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Abstract

The continuous-wave (CW) operation of InGaN multi-quantum-well-structure laser diodes (LDs) was 
demonstrated at room temperature (RT) with a lifetime of 35 hours. The threshold current and the voltage of 
the LDs were 80 mA and 5.5 V, respectively. The threshold current density was 3.6 kA/cm2. When the 
temperature of the LDs was varied, large mode hopping of the emission wavelength was observed. The 
carrier lifetime and the threshold carrier density were estimated to be 2-10 ns and 1-2 x 1020/cm3, 
respectively. From the measurements of gain spectra and an external differential quantum efficiency 
dependence on the cavity length, the differential gain coefficient, the transparent carrier density, threshold 
gain and internal loss were estimated to be 5.8x10-17 cm2, 9.3x1019 cm-3, 5200 cm-1 and 43 cm-1, 
respectively. 

1. INTRODUCTION

Short-wavelength-emitting devices, such as blue laser diodes (LDs), are currently required for a number of 
applications, including full-color electroluminescent displays, laser printers, read-write laser sources for high-density 
information storage on magnetic and optical media, and sources for undersea optical communications. Major 
developments in wide-gap III-V nitride semiconductors have recently led to the commercial production of 
high-brightness blue/green light-emitting diodes (LEDs) [1] and to the demonstration of room-temperature (RT) 
violet laser light emission in InGaN/GaN/AlGaN-based heterostructures under pulsed currents [2] [3] [4] [5] [6] [7] [8] 
and continuous-wave (CW) operation [9] [10]. These developments are a result of the realization of high-quality 
crystals of AlGaN and InGaN, and p-type conduction in AlGaN [11] [12] [13] [14]. The recombination of localized 
excitons has been proposed as an emission mechanism for these InGaN quantum-well-structure LEDs [15] [16] [17]. 
The radiative recombination of the spontaneous and stimulated emission of the InGaN MQW LEDs and LDs was 
attributed to excitons (or carriers) localized at deep traps (250 meV) which originated from the In-rich region in the 
InGaN wells acting as quantum dots [15] [16] [17]. The fundamental properties of semiconductor lasers are 
specified by the optical gain. However, experimental data regarding the optical gain of RT CW-operated III-V 
nitride-based LDs have not been reported. Recently, RT CW operation of the InGaN MQW LDs with a lifetime of 35 
hours has been achieved [18]. Using these RT CW-operated LDs, it is interesting to measure the characteristics of 
the LDs in detail especially those of the emission mechanism. In this paper, we report the optical gain and the 
emission characteristics of InGaN MQW LDs. For the measurement of the optical gain of the LDs, the Hakki-Paoli 
technique was used [19]. 

2. EXPERIMENT

III-V nitride films were grown by the two-flow metalorganic chemical vapor deposition (MOCVD) method. Details of 
two-flow MOCVD have been described elsewhere [20]. The growth was conducted at atmospheric pressure, and 
(0001) C-face sapphire was used as the substrate. The InGaN MQW LD device consisted of a 300-Å-thick GaN buffer 
layer grown at a low temperature of 550 ˚C, a 3-µm-thick layer of n-type GaN:Si, a 0.1-µm-thick layer of n-type In

0.05Ga0.95N:Si, a 0.5-µm-thick layer of n-type Al0.08Ga0.92N:Si, a 0.1-µm-thick layer of n-type GaN:Si, an In0.15Ga

0.85N/In0.02Ga0.98N MQW structure consisting of four 35-Å-thick Si-doped In0.15Ga0.85N well layers forming a gain 

medium separated by 70-Å-thick Si-doped In0 02Ga0 98N barrier layers, a 200-Å-thick layer of p-type Al0 2Ga

https://doi.org/10.1557/S1092578300001319 Published online by Cambridge University Press

https://doi.org/10.1557/S1092578300001319


medium separated by 70 Å thick Si doped In0.02Ga0.98N barrier layers, a 200 Å thick layer of p type Al0.2Ga

0.8N:Mg, a 0.1-µm-thick layer of p-type GaN:Mg, a 0.5-µm-thick layer of p-type Al0.08Ga0.92N:Mg, and a 0.5-µm-thick 

layer of p-type GaN:Mg. The 0.1-µm-thick n-type and p-type GaN layers were light-guiding layers. The 0.5-µm-thick 
n-type and p-type Al0.08Ga0.92N layers acted as cladding layers for confinement of the carriers and the light emitted 

from the active region of the InGaN MQW structure. The structure of the ridge-geometry InGaN MQW LD was almost 
the same as that described previously [6]. 

