
Fig.2.10 SEM images of the cross section view of the sample #4243.(a). for reverse ridge;(b)

for forward ridge.

Fig.2.11 SEM image of the cross section view of the samples.(a) #4094 after regrowth(b)

#4042 before regrowth.

Fig.2.10 shows the SEM image of the cross section view of the sample #4243 after regrowth

for both reverse and forward ridge structure. Before regrowth, the samples were processed by

ICP etching for InGaAs contact layer and InP cladding layer, followed by SBW wet etching for

InGaAlAs core layer for reverse ridge type, as shown in Fig.2.10(a), and by SH wet etching for

forward ridge type, as shown in Fig.2.10(b). The sidewall of the InP is highlighted by brown

dotted lines. In reverse ridge case, the sidewall etched by the ICP is as vertical as that etched by

HCl, as shown in Fig.2.9(a). No overgrowth occurs and the regrown region is almost at the

same level as the active region. Note that short etching time of the core layer by SBW forms

long tail stretching into the passive region. According to our previous consumption, no InGaAsP

was grown on top of the tail. This can be improved by using citric acid or hybrid etching.

Detailed discussion is given in the next subsection. In forward ridge case, the slope of the
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sidewall becomes sharper than that shown in Fig.2.9(b), however, the overgrowth at both edges

of the mask still remains. This implies that for thick InP cladding layer, ICP is not effective to

cancel the overgrowth.

Fig.2.11 shows the SEM image of the cross section view of the sample etched by only ICP

before regrowth. In Fig.2.11(a), the thickness of the InP cladding layer and InGaAs contact

layer is 1200nm. We can see that the InP substrate was deeply etched by ICP. In Fig.2.11(b), the

thickness of the InP cladding layer is only 100nm. The undercut is caused by stain etching in SH

for 5 seconds. The etching stopped almost exactly at the bottom of the core layer and only very

thin substrate was etched. This is the best-controlled ICP etching in my experiments. Comparing

the two figures with each other, we find that for thin layer etching, the etch depth can be

precisely controlled. It shows the potential for precise control of the etch depth less than 1um.
ICP can be applied to etch the core layer in both one-step and two-step regrowth.

2.4.3.3 Hybrid etching

As mentioned above, for the etching of the core layer, dry etching suffers from the misalignment

of the core layers between the active and passive region and uncertainty of the etch depth, while

the wet etching suffers from severe undercut for reverse ridge structure.(Forward ridge

structure is not suitable for one step regrowth because both wet etching and dry etching cause

overgrowth, as mentioned in subsection 2.4.3.1). So in the next trial, we combine both of them.

The hybrid etching includes two steps: the first step is the dry etching of the most part of the

core layer by ICP without suffering from severe undercut, and the second step is the wet etching

of the remaining thin film of the core layer by selective chemical solution to form clear bottom

interface. During the wet etching, the undercut can also been suppressed due to the quite short

etch time determined by the thickness of the thin film.

For example, the optimized reverse ridge structure can be etched in the way shown in table 2.5.
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Table 2.5 optimized processing for reverse ridge structure.

SBW is optional after the citric acid for smoother sidewall and weaker shadow effect. The etci

time of SBW should be at least 30 second. Otherwise, it will bring more roughness.

2.4.4 two-step regrowth and one-step regrowth

Noticed from Fig.2.9(d) that the forward ridge stucture has much better connection of the core

layers between the active region and passive region. The main issue is its big horns due to its

long slope of the cladding layer caused during wet etching processing step. Researchers have

found that thin cladding layer can help to suppress the overgrowth significantly. This is why the

2-step regrowth was proposed.

Processing flow

The process for this technique is shown in Fig 2.12. The first step is the deposition of 200 nm

SiO2 mask, followed by the definition of the passive region by photolithography. Then the thin

non-intentionally doped InP cladding layer and MQW core layer in the passive region are etched

by dry etching, wet etching or hybrid etching. In our case, the InP cladding layer is about 150

nm, thin enough to suppress the overgrowth without sacrificing diode performance. Then the

first regrowth is carried out including the growth of the InGaAsP core layer and

non-intentionally doped InP cladding layer in the passive region. After some treatment which is

described in the next paragraph, the SiO2 mask in the active region is removed. Finally, the

second regrowth takes place including the growth of the p-doped InP cladding layer and heavily

p-doped InGaAs contact layer after other surface treatment.

Shadow effect reduction

While wet etching is used in the etching of InGaAlAs core layer, undercut happens more or less.

