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A B S T R A C T

We studied the mechanism of low-threshold lasing of InGaN/GaN double quantum well (DQW) vertical-cavity 
surface-emitting lasers (VCSELs) showing a low threshold energy density of about 0.37mJ/cm2 via optical 
pumping at room temperature (RT). The QW with thin well (2.5 nm) and barrier (6 nm) led to the stronger 
carrier localization effect and weaker quantum confined Stark effect (QCSE). Temperature-dependent photo-
luminescence (TDPL) and time-resolved photoluminescence (TRPL) were employed on half-cavity samples 
(VCSEL without top distributed Bragg reflector) to study the carrier dynamics in VCSEL microcavity. Compared 
with epitaxial layer, half-cavity samples showed the higher turning point temperature of TDPL peak energy, and 
the carrier lifetime measured by TRPL was shorter. The experimental results suggest that the stronger locali-
zation effect of thin QW and the strong coupling of QW and internal optical field can contribute to the low- 
threshold lasing of GaN-based VCSELs.

1. Introduction

In the past 20 years, III-nitride compound semiconductors have 
become part of our daily life, as they are already being commercially 
applied in many areas such as solid state lighting, full-color display, and 
optical storage. Owing to the well confinement of carriers, 2-dimension 
InGaN/GaN quantum wells (QWs) are widely used as the active layers in 
light emitting diodes (LEDs) and laser diodes (LDs) [1]. The thickness of 
well and barrier, which will affect the piezoelectric field, carrier trans-
port and distribution, and excition localization in active layer, play a 
crucial role in the optical qualities of InGaN/GaN QWs [2–4]. The op-
tical properties of InGaN/GaN QWs with different structures have been 
studied by a variety of optical techniques, including power-dependent 
photoluminescence (PDPL), temperature-dependent photo-
luminescence (TDPL), and time-resolved photoluminescence (TRPL), et 
al [5–8].

Recently, GaN-based photonic cavities have attracted widely atten-
tion because of their potential applications in microcavity light emitters 
such as microdisk [9,10], resonant cavity light emitting diode (RCLED) 
[11,12], vertical-cavity surface-emitting laser (VCSEL) [13–15], et al. 

When the light emitting medium is placed inside a cavity, the sponta-
neous emission rate can be boosted, which is known as cavity effect 
[16]. Due to the cavity effect, microcavity light emitters based on InGaN 
QW can exhibit special optical properties.

Many researches have focused on the impacts of InGaN QW on the 
edge emitting lasers, and draw the conclusion by numerical calculation 
[17,18]. However, compared to edge emitting lasers, VCSELs have 
shorter cavity length and stronger cavity effect. Once InGaN/GaN QWs 
are embedded in VCSEL optical microcavities, diagnosis of the InGaN/ 
GaN QWs via PDPL, TDPL, TRPL becomes difficult since the cavity ef-
fects are too strong. Therefore, it is not easy to investigate internal 
physics such as gain generation of carriers at localized states [19]
possibly contributing to low-threshold-lasing mechanism in InGaN/GaN 
QW VCSELs. We here solve this problem by studying half-cavity samples 
on a bottom distributed Bragg reflector (DBR) in addition to no-cavity 
samples (epi-layer samples without DBRs) and full-cavity samples 
(VCSEL samples with bottom and top DBRs).

In this work, we study mechanism of low-threshold lasing of InGaN/ 
GaN double quantum well (DQW) VCSELs with thin well (2.5 nm) and 
barrier (6 nm) showing a low threshold energy density of about 0.37 
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mJ/cm2 via optical pumping at room temperature (RT). We prepared 
two samples having the same active layers of thin InGaN/GaN DQW 
without cavity and with a half-cavity for TDPL and TRPL measurements. 
In TDPL measurement, the two samples exhibited a typical S-shaped 
behavior (redshift–blueshift–redshift), while turning point temperature 
of peak energy increased for the sample with half-cavity. TRPL mea-
surements show that the carrier lifetime for the sample with cavity de-
creases significantly, and at the fast decay stage, the carrier lifetime of 
high energy side is anomalously longer than that of low energy side. All 
these phenomena suggest that, in VCSEL microcavity, the transition of 
carrier in different QW localization states is inhibited, and the carrier 
capture efficiency of localization states can be enhanced due to the 
cavity-enhanced recombination. Since QWs with thin well and barrier 
show a stronger carrier localization effect, the strong coupling of QW 
and internal optical field can contribute to the low-threshold lasing of 
InGaN/GaN QW VCSEL.