First, the surface of the p-type GaN layer was partially etched until the n-type GaN layer and the p-type Al0.08Ga0.92N 

cladding layer were exposed, in order to form a ridge-geometry LD [6]. A mirror facet was also formed by dry etching, 
as reported previously [2]. The area of the ridge-geometry LD was 4 µm x 550 µm. High-reflection facet coatings (50 
%) consisting of 2 pairs of quarter-wave TiO2/SiO2 dielectric multilayers were used to reduce the threshold current. A 

Ni/Au contact was evaporated onto the p-type GaN layer, and a Ti/Al contact was evaporated onto the n-type GaN 
layer. The electrical characteristics of the LDs fabricated in this way were measured under a direct current (DC). The 
structure of the InGaN MQW LDs is shown in Figure 1. 

3. RESULTS AND DISCUSSION

In previously reported structures, the InGaN well and barrier layers were undoped. In the present structures, Si was 
doped into these layers to reduce the threshold current density and operating voltage. Recently, the recombination 
of excitons localized at certain potential minima in an InGaN quantum well was proposed as the emission mechanism 
for InGaN SQW LEDs and MQW LEDs [15] [16] [17]. It was suggested that these localized excitons, or 
zero-dimensional quantum dots, were related to the emission mechanism for InGaN MQW LDs [15] [16] [17]. The 
exact effect of Si doping is not clear at present. However, there is a possibility that Si doping enhances the 
formation of a localized state and, as a result, a quantum dot-like state in the InGaN well layer. Also, the temperature 
of thermal annealing for Mg-doped GaN and AlGaN layers to activate Mg acceptors was changed from 700° C to 600° 
C after evaporation of Ni/Au metal in order to reduce the contact resistance of the p-electrode. The low-temperature 
thermal annealing probably prevents dissociation of GaN and InGaN layers. 

Figure 2 shows typical voltage-current (V-I) characteristics and the light output power per coated facet of the LD as a 
function of the forward DC current (L-I) at RT. No stimulated emission was observed up to a threshold current of 80 
mA, which corresponded to a threshold current density of 3.6 kA/cm2, as shown in Figure 2. The operating voltage 
at the threshold current was 5.5 V. We were able to reduce the operating voltage significantly in comparison with 
values obtained previously (about 20-30 V) by adjusting the growth, Ohmic contact and doping profile conditions [2] 
[3] [4] [5] [6] [7]. 

Figure 3 shows the results of a lifetime test of CW-operated LDs carried out at RT, in which the operating current is 
shown as a function of time under a constant output power of 1.5 mW per facet controlled using an autopower 
controller (APC). The operating current gradually increases due to the increase in the threshold current from the 
initial stage and sharply increases after 35 hours. This short lifetime is probably due to the large heat generation 
resulting from the high operating currents and voltages. Breakdown of the LDs occurred after a period of more than 
35 hours due to the formation of a short circuit in the LDs.

Next, the emission spectra of the LDs were measured under RT CW operation at an output power of 1 mW. An 
optical spectrum analyzer (ADVANTEST Q8347) which utilized the Fourier-transform spectroscopy method by 
means of a Michelson interferometer was used to measure the spectra of the LDs with a resolution of 0.001 nm. At J 
= 1.0Jth, where J is the current density and Jth is the threshold current density, longitudinal modes with many sharp 

peaks with a peak separation of 0.042 nm (∆Ε=0.3 meV, where ∆Ε was the mode separation energy) were 
observed, as shown in Figure 4(a). If these peaks arise from the longitudinal modes of the LD, then the mode 
separation ∆λ  is given by

∆λ=λ0
2/(2Lneff), (1)

where neff is the effective refractive index and λ0 is the emission wavelength (405.83 nm). L is 0.055 cm. Thus, neff 

is calculated as 3.6, which is relatively large due to the wavelength and temperature dependence of the refractive 
indices of GaN and InGaN. Also, other periodic subband emissions are observed with a peak separation of 
0.25-0.29 nm ( ∆Ε=1.8-2.1 meV). The origin of these subband emissions has not yet been clarified. At J = 1.2Jth, 
the main peak at 405.83 nm becomes dominant, as shown in Figure 4(b).

