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Abstract: Temperature dependent gain characteristics and linewidth 
enhancement factor (α-factor) of vertical-cavity surface-emitting lasers with 
InGaN/GaN multiple quantum wells were studied by measuring the 
photoluminescence spectra below the threshold condition and analyzed by 
using the Hakki-Paoli method. The optical gain and differential gain showed 
a more rapid increase as a function of the injected carriers as temperature 
decreased. The α-factor for the lasing mode was estimated as 2.8 at room 
temperature and decreased to a value as low as 0.6 at 80 K. 
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1. Introduction 

GaN-based blue/violet vertical cavity surface-emitting lasers (VCSELs) have attracted much 
attention due to many advantageous properties over edge emitting lasers, including circular 
beam shapes, light emission in the vertical direction, and two-dimensional arrays on the wafer 
level. Efforts to obtain optically pumped stimulated emission in GaN-based VCSELs have 
been reported by several groups [1–3]. Recently, the 77K and room temperature electrically 
pumped GaN-based VCSELs have been reported [4,5]. However, the gain characteristics of 
VCSELs with InGaN nultiple quantum wells (MQWs) have not been well studied. Gain 
characteristic is an important parameter of semiconductor lasers since it will influence on 
threshold, and laser output power. In addition, the linewidth enhancement factor (α-factor) 
characterizes the performances of semiconductor lasers, such as spectral linewidth broadening 
under CW operation and wavelength chirping under the high-frequency modulation [6], which 
is also a key parameter for the laser operation. In this study, the temperature dependent gain 
and α-factor of the GaN-based VCSEL were characterized. The GaN-based VCSEL with two 
dielectric distributed Bragg mirrors (DBRs) and an InGaN/GaN MQWs active layer was 
fabricated using the laser lift-off (LLO) technique. Unlike the conventional short cavity with 
only few wavelength thickness, the distinct feature of this structure is that the effective cavity 
length is about 4.2 µm and several cavity modes with about 7 nm mode spacing can be 
observed from the photoluminescence measurement. As a result, the optical gain spectra and 
linewidth enhancement factors can be simultaneously analyzed by using the Hakki-Paoli 
method [7], which was commonly used in analyzing the edge emitting lasers with multiple 
longitudinal modes. Although the longitudinal modes in our VCSEL structures are not as 
many as those in the edge emitting lasers, the overall gain spectra can still be clearly 
observed. 
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Fig. 1. (a) Schematic structure of the GaN-based VCSEL sample. (b) Experiment setup. 

2. Experiment 

The VCSEL layer structure grown on a (0001)-oriented sapphire substrate by metal organic 
chemical vapor deposition included: a 30-nm GaN nucleation layer, a 4-µm n-type GaN bulk 
layer, MQWs consisting of ten periods of 5-nm GaN barriers and 2.5-nm In0.1Ga0.9N wells, 
and a 200-nm p-type GaN cap layer. A six-pair DBR of SiO2 and TiO2 was evaporated on the 
top of the grown VCSEL structure to form the first dielectric mirror. The sample was then 
subjected to a laser lift-off (LLO) process using a KrF excimer laser to remove the sapphire 
substrate. The final thickness of the epitaxial structure after LLO and polishing process was 
about 4 µm. The detailed process procedure was described elsewhere [8]. The second 
dielectric DBR consisting of eight pairs of SiO2 and Ta2O5 was then deposited on the n-type 
GaN surface to form the GaN-based VCSELs structure as depicted in Fig. 1(a). Next, an array 
of circular mesas with diameters of 60 µm was formed by standard lithography and chemical 
wet etching process through the second dielectric DBR. 
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The fabricated GaN-based VCSELs were optically pumped by a Nd:YVO4 laser at 355 
nm, with a repetition rate of 1 KHz and a pulse width of 0.5 ns. As shown in Fig. 1(b), the 
pumping laser beam with a spot size of about 40 µm in diameter was vertically incident on the 
VCSEL sample from the SiO2/Ta2O5 DBR mesa. The light emission from the VCSEL sample 
was collected by an imaging optic into a spectrometer with a spectral resolution of 0.1 nm. 
The emission patterns were detected by a CCD camera from the SiO2/TiO5 DBR side through 
the mesa aperture. The temperature dependent characteristics were measured under 80K, 
150K, 220K and 300K using a temperature-controlled cryogenic chamber. 
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Fig. 2. The PL spectral evolution of the VCSEL under different pumping power levels at 300K. 
The PL intensity is normalized for comparisons. 