In such case, the shadow effect can also be diminished by removing the stretched part of the

cladding layer.
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Fig.2.12 two-step regrowth flow.
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Fig.2.13 Removal of the cladding wing before regrowth

Fig.2.13 shows the SEM images of the cross section of the active region before and after

removal of the cladding wings, as shown in Fig.2.13(a) and Fig.2.13(b) respectively. Due to

the wet etching, both the cladding layer and core layer have undercut effect caused by their

above layers, forming some wings(Fig.2.13.a). This is the main reason for shadowing effect. In

order to remove these wings, we put the sample into the BHF solution and then HCl solution.

The etching time is determined by half of the total time to etch the corresponding layers. Seen

from Fig.2.13(b), we find that the removal effectively shorten the stretched parts above the

core layer.

Removal of overgrowth

In forward ridge case, slight overgrowth still happens, as shown in Fig.2.14. Compared to

Fig.2.7(d), the overgrowth horns are thinner and narrower due to the thinning of the cladding

layer.

In order to eliminate the effect of the overgrowth horns, two methods have been applied. One is

to remove the overgrowth part by wet chemical means. Fig.2.15 shows the result after removing

the SiO2 mask and then 10 second immersion in the Saturated Bromine Water

(SBW:Her:H2O=1:5:10) solution. We can see that this method can effectively remove the

overgrowth horns. However, the solution will also attack the cladding layer in the active region.

So the thickness margin must be taken into account. Of course, SiO2 mask can remain until the

removal of the overgrowth region so as to protect the InP layer above the SCH. The second way

is to obtain vertical sidewall of the core layer by using hybrid etching. Typically, we intend to

etch the core layer till a 50-nm thin film remains. Since in the core layer, the etch rate of citric
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acid at room temperature is about 100nm/min, one minute is enough for the etching of the

remaining film and margin for cleaning the whole surface of the substrate.

Fig.2.14 SEM images of the butt joint after the first step regrowth.

Fig.2.15 SEM photographs of the butt joint.(a) top view. After removing the overgrowth horns

and SiO2 mask.(b) cross section view. Only removing the horns.

Based on the above experiments, we optimized the 2-step regrowth as shown in Fig.2.16. The

main difference with Fig.2.12 lies in step(b•`e). These steps are for the hybrid etching of the

core layer and removal of the stretched edges. The step(c) and(d) are be omitted if the undercut

has been greatly suppressed.
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Fig.2.16 Optimized 2-step regrowth flow

―41―



Fig.2.17 shows the SEM photographs of the sample by using hybrid etching. Perfect connection

and flat surface are obtained. Fig.2.18 is example of two-step regrowth, in which the vertical

alignment and flat surface have been achieved.

Fig.2.17 SEM photographs of the cross section of the sample#4465 by using the hybrid etching.

Fig.2.18 SEM photographs of the cross section of the sample after the two step regrowth.
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One thing need to be noted is that, in this 2-step regrowth technique, most of the cladding layer

is p-type doped in the passive region(typically, the doping density is •`1015)
, bringing additional

propagation loss. On the conditions that the refractive indices of the core layer and cladding

layer are fixed, increasing the thickness of the u-InP layer in the first step regrowth can help to

reduce the loss. However, thick u-InP leads to large offset at the surface, which will degrade the

morphology of the surface after the growth and degrade the crystal quality at the interface of the

cladding layer. Tradeoff has to be made for better growth.

The coupling efficiency of the butt-joint regrowth has been measured in an all optical switch .

The 95.4% coupling efficiency has been obtained for high mesa structure. It confirms the

availability of the optimization of the butt-joint technique with ex-situ cleaning . Refer to

Chapter V for details.

2.5 Summary

In this chapter, the growth of the InGaAlAs MQW was firstly realized in our lab by MOVPE.
Compared to the growth by MBE, MOVPE has more difficulties in the growth of InGaAlAs

because the growth takes place at higher temperature and high pressure. We succeeded in the

prevention of the Zinc diffusion to the core layer by thick SCH layer with +0.1% compressive
strain. Then we investigated the butt-joint technique by using ex-situ cleaning. As far as we are

concerned, the butt-joint regrowth in the Al-containing materials remains a challenge in the

word. The difficulties arise from several issues of this monolithic integration including the

shadow effect, vertical alignment, Al oxidation and overgrowth. We tried several etchants and

chose the citric acid as the best solution for achieving vertical profiles in the InGaAlAs core

layer of EAM. An hybrid etching method was also proposed to avoid the undercut. This etching
method starts with the ICP dry etching of most of the core layer, and then the wet etching of the

remaining thin layer. SEM images confirmed that this hybrid etching was very effective to

obtain almost vertical sidewall of the core layer while avoiding severe under. In order to

suppress the overgrowth, the two-step regrowth technique was also applied. By combining the

two-step regrowth and hybrid etching, we optimized the whole growth and fabrication process,

and improved the monolithic integration of high quality featuring in perfect connection at the

interface, flat surface on the top and low coupling loss of 0.21dB/facet.
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