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Chapter 1 Introduction

In this chapter, the background of my study is first introduced. Next, the important
issues of dry etching technologies for microoptoelectronic devices are described. Then, the

objective of this study is present. Finally, the outline of this thesis is described.

1.1 Background and History of Dry Etching Process

This study is the investigation on low damage microfabrication technologies of reactive
ion etching for dielectric multilayers and reactive ion beam etching for InP, GaAs and related
materials which are important in optoelectronics. Various laser structures have been investigated
since the appearance of semiconductor lasers. In the development of semiconductor lasers,
the development of the fabrication technology has been needed as well as the epitaxy technqlogy
of semiconductor crystal. So far, t};e wet etching was used as a microfabrication technology
of semiconductor laser. This is a process that fabricate the wafer to form desired shapes by
dipping itself in the solution. Although the wet etching is a simple process, the etching shape
is isotropic profile dependent on crystal orientation, because of chemical reaction between the
crystal and the solution. Accordingly, the anisotropic and high aspect ratio etching cannot be
obtained, and the fabrication size is limited. On the other hand, the dry etching technology
can overcome these difficulties of wet etching.

The dry etching technique using a discharged plasma is now widely used as a
fundamental tool to fabricate various semiconductor devices such as integrated circuits,
especially large scale integrated circuits (LSI) or VLSI, which are made on Si substrates,
compound semiconductor devices such as GaAs FET, GaAs IC, optoelectronic integrated
circuits (OEIC), Josephson effect devices and so on. In these devices, the fabrication of
submicron sized patterns are becoming more and more with increasing memory capacities.

In an earlier state of dry etch, non-reactive gases such as Ar discharged plasma were
used. This dry etching characteristics are mainly physical sputtering. This technique is called
ion beam etching (IBE). The mechanism of ion beam etching is cutting of the ion bombardment

of substrate atom by ion collision. However, a high ion energy is required to obtain the



useful etching rate. Therefore, in IBE, the substrate surface is damaged by high energy ions.
This is a disadvantage in devices characteristics. However, in early 1970’s, new dry etching
technique with a halogen gas was firstly used in microfabrication of Si. This new technique
was noticed immediately and the investigation has started [1]. Then, the model of plasma
etching process was proposed by Coburn and Winters in 1978 [2], and the dry etching of Si
have been investigated in many ways. At present, in the dry etching of Si, reactive ion
etching (RIE) is widely and commercially used. Figure 1-1 shows the model of plasma

etching process that Coburn and Winters proposed.

On the other hand, 11I-V semiconductor materials such as GaAs, InP and related
compounds have been widely used for semiconductor lasers, integrated optoelectronic devices
and high speed electronic devices. In order to fabricate stripe geometry semiconductor lasers
and optical waveguides, a wet etching technique has been commonly employed. However,
the present wet etch is not necessaﬁly suitable for making a tiny structure of several miérons
or even smaller sizes due to the lack of reproducibility and the existence of noticeable side
etching except some particular crystal orientations. To overcome theses problems up to now,
several dry etching techniques such as ion beam etching (IBE), reactive ion etching (RIE),
reactive ion beam etching (RIBE), and more sophisticated techniques with assistance of laser
light and electron beam have been studied. Among them, the IBE system can etch with high
resolution but its etch rate is very low and it generates surface damages which is not negligible
in the case of bipolar devices. On the other hand, several results on the etching characteristics
of GaAs and InP using a conventional RIE system have been reported, and some semiconductor
laser devices with vertically etched facets [3] or vertical circular mesas [4-6] were fabricated
and light emitting diode by coaxial transverse junction [7] using the RIE. The RIE system
provides a good selectivity but it is rather difficult to fully control its etching parameters.