The temperature dependence of the emission spectra was measured between 20 ˚C and 60 ˚C under CW 
operation with a constant output power of 1mW, as shown in Figure 5. Large mode hopping of the peak emission 
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wavelength with an energy step of 1-7 meV is observed, which results from the temperature dependence of the 
gain profile. The change in the actual emission spectra with temperature between 47 ˚C and 48 ˚C is shown in 
Figure 6. When the temperature is increased from 47 ˚C to 48 ˚C, the peak wavelength varies from 407.428 nm to 
408.523 nm (with an energy difference of 7 meV) due to the change in the gain profile. 

Next, the delay time of the laser emission of the LDs as a function of the operating current was measured under 
pulsed current modulation using the method described in ref. [7] in order to estimate the carrier lifetime (τs). The 
delay time td is given by

td = τsln(I/(I-Ith)), (2)

where τs is the minority carrier lifetime, I is the pumping current, and Ith is the threshold current. Figure 7 shows the 
delay time td of the laser emission as a function of ln(I/(I-Ith)). From this figure, τs was estimated to be 10 ns, which 

was relatively large in comparison with the previous value of 3.2 ns [7]. The threshold carrier density (nth) was 

estimated to be 2 x 1020/cm3 for a threshold current density of 3.6 kA/cm2, a carrier lifetime of 10 ns, and an active 
layer thickness of 140 Å [7]. The thickness of the active layer was determined as 140 Å assuming that the injected 
carriers were confined in the InGaN well layers in the active layer. In comparison with these values for conventional 
lasers, nth for our structure is relatively large (two orders of magnitude higher), probably due to the large density of 

states of carriers resulting from their large effective masses [7]. 

Figure 8 shows the reciprocal of the external differential quantum efficiency of the LDs with an uncoated facet as a 
function of the cavity length. The external differential quantum efficiency decreases with increasing cavity length. 
The external differential quantum efficiency is given by 

1/ηd = aiL/ln(1/R)/ηi + 1/ηi, (3)

where ηd is the external differential quantum efficiency, α i is the internal loss, L is the cavity length, R (22%) is the 
reflection coefficient of the uncoated facet, and ηi is the internal quantum efficiency. Therefore, 1/ηd is proportional 

to L, as shown in Figure 8. From the figure, α i and ηi are calculated as 43 cm-1 and 76 %, respectively.

The emission spectra of the LD with a short cavity length of 150 µm were measured under RT CW operation. Figure 
9 shows the spontaneous and stimulated emission spectra of the InGaN MQW LD with a various operating current. 
Below 53 mA, many longitudinal modes appear with a mode separation of 0.125 nm. If these peaks arise from the 
longitudinal modes of the LD, then the mode separation ∆λ  is given by ∆λ=λ0

2/(2Lneff), where neff is the effective 
refractive index and λ0 is the emission wavelength (400.2 nm). L is 0.015 cm. Thus, neff was calculated as 4.3, which 
is relatively large due to the wavelength and temperature dependence of the refractive indices of GaN and InGaN. 
The full-width at half maximum (FWHM) of the spontaneous emission at 50 mA was about 30 meV which was 
relatively large considering the random mixing of InGaN ternary compounds (alloy broadening is 10 meV) probably 
due to an In composition fluctuation of InGaN MQW resulting from an InGaN phase separation [15] [16] [17]. The 
lasing wavelength of the LD is 400.2 nm (3.098 eV) as shown in Figure 9d. 

Figure 10 shows the net modal gain spectra of each emission spectrum shown in Figure 9. The reflectivity (R) of the 
mirror facet was 50 %. The cavity length (L) was 0.015 cm. Using these values, the mirror loss L-1ln(1/R) was 
calculated to be 46 cm-1. The devices lased in the transverse-electric (TE) mode at a threshold current of 53 mA, 
where the peak net modal gain was almost equal to L-1ln(1/R)=46 cm-1. As the current was increased, the position of 
the gain maximum shifted to shorter wavelengths. 

