered circular laser, the threshold
current density decreases with the increase of well width
initially, and reaches the lowest value of 1.0KA/cm?
around well width of 20nm. When the well width exceeds
20nm, the threshold current density increases rapidly. This
is consistent with the results of MQW semiconductor laser.
Therefore, appropriate values of well width and well
number need to be selected to obtain the lowest threshold
current and minimum temperature dependence.
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Figure 4. Threshold current density as a function of well width.

Since the threshold current is a key parameter affecting
the temperature characteristics of ring laser. The optimal
well width of 20nm and well number of 5 are adopted in
the following simulation. Fig.5 shows the differential
quantum efficiency as a function of temperature with
different ring radii. It is obvious that the differential
quantum efficiency decreases with increasing the
temperature. This is due to the increasing loss caused by
the free carrier absorption and the carrier overflowing from
active layer™. Moreover, the differential quantum
efficiency increase slightly with the increase of radius, this
is because of the reduced internal loss.
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Figure 5. Differential quantum efficiency as a function of temperature
with different ring radii.

The lasing wavelength as a function of temperature
with different ring radii is plotted in Figure 6. As can be
seen from this figure, the lasing wavelength almost
increases linearly with increasing temperature, and the
effect of ring radius on lasing wavelength can be neglected,
which means the temperature dependence of lasing
wavelength is almost independent of ring radius.
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Figure 6. Temperature dependence of lasing wavelength with different

ring radii.

IV. CONCLUSION

The key performance parameters of MQW ring laser
and their temperature dependence were analyzed. And an
equivalent SRL was modeled utilizing a numerical device
simulator (ATLAS). The effects of ring radius, well width
and well number on the threshold current density were
simulated with temperature range from 260K to 460K, and
an optimal quantum well structure with well width of
20nm and well number of five was achieved for the lowest
threshold current density. Based the optimal material
structure, the temperature dependence of the differential
quantum efficiency and the lasing wavelength was
calculated with different ring radii. Simulation results
indicated that the radius has little effect on these two
parameters.
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