The RIBE which includes the advantage of IBE and RIE can exhibit a high resolution
and a good selectivity. Moreover, its high etch rate will be another advantage. In addition
to these merits, it is possible to independently control a lot of etching parameters, such as gas
pressure, plasma density, ion current density and ion energy, that are helpful for choosing a

condition between the IBE like etch behavior and the RIE like etch behavior.  As for GaAs,



etching characteristics using an ultrahigh vacuum RIBE system were initially studied by
Asakawa et al. [8] in 1983. Almost equi-rate etching for both GaAs and GaAlAs was
realized by eliminating residual oxygen by an ultra-high vacuum (UHV) system. In 1986,
short cavity GaAs /AlGaAs multiquantum well lasers fabricated by RIBE was reported by
Yuasa et al [9]. Moreover, in 1987, GaAs-AlAs monolithic microresonator arrays using
chemically assisted ion beam etching (CAIBE) was reported by Jewell et al [10]. However,
only a few results on InP using the RIBE technique have been published [11-13] and systematic
data on etching parameters had not been fully clarified before 1988. In general, the etching of
In-contained materials is difficult become the boiling point of In-products is very high. Table
1-1 shows the boiling point of halogenide for III-V group elements (at latm.) [14]. In 1988,
ABC-diagram was proposed to classify the etching mechanism of RIBE by Tadokoro er al
[15]. Then, this study has been started.

The background and histor); of this thesis is summarized in Table 1-2. In appendix A,

the outline of some dry etching technique are briefly described. Moreover, Fig. 1-2 shows the

applications of dry etching.

1.2 Problems of Dry Etching for Microstructure Optoelectronic Devices

The semiconductor laser diodes have been investigated extensively since its appearance,
in particular as for distributed feedback (DFB) lasers, vertical cavity surface emitting lasers
(VCSELs)[16], quantum well lasers and so on. The RIE is generally used as a fabrication
technology for these devices, as well as Si integrated circuits. In the dry etching of III-V
semiconductor, CH, or CCLF and so on are used as an etching gas [4, 17]. Although the
surface etched by these gases is generally smooth, the etched surface is contaminated by the
carbon included in the etching gas. Moreover, the wafer induced damage is relatively large,
because the sample is set in the plasma. Therefore, the low damage and contamination-free
etching technology is needed for the device fabrication.

Next, let me consider vertical cavity surface emitting iasers (VCSELSs) and microcavity
lasers with etched facets. The ultralow threshold operation or spontaneous emission control

[18] of VCSELs is expected by introducing a microcavity structure. In order to realize such a



microcavity laser, fabrication of a highly reflective mirror is one of the key technologies. For
this purpose, dielectric multilayer reflector consisting of SiO/TiO, [19] or Si/SiO, and
semiconductor multilayer reflector consisting of GalnAsP/InP or AlAs/GaAs [20] are used.
In order to control the transverse mode of the microcavity laser as well as to inject current
into the active layer, the fabrication of a very small dielectric multilayer reflector is needed
[21]. Also, a steep and smooth etching profile is required for highly reflective micromirror by
eliminating diffraction and scattering losses in multilayer reflectors. In the wet etching, the
etching shape is not necessarily smooth and steep. On the other hand, the etching shape in dry
etching is expected to be smooth and vertical without influence of crystal orientation, because
of etching by fixed ions in direction. Therefore dry etching is used as an effective
microfabrication technique to form etched facet lasers. But its etching characteristics for
multilayered materials have not been investigated in detail.

Moreover, it is important f.or such a microcavity laser to reduce the etched sidewall
damage. However, the sidewall induced damage has not been investigated. Also, a smooth
etched facet is needed to reduce the etching-induced damage at sidewalls. However, the
quantitative evaluation of sidewall roughness is has not been fully studied. The dry etching
technique using Cl, gas causes unwanted side-etching near the bottom of etched samples,
which should be avoided for submicron device fabrication such as VCSELSs and microcavity
lasers. So far, the origin on this side etching is not clear. Then, the application to VCSELs
and microstructure optoelectronic devices is also a problem. Moreover, the plasma
characteristics have not been clarified in RIBE. It is also important to investigate a suitable
mask material.

These unsolved problems in the beginning of this study are summarized as follows;
(1) Microfabrication of multilayers for VCSELSs
(2) Induced damage on sidewall and surface
(3) Quantitative evaluation of etched sidewall roughness and improvement of etching profile
and investigation of suitable mask material |
(4) Plasma Characterization in RIBE

(5) Application to VCSELSs or microstructure optoelectronic devices



1.3 Objective of this study

As above mentioned, in applying dry etching process to fabrication of the micro-
structure optoelectronic devices, there are some significant problems.

