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Gain Compression and Thermal Analysis of a
Sapphire-Bonded Photonic Crystal Microcavity Laser

Ling Lu, Adam Mock, Mahmood Bagheri, Jiang-Rong Cao, Sang-Jun Choi, John O’Brien, and P. Daniel Dapkus

Abstract—Gain compression factor and thermal properties of a
photonic crystal microcavity laser bonded on a sapphire substrate
are extracted by analyzing wavelength shifts under different duty
cycles. A high thermal resistance of 43 K/mW and a gain compres-
sion factor of 1.2 x 107'¢ ¢cm® are obtained.

Index Terms—Continuous wave (CW), duty cycle, gain compres-
sion, microcavity laser, photonic crystal (PhC), thermal resistance.

1. INTRODUCTION

room-temperature (RT) two-dimensional photonic crystal
A (PhC) microcavity laser with high modulation bandwidth
is a good on-chip source candidate for photonic integrated cir-
cuits. However, poor heat dissipation prevents most of those
lasers from RT continuous-wave (CW) operation [1], [2]. In ad-
dition, gain compression is a very important factor in high-speed
lasers [3]. Gain compression is well known to dampen the re-
laxation oscillations and limit a laser’s bandwidth. The intro-
duction of a sapphire substrate allowed our PhC microcavity
lasers to operate under RT CW conditions [4] and achieve a di-
rect modulation bandwidth of more than 10 GHz [5], [6]. In this
letter, we extract coefficients related to the thermal properties
and gain compression factor by analyzing the wavelength shifts
under various duty cycles.

II. MEASUREMENT OF WAVELENGTH SHIFT

Fig. 1 is a scanning electron microscope (SEM) image
showing a finished device patterned on a 240-nm-thick In-
GaAsP membrane bonded on a sapphire substrate. These
cavities were formed by removing four periods of air holes
in a hexagonal shape (D4 cavity) in the otherwise perfect
trigonal PhC lattice. The membrane waveguide was grown
by metal-organic chemical vapor deposition. It contains four
0.6% compressively strained 10-nm-thick InGaAsP quantum
wells (QWs), whose emission wavelength is near 1.55 pm, and
20-nm-thick InGaAsP barrier layers between the QWs, whose
emission wavelength is 1.25 pm [7]. The fabrication processes,
characterization setup are detailed in the previous publications
[4], [8]. An 852-nm diode laser is used to pump the device
with about 2-um spot size. Its pulsewidth (¢1) was fixed at
8 ns. A cavity with 390-nm lattice constant and 0.355 hole
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Fig. 1. SEM image of a fabricated D4 cavity on a sapphire substrate.

radius to lattice constant ratio was used in this study and all the
measurements were done at a 21 °C substrate temperature. The
wavelength is monitored in an optical spectrum analyzer with
0.1-nm resolution bandwidth.

The CW light-in—light-out (L-L) curve in Fig. 2(a) starts to
roll over at about four times the CW threshold. The blue and
red shifts of the resonant wavelengths, illustrated in Fig. 2(a),
as a function of pump power are a result of increasing carrier
density and increasing device temperature which move the re-
fractive index in opposite directions. Processes such as thermal
expansion [9] and thermal strain-induced index change [10] are
negligible compared to the two mentioned. Below threshold,
the increase of carrier density is dominant and the wavelengths
blueshift; above threshold, the wavelength shifts from carrier
density and device temperature are comparable. The laser red-
shifts under CW condition and blueshifts under pulsed condi-
tions, since device heating is alleviated as the duty cycle de-
creases. For the same reason, laser threshold decreases with the
decrease of duty cycle.

The existence of the blue shift above threshold is a sign that
the carrier density is not clamped and is modeled through gain
compression. This can be verified by the growing intensity of
spontaneous emission with increasing pump power away from
the lasing wavelength above threshold shown in Fig. 2(b). Low
intensity PL of the QW is also plotted for comparison.

III. MODELING OF WAVELENGTH SHIFT

In order to quantify the contribution to the wavelength shift
from both temperature (1") and carrier density (V) in (1)

AX = (9A/0n)[(0n/OT)AT + (dnJON)AN] (1)

the device heating was modeled analogously to an RC circuit
and the carrier density is modeled using the phenomenological
parameter (¢), known as the gain compression factor. Here n is
the refractive index of the semiconductor slab. The coefficients
on/OT (2.5 x 10~*°C~1) and In/ON (—1.63 x 10720 cm?)
can be found in [11] and [12], respectively. O\ /On is estimated
through numerical modeling in Section IV.
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Fig. 2. (a) Wavelength versus pumping power of the same lasing mode under
different duty cycles. L-L curve under CW condition is also included. (b) CW
lasing spectra under various pumping levels and the photoluminescence (PL) of
gain material at low bias.
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Fig. 3. Illustration of the “RC circuit” thermal model.