3. Results and discussion 

Figure 2 shows the normalized photoluminescence (PL) spectra of the GaN-based VCSEL 
under different pumping power levels at 300K. The PL spectra indicate that there are about 
six axial cavity modes with a mode spacing about 7 nm, corresponding to a cavity length of 
4.2 µm, which is nearly equal to the thickness of the epitaxial cavity. Above the threshold 
condition, only one lasing mode at 419 nm dominates. The optical gain can be therefore 
estimated using the Hakki-Paoli method to analyze these multiple cavity modes from the 
photoluminescence spectra below the threshold condition. By applying the Hakki-Paoli 
method [7], the material gain in a VCSEL structure can be expressed as: 
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where λ is the wavelength at which the cavity modes are being measured. Confinement factor 
of the laser structure is estimated as Γ = 0.7% by calculating the spatial overlap between the 
optical field and MQWs layers in the VCSEL cavity. Since the range of 10 InGaN/GaN 
quantum wells spans over a half-wavelength thickness in the cavity, the confinement factors 

for different longitudinal mode numbers could be treated as the same. I
+  and I

−  are the 
maximum and minimum PL intensities for each cavity mode obtained from the measured PL 
spectra, R1 and R2 are DBRs reflectivities which are 99% and 98%, respectively. αι is the 
average internal loss of the cavity, which is dominated by the absorption of thick GaN n-type 

and p-type layers and was set to be 30 cm
−1

 [9]. L is the effective cavity length of 4.2 µm. 

Under different pumping levels, the I
+  and I

−  would vary and the individual gain for each 
cavity modes can be obtained from the Eq. (1). The gain spectra of the VCSEL under different 
pumping power levels at 300K are shown in Fig. 3(a). Each data point was calculated from 
the corresponding cavity mode in Fig. 2. The gain curves show an increasing trend as the 
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pumping intensity increases and the gain bandwidth keeps broadening. In addition, the mode 
peaks blue shift shown as dashed lines in Fig. 2 due to the increase of the optical gain. At 

room temperature, the peak material gain of 2.9 × 10
3
 cm

−1
 for InGaN/GaN MQWs was 

obtained at the threshold condition. The gain spectra under different temperature at 220K, 
150K and 80K were also obtained with the same measurement and calculation method and 
shown in Figs. 3(b), 3(c) and 3(d), respectively. 
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Fig. 3. The gain spectra of the VCSEL under different pumping level at (a) 300K, (b) 220K, (c) 
150K, and (d) 80K. 

The pumping power dependence of the peak gain of the lasing mode (at ~420 nm) is 
plotted as dotted points in Fig. 4(a) for different measurement temperature. The figure shows 
that the pumping power or injected carrier density required to reach a given gain increases 
with increasing temperature. These dotted points for different measurement temperature in 
Fig. 4(a) can be further fitted as the solid curves by the logarithmic law to express the relation 
between gain and pumping power in QWs as g(P) = g0ln(P/P0), where g0 is a constant 
describing the increasing rate of gain corresponding to the increasing pumping power. The 
increase of g0 with a decreasing temperature is shown in Fig. 4(b). It implies that the gain 
increase more rapidly as a function of the pumping power or injected carrier density at lower 
temperature, which could be resulted from several reasons. Firstly, the ratio of radiative to 
nonradiative recombination is higher at low temperature than that at high temperature. 
Secondly, carrier overflow becomes pronounced at higher temperatures resulting in less 
radiative recombination in the MQWs and consequently a lower gain [10]. Another main 
cause is the broadening of Fermi occupation probability function which spreads carriers over a 
larger energy range for a given overall carrier density. The result is a lower spectral 
concentration of inverted carriers, which leads to a broadening and flattening of the gain 
spectrum. The carrier density in MQWs could be further estimated from the power density of 
the pumping laser assuming that the pumping light with the emission wavelength of 355 nm 
has experienced a 60% transmission through the SiO2/Ta2O5 DBR layers and undergone a 
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98% absorption in the thick GaN layer with a absorption coefficient at room temperature of 