Therefore, on this study, I think the RIBE is one of the best technique for submicron
devices such as VCSELs and microcavity lasers. The reason is that it can independently
select many etching parameters, and is able to perform suitable etching behaviors such as
low damage etching, fine pattern etching, etc. Also, the RIE technique is available for
microfabrication of dielectric multilayer mirrors. So, I adopted the RIBE technique for
semiconductor etching and the RIE for dielectric mirror etching.

Therefore the following is set up as the main object of my study.

(1) To establish microfabrication of multilayers for VCSEL fabrications

(2) To characterize and to avoid RIE and RIBE induced damage

(3) To evaluate quantitatively etched sidewall roughness and to improve etching profiles and
to investigate new suitable mask material

(4) To characterize process plasma in RIBE

(5) To apply the RIBE to the fabrication of VCSELs and microstructure optoelectronic

devices

1.4 Outline of This Thesis

According to these plans, the outline of this thesis was determined. The outline of this
thesis is shown in Fig. 1-3. In chapter 2, [ carried out the microfabrication of GalnAsP/InP
multilayer reflectors for surface emitting lasers by RIBE. In this chapter, the etching
characteristics of GaAs, InP and GalnAsP is discussed. Moreover, it is necessary for
microfabrication to suppress mask edge fluctuations. Therefore, in this chapter, microetching
by RIBE using mask written by electron beam direct patterning is described. In chapter 3,
RIBE-induced damage in InP substrates was characterized by C-V and PL measurements. In
addition, the removal of the induced damage by the second RIBE with different conditions
for the InP wafer was demonstrated. The sidewall damage is characterized by

photoluminescence emitted from the etched sidewall of a GalnAsP/InP double hetero structure



(DH) wafer. Inaddition, RIE- induced damege is discussed. In chapter 4, roughness analysis
of sidewalls processed by RIBE is discussed. This roughness analysis is important for devices |
with etching mirrors. In chapter 5, the etching profile of RIBE and in-situ measurements of
temperature variation with a radiation thermometer during Cl-RIBE is discussed. I found
t}lat the side-etch is caused by the temperature rise of the sample surface due to ion irradiation.
I have also proposed a multistep RIBE for improving etched profiles. In chapter 6, plasma
characterization in RIBE and CAIBE is presented. In chapter 7, Cg, resist mask of electron
beam lithography for RIBE is described as a new mask material. Taking account of a recent
development of VCSELs in chapter 8, the application of RIBE and RIE to surface emitting

lasers is presented. Finally, conclusions of this thesis are summarized in chapter 9.
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Table 1-1 Boiling points of halogenide for III-V group elements (@ 1 atm.) [14]

Products Boiling Point Products Boiling Point
AIF, 1291°C PF, -75°C
AlCI, 183°C PF, -101°C
AlBr, 263°C PCI, 162°C
GaF, 1000°C PCl, 76°C
GaCl, 535°C PBr, 106°C
GaCl, 201°C PBr, 173°C
GaBr, 279°C ASF, -53°C
InF, >1200°C AsF, -63°C
InCl 608°C AsCl, 130°C
InCl, 560°C AsBr, 221°C
InCl, 600°C
InBr, 632°C
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Chapter 2 Reactive Ion Beam Etch of InP/GaInAsP

2.1 Introduction

In order to realize such a low-threshold VCSEL, a microfabrication technology which
provides a low-damage etch is becoming an important issue. I have investigated a reactive
ion beam etch (RIBE) technique to fabricate a semiconductor microresonator for surface
emitting lasers in chapter 8. In most VCSEL structures, a dielectric multilayer reflector such
as SiO/TiO, or semiconductor multilayer mirror is used as a highly reflective mirror. However,
it has been difficult to fabricate a GalnAsP/InP microcavity with steep side walls by wet
chemical etching since each material has different etching rates. Up to now, some RIBE
etching conditions for GaAs and InP have been studied[1-4], but data for GalnAsP, or
especially for GalnAsP/InP semiconductor multilayers, have not been fully clarified yet.

In this chapter, etching characteristics of GalnAsP/InP multilayers are studied. The
dependence of the etching rate of GalnAsP, InP and GaAs on the ion extraction voltage and

the etching temperature are discussed. ~Circular array patterns of GalnAsP/InP multilayers

and DH wafers were fabricated.

