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Abstract: A room-temperature pulsed operation was demonstrated using 

lateral current injection-type lasers composed of a 400-nm-thick GaInAsP 

core layer with compressively strained 5 quantum wells. A threshold current 

of 105 mA and corresponding density of 1.3 kA/cm
2
 (260 A/cm

2
 per well) 

were obtained with the stripe width of 5.4 µm and the cavity length of 1.47 

mm. A fundamental transverse mode operation was obtained with the 

narrower stripe device of 2.0 µm and the cavity length of 805 µm, while the 

threshold current and corresponding density were 49 mA and 3.0 kA/cm
2
, 

respectively. 
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1. Introduction 

Progress in very-large-scale integration (VLSI) technologies has been made with scaling, but 

interconnection problems such as delay, power consumption, bandwidth, and crosstalk have 

become prominent recently [1,2]. The performance of VLSI is mainly influenced by its 

interconnection. One of the promising solutions for this problem is replacing the electrical 

global wiring within chip or chip-to-chip by an optical interconnection [3,4]. An optical signal 

system has advantages in terms of the delay because it is independent of the wiring capacity. 

In addition, high speed and wideband data transmission are expected with the wavelength-

division multiplexing (WDM) technique [5]. An ultra low-power consumption light source is 

essential to utilize the advantage of the optical system in the short-reach optical 

interconnection. To achieve low threshold operation of a semiconductor laser, some types of 

lasers, such as a microdisk laser [6] and a photonic crystal laser [7–9], have been reported. 

With regard to low threshold and high efficiency characteristics, we have demonstrated the 

GaInAsP/InP membrane distributed-feedback (DFB) laser with a thin semiconductor core 

layer and low refractive index cladding layers [10]. An optical confinement factor to the 

active region of the membrane laser is enhanced to approximately 3 times higher than that of 

conventional double-heterostrucure lasers, because of the high-index contrast between the 

core and polymer claddings such as benzocyclobutene (BCB) or silicon dioxide. Moreover, 

the active region volume and mirror loss can be reduced by adopting a DFB laser cavity with 

wirelike active regions [11]. A lower threshold current operation is expected with these 

effects. Thus far, a threshold optical pump with power as low as 0.34 mW was realized for a 

2.0-µm-wide and 80-µm-long buried heterostructure (BH) device under a room-temperature 

continuous-wave (RT-CW) condition [12]. In addition, membrane lasers were demonstrated 

with a photonic, crystal-like air bridge structure [13] or integrated with a silicon on insulator 

(SOI) waveguide for silicon photonic integrated circuits [14,15]. However, these devices only 

operated under an optical pumping condition because their cladding layers are insulators. 

Since an optical field penetration into the cladding layers, conventional double 

heterostructures with top metal contacts cannot be used. Transverse junction laser [16] or 

lateral current injection (LCI) structure lasers on a semi-insulating (SI) substrate, as reported 

by Oe et al. [17,18], are one of the promising candidates for injection-type membrane lasers. 

To ensure consistent presentation, broad accessibility, and long-term archiving, please 

follow these guidelines on presentation. 

In this paper, we report the successful operation of LCI lasers, which consist of a thin (400 

nm) GaInAsP core layer including compressively strained 5 quantum wells (CS-5QWs) and 
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are fabricated by three growth steps of a low-pressure organo-metallic vapor-phase-epitaxy 

(LP-OMVPE) on a Fe-doped SI-InP substrate. 

2. Device structure and fabrication 

p-InP

n-InP

BCB cladding

GaInAsP well &
optical confinement layer

Electrode

150 nm

Current

(a) (b)

SI-InP cladding

400 nm

n-InP

p-InP

 

Fig. 1. Illustrations of (a) membrane BH-DFB laser and (b) BH laser on SI-InP substrate. 

Our goal is to realize the current injection operation of the membrane DFB laser, as shown 

in Fig. 1(a). GaInAsP stripes with wirelike active regions are laterally arranged between the 

buried n-InP and p-InP cladding layers with an air bridge structure. The upper and lower 

claddings consist of low refractive index materials such as air or BCB. First, we fabricated 

multiple-quantum-well LCI lasers grown on an Fe-doped SI-InP substrate, as shown in Fig. 