Fig. 3 illustrates our analytical thermal model. The device
temperature is “charged” and “discharged” with time constants
(t7¢) and (7p) by the heating pulse qR:y,, where Ry, is the
thermal resistance and q is the heat flux from photopumping.
It is assumed that all nonradiative recombination contributes
to heat. The radiative efficiency is estimated to be 64% below
threshold and 95% above threshold [13]. The average temper-
ature increase can thus be expressed in (2) as a function of ab-
sorbed pumping power and duty cycles (dc) at steady state when
Ty equals T

ATa\'erage = thh 1 + (TC/tl)

1 — ¢(1/de=1)(t1/p)

X c(1/de=1)(t1 /7)) — e(—t1/70) (1 — e—t1/7'c) . Q)
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Fig. 4. H. field component of the lasing mode calculated by 3-D FDTD.
(a) Field distribution in & — y plane at the mid-plane of the membrane. (b) Field
distribution in the » — z plane through the center of the cavity. The air hole
and membrane edges are outlined in gray.

The increase of the carrier density above threshold can be
found by equating QW gain (g) to the total optical loss which
was assumed to be a constant above threshold for all duty cycles.
The QW gain as a function of carrier density and photon density
(N,) is expressed as g(N, Np,) = goln(N/Niransparency )/ (1 +
eN,). Thus,

A]\[slab
= fowANqw
= fQW [Nthreshold (eENP In(Nghreshold /Neransparency) _ 1)]
(3)

where fqw is a conversion factor from QW carrier density to
the averaged carrier density in the semiconductor slab. Since the
carrier density inside the QW:s is higher than that in the barriers,
fqw is less than 1.

Equations (1)-(3) with the assumptions of constant
Nihreshold and e for all duty cycles complete our model.
Tc,Tp, Ren, € and fqw can thus be determined by fitting all
five curves of wavelength data in Fig. 2(a) simultaneously.

IV. 3-D FDTD SIMULATION

The three-dimensional finite-difference time-domain (3-D
FDTD) method was used to model the electromagnetic field in
this cavity. Mode identification was carried out the same way as
that in [14]. The midplane field distribution of the lasing mode
is plotted in Fig. 4. The passive quality (@) factor is 1732,
which is in reasonable agreement with the estimated @) value
(1250) from threshold carrier density [8], [15] considering the
imperfections in fabrication and optical absorption loss [15].
The mode volume is evaluated to be 17.8(\/n)3 [16], where n
is 3.4 in the calculation. In order to obtain A /9n for this mode,
we varied, in the simulation, the refractive index of the slab at
the center region of the cavity. The diameter of this region is
3 pm. By monitoring the linear shift of the resonant peak with
the change of the index, we get 210 nm for A\ /On.

V. RESULTS OF DATA FITTING

Our model provides a good fit to the experimental wavelength
data as shown in Fig. 5(a). Fig. 5(b) plots, according to the fit,
both carrier density and device temperature as a function of
pump power for all duty cycles. When the CW pumping level
exceeds four times the CW threshold where the CW L-L curve
is beginning to roll over, the rate of blue shift is much faster
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Fig. 5. (a) Experimental wavelength data fitted by our model. (b) Carrier den-
sity and temperature behaviors as a result of the fit.

than what the model predicts. This indicates a different mecha-
nism responsible for the rapid growth of carrier density at about
32 °C above RT and is likely due to the increase of nonradia-
tive recombination rates and the decrease of QW gain with the
rise of laser temperature. The standard deviation of the fit, ex-
cluding this high CW bias region, is 0.1 nm. The results of the
total number of five fitting parameters are listed in Fig. 5(a). A
very high thermal resistance of 43 K/mW is obtained due to lo-
calized heating and insufficient heat dissipation. The gain com-
pression factor of 1.2 x 10716 cm?® agrees very well with the
reported and predicted values for strained QW lasers [17]-[19].

VI. CONCLUSION

We measured, under various duty cycles, the wavelength be-
haviors of a sapphire-bonded RT CW QW PhC microcavity
laser. Changes in carrier density and device temperature from
photopumping are responsible for the wavelength shifts. We
modeled carrier density above threshold with gain compression
factor and device temperature through an RC circuit analogy.
Fitting the data using our model provides both thermal proper-
ties and gain compression factor of the laser.
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