2. Experimental methods

The epitaxial layers of the devices were grown on a c-plane (0001) 
sapphire substrate using metal organic chemical vapor deposition sys-
tem. The active region consisted of two pairs of In0.18Ga0.82N (2.5 nm)/ 
GaN (6 nm) QWs. The schematic diagram of epitaxial structure is shown 
in Fig. 1(a). This structure is identical to that of VCSEL fabricated and 
measured later. Fig. 1(c) show the schematic diagram of the fabricated 
VCSEL. To fabricate the device, 13.5-pairs TiO2/SiO2 were evaporated 
on the top of the grown VCSEL structure to form the bottom DBRs. Then, 
the structure was bonded onto a quartz substrate, followed by a laser lift- 
off (LLO) to remove the sapphire substrate. Next, the GaN surface was 
polished through chemical mechanical polishing (CMP) techniques. At 
this point, the sample with only bottom DBR (half-cavity structure) was 
achieved, as shown in Fig. 1(b). To ultimately achieve VCSEL, a top DBR 
with 12-pairs TiO2/SiO2 was deposited. The measured reflectivity of top 
and bottom DBR at the center wavelength of 440 nm are 99.97 % and 
99.99 %, respectively. The detailed structure and material parameters of 

VCSEL are shown in Table 1.
Fig. 2 shows the excitation power-dependent normalized PL spectra 

of epitaxial layer and half-cavity structure at RT. In Fig. 2(a), the PL 
spectra of epitaxial layer exhibit a slight blueshift of the PL peak position 
together with the broadening of spectra linewidth at higher energy side. 
The line shape evolution and slight blueshift of the peak energy suggest 
that the effect of band-filling effect is much larger than the quantum 
confined Stark effect (QCSE). Therefore, we attribute the carrier emis-
sion behaviors and carrier lifetimes discussed later to the localization 
effect during the carrier transport and recombination processes in such 
an InGaN QW structure. For the half-cavity structure, the Fabry–Perot 
oscillations can be observed and the full width at half maximum 
(FWHM) of emission peak becomes narrow due to the cavity formed 
between bottom DBR and the top GaN/air interface, as shown in Fig. 2
(b).

3. Results and discussion

3.1. Optical properties measured by TDPL

The TDPL experiments were performed on epitaxial layer and half- 

Fig. 1. Schematic diagram of (a) InGaN/GaN QW epitaxial layer, (b) half-cavity structure and (c) optical pumping GaN-based VCSEL.

Table 1 
Detailed layer structure of VCSEL.

Material Thickness 
(nm)

Doping concentration 
(cm− 3)

Refractive 
index

TiO2/SiO2 (12 
pairs)

46/75 − 2.4/1.465

n-GaN 2280 2.5x1018 (Si doped) 2.49
In0.18Ga0.82N/GaN 2 × 2.5/6 − 2.8/2.49
p-GaN 80 4x1017 (Mg doped) 2.49
p-Al0.18Ga0.82N 20 1x1018 (Mg doped) 2.45
p-GaN 600 4x1017 (Mg doped) 2.49
SiO2/ TiO2 (13.5 

pairs)
75/46 − 1.465/2.4
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cavity structure over a temperature range of 15 to 300 K under excita-
tion power of 1.3 μW. An internal quantum efficiency (IQE) of approx-
imately 27.3 % is estimated by the ratio of integrated PL intensity at 300 
K and that at 15 K. The relatively high IQE is attributed to the thin well 
and barrier in QWs, causing strong localization effect and weak QCSE. 
By fitting the PL spectra with a Gauss peak, the emission peak energy 
and FWHM are determined, as shown in Fig. 3. In Fig. 3(a), both peak 
energies show a “S shape” (redshift–blueshift–redshift) variation with 
increasing temperature. The variation of peak energy can be explained 
as the result of existence of different localization potential in QW 
structure: At low temperature, carriers are randomly distributed among 
the potential minimums. As the temperature is increased, the carriers 
localized weakly are thermally activated and relax down into the deeper 
localization potentials, which produces a redshift. By further increasing 
the temperature, the carriers may have sufficient energy to repopulate 
the shallow localized states, thus resulting in the blueshift of the peak 
energy. At even higher temperature, most carriers escape from the 
localized states and become free carriers. Then, a redshift of the peak 
energy is observed due to the temperature-induced bandgap shrinkage.

For half-cavity structure, both temperature of the turning point from 
redshift to blueshift (T = 50 K) and blueshift to redshift (T = 170 K) are 
found much higher than epitaxial layer (28 K and 130 K for turning point 
from redshift to blueshift and blueshift to redshift, respectively), which 
is believed to be relevant to the enhancement of radiative recombination 
rate due to the cavity effect. The higher temperature of first turning 
point suggests that the probability of thermally activated carriers relax 
down into the deeper localization potentials becomes smaller. And the 

higher temperature of second turning point suggests that the less 
probability of the carriers escape from the localized states to become 
free carriers. Therefore, the possible processes of carrier transport and 
relaxation in different localization potentials are prevented. A larger 
energy is needed for carriers to escape from the localization potential in 
half-cavity structure, and thus a higher temperature for turning point of 
peak energy.