Figure 11 shows the current dependence of the net modal gain at a specified wavelength of 400.2 nm. This 
specified wavelength was selected to be a peak of the stimulated emission, as shown in Figure 10. From the current 
dependence of the net modal gain of 400.2 nm at currents between 10 and 50 mA, the gain maximum of the material 
is expressed (gmax) as a function of the current density (J), 

net modal gain = Γgmax - α i = 0.03J - 180 cm-1, (4)
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gmax=1.2J - 5400 cm-1, (5)

assuming that α i is 43 cm-1 and that an optical confinement factor (Γ) of the LDs is 0.025 which was estimated from a 
measurement of near-field radiation patterns [21]. From equation 5

gth=1.2Jth - 5400 cm-1, (6)

where Jth is a threshold current density of 8.8 kA/cm2. From equation 6, gth was estimated to be 5200 cm-1 at a 

threshold current density of 8.8 kA/cm2. 

The delay time of the laser emission as a function of the operating current was measured under pulsed current 
modulation of the LDs in order to estimate the carrier lifetime (τs). From this measurement, τs was estimated to be 

3.5 ns. The threshold carrier density (nth) was estimated to be 1.9 x 1020/cm3 using a threshold current density of 

8.8 kA/cm2, a carrier lifetime of 3.5 ns, and an active layer thickness of 105 Å. Using these values of carrier lifetime 
and active layer thickness, equation 5 can be expressed as a function of the carrier density (n), as shown in equation 
7

gmax=5.8x10-17(n - 9.3x1019) cm-1. (7)

From this equation , the differential gain coefficient and the transparent carrier density are estimated to be 5.8x10-17 

cm2 and 9.3x1019 cm-3, respectively. Suzuki and Uenoyama reported that the transparent carrier density is as high 
as 1-2 x 1019 cm-3 for a 30-Å-thick GaN/Al0.2Ga0.8N quantum well structure [22]. Chow et al. [23] calculated the 

transparent carrier density as 1 x 1019 cm-3 for 60-Å-thick GaN/Al0.14Ga0.86N strained quantum well LDs. The 

transparent carrier density of the InGaN MQW LDs is relatively large in comparison with their calculated values. The 
value of differential gain is also relatively small in comparison with those of conventional AlGaAs or AlGaInP MQW 
LDs.

4. SUMMARY

In summary, the RT CW operation of InGaN MQW LDs was demonstrated with a lifetime of 35 hours. The laser 
emission was fundamental single mode emission with a peak wavelength of 400-405 nm. The carrier lifetime and the 
threshold carrier density were estimated to be 2-10 ns and 1-2 x 1020/cm3, respectively. The differential gain 
coefficient, the transparent carrier density, threshold gain and internal loss were estimated to be 5.8x10-17 cm2, 
9.3x1019 cm-3, 5200 cm-1 and 43 cm-1, respectively. The differential gain is relatively small considering that the 
active layer of the LD is a MQW or quantum dot-like structure probably due to large inhomogeneities in the InGaN 
active layer.
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Figure 1. The structure of the InGaN MQW LDs. 

Figure 2. Typical L-I and V-I characteristics of 
InGaN MQW LDs measured under CW operation at 
RT. 
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Figure 3. Operating current as a function of time 
under a constant output power of 1.5 mW per 
facet controlled using an autopower controller. 
The LD was operated under DC at RT. 

Figure 4. Laser emission spectra measured under 
RT CW operation with current densities of (a) J = 
1.0Jth (b) J = 1.2Jth. 
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Figure 5. Temperature dependence of the peak 
emission wavelengths of InGaN MQW LDs under 
CW operation with a constant output power of 1 
mW. 

Figure 6. Optical spectra of InGaN MQW LDs 
measured under CW operation at temperatures of 
(a) 47 ˚C and (b) 48 ˚C. The intensity scales for 
these two spectra are in arbitrary units, and each 
one is different. 
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Figure 7. The delay time td of the laser emission 
as a function of ln(I/(I-Ith)). I is the pumping current 

and Ith is the threshold current. 

Figure 8. The reciprocal of the external differential 
quantum efficiency of the LDs with an uncoated 
facet as a function of the various cavity length. 
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Figure 9. Emission spectra of the InGaN MQW LD 
with various operating currents under RT CW 
operation. The currents were (a) 10 mA, (b) 30 
mA, (c) 50 mA and (d) 53 mA. 
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Figure 10. The net modal gain spectra of the 
InGaN MQW LD from 10 mA to 50 mA under RT 
CW operation. 

Figure 11. Injection current dependence of the 
net modal gain at a wavelengths of 400.2 nm. 
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