1(b). No InP buffer layer was grown on the SI-InP substrate in order to ensure a current 

injection through the active region in the lateral direction. The initial wafer, consisting of 

compressively strained 5 quantum wells (CS-5QWs; 6-nm-thick Ga0.22In0.78As0.81P0.19 well and 

10-nm-thick Ga0.26In0.74As0.49P0.51 barrier layers) sandwiched by 155-nm-thick 

Ga0.21In0.79As0.46P0.54 optical confinement layers (OCLs) was grown using LP-OMVPE on an 

Fe-doped SI-InP substrate, as shown in Fig. 2. 

 

Fig. 2. Wafer structure of the LCI laser and optical field. 

All these layers were undoped. The total thickness of these layers was 400 nm, and the 

optical field profile maxima was slightly (90 nm) shifted downward from the center of the 

5QWs structure because of the asymmetric index profile, as shown in Fig. 2. Since the optical 

confinement factor of the 5QWs structure is calculated to be 4.6%, which is almost 

comparable to that of the 5QWs structure (5.5%) with 2-µm-thick InP cladding on the top 

OCL, the threshold current density of around 350 A/cm
2
 was expected for the Fabry-Perot 

cavity lasers, with a cavity length of approximately 1 mm. 
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Fig. 3. Fabrication processes of LCI lasers. 

Fabrication processes are shown in Fig. 3. First, an initial wafer of the LCI FP laser was 

prepared using LP-OMVPE on the Fe-doped SI-InP. After depositing 50-nm-thick SiO2 by 

plasma-enhanced chemical vapor deposition (PECVD), a 7-µm-wide SiO2 stripe mask and 

380-nm-high mesa structure were fabricated using CF4 and CH4/H2 reactive ion etching (RIE), 

with an interval of 300 µm. After wet chemical cleaning was performed to remove the damage 

of the RIE etching interfaces, n-InP was re-grown on both sides of the stripe by the OMVPE, 

where the growth thickness was controlled to be around 400 nm in order to obtain a flat 

surface. Next, the part of the wide mesa and one side of the n-type cladding layer were etched 

with similar processes, except for the SiO2 stripe mask width of 150 µm, p-InP cladding, and 

p-GaInAs contact layers, which were re-grown. Finally, both electrodes were formed by 

evaporating Ti/Au on the resist patterned surface, followed by a lift-off process. We fabricated 

two types of lasers with different stripe widths of around 5.4 µm and 2.0 µm, where spacings 

between the p-side and n-side metal contacts were 23 µm and 17 µm, respectively. 

3. Device characteristics 

Figure 4(a) shows the schematic and cross-sectional SEM view of the sample, with a 5.4-µm-

wide stripe. While an almost flat re-grown interface was observed between the n
+
-InP and 

GaInAsP core layers, extraordinarily thick (1.3 µm) p-InP cladding and p-GaInAs contact 

layers were observed, even though the growth period was reduced to half of that used in the 

growth of the n-InP cladding layer. This anomalous growth at the edge of the SiO2 masked 

region can be eliminated by narrowing the stripe width of the SiO2 mask [19]. It may also 

cause a field penetration to the p-type layer. The field penetration to the p-type layer was 

twice as much as the flat structure. The field overlap with the p-GaInAs layer was calculated 

to be 0.1%. Figure 4(b) shows the voltage and light output characteristics against the injection 

current of a FP laser, with the cavity length of 1470 µm under a RT pulsed condition (width 

10 µs, repetition 1 ms). The threshold current (Ith) of 105 mA and threshold current density 

(Jth) of 1.3 kA/cm
2
 (260 A/cm

2
/well) were obtained. This value is approximately 3.5 times 

higher than that of the conventional double heterostructure lasers with the same QW structure. 