Fig. 3(b) shows the TDPL linewidths. For epitaxial layer, the line-
width exhibits a slight reduction (5 to 23 K) followed by a linearly in-
crease to 300 K. The slight reduction of linewidth is attributed to the 
narrow of carrier distribution that most of the carriers can relax into the 
lowest energy level of the deep localization center with rising in tem-
perature up to 23 K. When further increase of temperature, carriers can 
have sufficient energy to repopulate the shallow localized states and the 
linewidth increase linearly. In contrast, the linewidth for half-cavity 
structure shows no clear downward trend but a continuous increase 
over the entire temperature range. In addition, the linewidth growth 
rate of half-cavity structure is around 0.08 meV/K, which is half that of 
epitaxial layer (0.16 meV/K). All these suggests that the transition 
behavior of carriers in different localization potentials is prevented due 
to the cavity effect.

3.2. Carrier dynamics by TRPL

To further investigated the carrier dynamics within QW, TRPL of the 
epitaxial layer and half-cavity structure were measured at RT. Fig. 4(a) 
and (b) show the TRPL curves at photon energies of low-energy side (2.7 

Fig. 2. Excitation power dependence of normalized PL spectra of (a) epitaxial layer and (b) half-cavity structure.

Fig. 3. Temperature dependence of (a) emission peak energies and (b) spectra linewidths (FWHM) measured under different excitation power. The dashed lines are 
the fitting results.
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eV) and high-energy side (2.9 eV), respectively. The decay curves can be 
well fitted with a double exponential function [20]: 

I(t) = B1e− t/τ1 +B2e− t/τ2 (1) 

where τ1 and τ2 represent the carrier lifetime in the fast and slow decay 
stages, respectively. The obtained fitting results are listed in Table 2.

In general, the carrier lifetime is affected by the carrier recombina-
tion, transport and relaxation. From the fitting results, near single 
exponential decay is observed for epitaxial layer. The decay time of 
high-energy side is shorter than that of low-energy side, which is mainly 
due to the carriers transfer from shallow localized states to deep local-
ized states. For half-cavity structure, however, the decay curves exhibit 
two obvious decay stage (fast component in the initial part and a slow 
component in the following part) and the carrier lifetime is shortened. 
The short lifetime indicates that the cavity enhances the radiation 
recombination rate of carriers. At resonant modes, carriers in localiza-
tion potential consumes rapidly and the cavity-enhanced recombination 
can enable more carriers to be captured by localization states. In addi-
tion, different from epitaxial layer, the carrier lifetime in initial fast 
decay at 2.7 eV is shorter than that of 2.9 eV, meaning that there is no 
transfer process of carriers from high energy side to low energy side. The 
carrier transfer in different localization potentials is prevented due to 
the cavity effect, which is consistent with the TDPL result. Thus, both 
fast and slow decay stage are mainly due to the carrier recombination, 
and the carrier lifetime can be expressed as [21]

1
τ =

1
τr
+

1
τnr

(2) 

where 1/τr and 1/τnr represent the radiative and nonradiative recom-
bination rates, respectively. The two decay stages at different energy 
sides can be explained as the influence of nonradiative recombination at 
different carrier densities: For fast decay stage, where the carrier density 
is high, localizing centers and defect-related nonradiative centers are 
saturated. Since the deep localized states have the smaller density of 
states, Auger recombination caused by high carrier density will reduce 
the carrier lifetime at low-energy side. Thus, the carrier lifetime (τ1) of 
2.7 eV is shorter than that of 2.9 eV. For the slow decay stage, carrier 

density decreases, and the carrier lifetime (τ2) is mainly influenced by 
the defect-related nonradiative centers. The stronger localization effect 
of deep localized states will result in a longer τ2 in low-energy side.

3.3. Low threshold lasing of optical pumping VCSEL

Fig. 5 (a) shows the variation of emission spectrum of fabricated 
VCSEL with increasing the pumping energy. The GaN-based VCSEL was 
optically pumped at room temperature by a fs impulsive optical exci-
tation at 370 nm, with a repetition rate of 1 kHz and a pulse width of 
150 fs. The total thickness of the resonant cavity is about 17λ in optical 
thickness. As shown in the figure, the transition from spontaneous 
emission to stimulated emission is obvious. Above the threshold 
pumping energy, a sharp emission peak appears at 440.9 nm with a 
linewidth of 0.06 nm. Fig. 5(b) shows the light emission intensity from 
the VCSEL as a function of the pumping energy. A distinct threshold 
characteristic was observed at the threshold energy of about 7.4 nJ/ 
pulse corresponding to an energy density of 0.37 mJ/cm2.