about 10
4
 cm

−1
 [11]. At room temperature, the threshold carrier density was estimated to be 

about 6.5 × 10
19

 cm
−3

. 
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Fig. 4. (a) The pumping power dependence of the material peak gain was depicted as dotted 
points for different temperature. The solid curves were fitted to the measured data for different 
temperature respectively. (b) The g0 factor as a function of temperature. 

The linewidth enhancement factor can be measured from the amplified spontaneous 
emission spectra below the threshold condition [12]. The α-factor is the ratio of the change of 
the refractive index (n) with carrier density (N) respect to the change in optical gain with 
carrier density and can be expressed by 

 
2 d

L dg

π λ
α

λ
=

∆
  (2) 

where λ is the wavelength of each mode peak, ∆λ is the cavity mode spacing, L is the cavity 

length, dλ is the wavelength shift when the carrier density is varied by dN, and dg  is the 

change in optical gain as the carrier is changed by dN. The term of carrier density change is 
eliminated in Eq. (2), the α-factor can be directly calculated from the wavelength shift in the 
gain spectra under different pumping power levels below the threshold. Since the pumping 
laser operated at the pulsed mode, the peak shift of longitudinal modes in the cavity due to the 
temperature rise under pumping could be neglected. 

The calculated α-factors as a function of wavelength for different measurement 
temperature are shown in Fig. 5. The α-factor shows dependence on wavelength and is smaller 
at shorter wavelength. As temperature varied, taking the lasing mode for example, the α-
factors decrease with the decreasing temperature. However, the increase or decrease of α-
factor with respect to the temperature could be due to two different mechanisms in VCSEL 
operations. As the temperature increased, the lasing wavelength is detuned to the shorter 
wavelength side of the gain peak, thus the α is reduced as the laser operates closer to the 
differential gain maximum, whereas the lasing operation away from the gain maximum could 
increase the carrier density required to the threshold condition, and thus increase the α value 
[13]. In our case, the decrease of α values as the temperature goes down could be mainly due 
to the reduction of carrier density in the QWs. For the lasing mode, the α-factors varied from 
2.8 to 0.6 as the temperature varied from 300K to 80K. In comparison to the InGaN/GaN edge 
emitting laser structure that the α value varies between 2.5 and 10 [14], the linewidth 
enhancement factor in the GaN-based VCSEL structure is smaller. 
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Fig. 5. The α-factor as a function of wavelength obtained at different temperature. The α-factor 
is smaller at shorter wavelength and decreases as decreasing temperature. 

4. Conclusion 

In summary, we applied the Hakki-Paoli method to analyze the temperature dependent optical 
gain and linewidth enhancement factor of VCSELs with InGaN/GaN MQWs. Due to multiple 
cavity modes in the structure, the optical gain can be obtained by measuring the 
photoluminescence spectra below the threshold condition. Under different ambient 
temperature, it is found that the gain increases more rapidly as a function of the pumping 
power at lower temperature. The α-factor shows dependence on the wavelength and was 
smaller at shorter wavelength. The α-factor at room temperature was estimated as 2.8 and 
decreased to as low as 0.6 at 80K. The characterization of temperature dependent gain and α-
factor provides further understanding in operation of the GaN-based VCSEL. 
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