This increase may be attributed to the high waveguide loss because of an overlap of the 

optical field with the heavily Zn-doped (4 × 10
18

 /cm
3
) p-InP layer. Appropriate Zn doping 

profile should be found to minimize absorption loss as well as electrical resistance in the 

future. Figure 4(c) shows far field patterns at a bias current of 300 mA, where the first-order 

transverse mode operation was confirmed in the horizontal direction (indicated by the blue 

line) due to oversized stripe width. On the other hand, the far field pattern in the vertical 

direction shows the reflection from the substrate due to the vertical leaky optical field. 
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Fig. 4. (a) Schematic structure and cross sectional SEM views of the 5.4-um-wide device (b) I-

V, I-L characteristics of 1470 µm long LCI laser (c) Far field pattern of 5.4-µm wide stripe. 

Figure 5 shows the cross-sectional SEM view and lasing characteristics of the 2.0-µm-

wide stripe laser under RT pulsed conditions (width 1 µs, repetition 1 ms). A threshold current 

(Ith) of 49 mA and threshold current density (Jth) of approximately 3.0 kA/cm
2
 (600 

A/cm
2
/well) were obtained for the cavity length of 805 µm. Threshold current density was 

almost 2.5 times higher than that of the wider stripe device shown in Fig. 4(b), which may be 

attributed to the shorter cavity length and the lower internal quantum efficiency. From the 

cavity length dependences of external differential quantum efficiency, waveguide loss and 

internal quantum efficiency were estimated to be 20 cm
−1

 and 11%, respectively as shown in 

Fig. 5(c). The high waveguide loss was attributed to the optical absorption of the GaInAs 

layer because the p-InP overgrowth observed in the 2.0-µm-wide stripe device was somehow 

suppressed. The p-GaInAs contact layer, which contributes to large optical absorption, was 

located near the active region. The waveguide loss can be reduced by etching off the GaInAs 

contact layer in the neighborhood of the active region, while the series resistance will increase 

in some degree. The design of next devices should be done with the consideration of this 

tradeoff between the absorption and the resistance. As shown in Fig. 5(d), a far field pattern in 

the horizontal direction shows a stronger emission for the fundamental mode because of 

narrower stripe width. However, the stripe width did not satisfy the cut-off condition of 

higher-order transverse mode. 
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Fig. 5. a) Cross sectional SEM view of 2.0 µm width device (b) I-V, I-L characteristics of 2.0 

m width and 805 µm long LCI laser (c) External quantum efficiency as a function of cavity 

length (d) Far field pattern of 2.0-µm wide stripe. 

In particular, the lateral gain profile and carrier injection efficiency to the QWs should be 

considered for this LCI structure. The difference between the mobilities of electrons and holes 

may cause a non-uniform optical gain profile. Injected electrons with higher mobility and 

holes with lower mobility tend to recombine in the GaInAsP active region near the p-InP side. 

Figure 6 shows calculated relative recombination radiation with a current density slightly 

below threshold, and is normalized by its peak value. As can be seen, the uniformity of the 

recombination radiation profile degrades as the stripe width expands because of the poor 

mobility of holes. Another point to be considered is leakage current flowing inside OCLs and 

outside QWs. In order to reduce the leakage current, a reduction in thickness and an increase 

in the bandgap energy of the OCLs are effective to enhance the carrier injection efficiency 

into QWs. 
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Fig. 6. Simuration model and results of the recombination radiation distribution in latelal 

direction. 

4. Conclusion 

A lateral current injection type laser consisting of CS-5QWs with a 400-nm-thick core layer 

was realized. A threshold current of 105 mA with the stripe width of 5.4 µm and the cavity 

length of 1.47 mm was obtained, showing that the higher transverse mode operation originates 

in the wide stripe and lateral current injection structure. In addition, a narrower stripe device 

was fabricated from the aspect of the fundamental transverse operation. A threshold current of 

49 mA and a fundamental transverse mode oscillation were achieved for the stripe width of 

2.0 µm and the cavity length of 805 µm. Even though fabrication of the membrane structure 

and introduction of the DFB grating are required for low-power consumption laser operation, 

this technology is applicable for the realization of other membrane-based photonic devices 

and functional photonic integrated circuits. 
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