The threshold energy density as a function of the cavity length of the 
previously reported optical injection VCSELs is summarized in Fig. 6, 
along with the result reported in this study. A typical threshold energy of 
optical pumped GaN-based VCSEL with 18λ cavity length was 6.3 mJ/ 
cm2 [23]. However, the fabricated VCSELs in this study possesses a low 
threshold energy density and features a narrow linewidth. In addition, 
the threshold energy density in this study is among the lowest value for 
optical injection GaN VCSELs. We attributed this improvement mainly 
to two factors. First is the QW with thin well and barrier. The narrower 
well and barrier have a higher recombination rate due to the carrier 
localization effect and weaker QCSE, which can be unambiguously 
identified by the PL spectra shown in Fig. 2. The second is the thin active 
region. By using thin active region, a larger gain enhancement factor can 
be achieved, which can effectively decrease the threshold gain of the 
VCSEL [26].

Fig. 7 shows the calculated gain enhancement factor as a function of 
active region thickness. The gain enhancement factor is determined by 
the spatial overlap of the optical field and the active region, and can be 
calculated as [26]

Γr =
L
∫

da
|E(z) |2dz

da
∫

L|E(z) |
2dz

(3) 

where L, da, and E(z) are the cavity length, thickness of the active region, 
and optical field standing wave pattern, respectively. To explore the 
optical field distributions, we calculated the standing wave pattern of a 
441 nm resonant mode in the VCSELs using the transfer matrix method. 
In the calculation, we fix the central position of QW, and the thickness of 

Fig. 4. TRPL curves of epitaxial layer and half-cavity structure at photon energies of (a)2.7 eV and (b)2.9 eV.

Table 2 
Carrier lifetimes at two different photon energies.

Photon energy (eV) Epitaxial layer Half-cavity structure

τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns)

2.7 5 −  0.13 3.82
2.9 3.7 −  0.26 2.5
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well and barrier are 2.5 nm and 6 nm, respectively. We increase the 
thickness of active region by increasing the pairs of QW. The numbers of 
QWs calculated from one pair to twenty-one pairs, corresponding the 
thickness from 8.5 nm to 178.5 nm. All the parameters used for calcu-
lation are consistent with the VCSEL structure used in our experiment. 
As shown in Fig. 7, when the active region thickness is thin (less than 45 

nm), the gain enhancement factor is strongly affected by the relative 
position of the active region and internal optical field. With further in-
crease of thickness, the variation fluctuation of the gain enhancement 
factor decreases gradually, and finally approaches 1, which is close to 
the edge-emitting laser. In this geometry, we can achieve a gain 
enhancement factor of about 1.8, indicating more effective coupling 
between the gain medium and internal optical field. The stronger 
localization effect of thin QW and the strong coupling of QW and optical 
field contribute to the low threshold lasing of InGaN/GaN QW VCSEL.

Moreover, in addition to the active region thickness, the number of 
QWs also affect the performance of GaN VCSEL. The increase of well 
number is conducive to improve the gain of material, which is helpful for 
achieve high power VCSEL. However, one of the most important issues is 
the poor hole transportation for GaN material. Due to the relatively low 
mobility and the large effective mass of the holes in GaN [27], non- 
uniform carrier distribution within MQW active region will be more 
significant, resulting in the uneven optical material gain. Some of wells 
may become absorption wells, thus increasing the lasing threshold. This 
problem is typically worse in current injection GaN VCSELs since the 
hole injection is original from p-GaN. Fewer QW numbers can reduce the 
transparent carrier concentration and final threshold carrier concen-
tration. A. Z. Goharrizi, et al had study the impacts of QW number on the 
performance of GaN VCSEL by numerical simulations [28]. The simu-
lation results indicate that the DQW GaN-VCSEL has the best perfor-
mance, which is in good agreement with our experiments. Besides, 
compared with single QW, DQW can also prevent the leakage of carrier. 
This work is expected to provide useful reference for realizing low 
threshold GaN VCSELs by using such an active region structure.

4. Conclusion

In summary, the mechanism of low-threshold lasing of InGaN/GaN 
DQW VCSELs with thin well and barrier was systematically studied. 
Carrier dynamics in VCSEL microcavity was investigated by the samples 
with half-cavity structure using TDPL and TRPL measurements. All these 
phenomena suggest that, in VCSEL microcavity, the transition of carrier 
in different QW localization states is inhibited, and the carrier capture 
efficiency of localization states can be enhanced due to the cavity- 
enhanced recombination. Since QWs with thin well and barrier show a 
stronger carrier localization effect, the strong coupling of QW and op-
tical field can contribute to the low-threshold lasing of GaN-based 
VCSEL. This work can provide considerable insight into the mecha-
nism of low-threshold lasing of InGaN/GaN QW VCSELs.
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