2.2 Reactive Ion Beam Etching (RIBE) System

Figure 2-1 and 2-2 show a photograph and a schematic diagram of an ultra high
vacuum reactive ion beam etch (RIBE) system. This system has an electron cyclotron resonance
(ECR) ion source, and the ECR plasma is generated by introducing 2.45GHz microwaves
into a horizontal discharge chamber on which a magnetic field is superimposed. The etching
chamber is exhausted by a cryopump and a load-lock chamber is evacuated by a turbomolecular
pump. The back pressure is usually less than 2x10® Torr. A sample can be heated up to
600°C. The gas flow rate can be controlled by a variable orifice of the cryopump. The
etching gas examined in this study is pure chlorine and Ar. lons are extracted through two
circular multi-aperture grids (Figure 2-3). The diameter of the circular grids is 15 cm and
the distance between these two grids is 1.5 mm. The diameter of apertures is 2 mm. One

grid, which is located far from the plasma, is dropped to ground potential. The extraction

14



voltage is applied between this grid and the discharge chamber.

This RIBE system has an ion current monitor near the sample holder. Therefore the
ion current in the plasma can be measured. In this section, the measured relationships between
the ion current and the etching gas pressure with this ion current monitor are described.
Figure 2-4 shows the measurement result for Cl, and Fig. 2-5 shows the measurement result
for Ar. Where the V_ is the ion extraction voltage. The vertical axis shows the ion current
density. These measurement results show that the ion current is maximum at gas pressure of
1~3X10*Torr in ion each extraction voltage, and the ion current decreases at 10°Torr
because ECR condition is not satisfied.

The RIBE system can be used as a chemically assisted ion beam etching (CAIBE)
system. The general description of the CAIBE process, is as follows: Ar ions are accelerated
in an ion source and directed toward the substrate while chlorine gas is made to flow on the
surface. The chlorine molecules are adsorbed chemically on the sample surface. The chlorine
atoms can then react with the substrate atoms, spontaneously or stimulated by striking ions,
to from chlorides. When the surface is exposed to a flux of high energetic Ar ions, collisional
cascade removal of chloride products and thermal desorption as well as collisional cascade
removal products are dominant removal mechanisms. These chlorides are volatile and do not
significantly redeposit on the substrate. This is a major advantage of CAIBE compared to

straight ion milling where a substantial fraction of the sputtered material redeposits.

2.3 Etching Rate of GaInAsP, InP and GaAs under Different Etching

Conditions

Figure 2-6 shows measured etching rates for GalnAsP, InP and GaAs against extraction
voltage and various substrate temperatures. A quaternary semiconductor Gay,,In, ., As,P,.,
(A, = 1.3 um) was prepared by liquid phase epitaxy (LPE). The etching mask materials were
a positive-type photoresist OFPR-8600 (Tokyo Ohka Inc.) and SiN. The SiN film was deposited
using a plasma-chemical vapor deposition (plasma-CVD) method. The stripe photoresist
pattern was prepared on the SiN film using a conventional photolithographic process, and

then the SiN film was etched in a buffered hydrofluoric acid. The sample was etched with a

15



gas pressure of 8 X 10* Torr and Cl, gas flow rate of 10 sccm.

The etch rates of GalnAsP, InP and GaAs increase with the increase in both the
extraction voltage and etching temperature. The etch rate of GalnAsP was found to be
between those of InP and GaAs at each temperature. The etch rate of GalnAsP is close to that
of InP at 100°C, however, it approaches that of GaAs at 250°C. The classification of the
etching mechanism in RIBE has been studied on GaAs and InP[2]. These etching rates are
expressed as the sum of these three parameters.

R= A - V* (RIE-like) + B - V** (IBE-like) + C (chemical-etch-like) 2-1)
In this experiment, the etching rates of GalnAsP at 100°C, 170°C and 250°C are in proportion
to V¥, V* and V, respectively. Therefore, the etching mechanism of GalnAsP is IBE-like
and RIE-like at 100°C and 170°C, respectively. In addition, that of GalnAsP at 250°C is
between chemical-etch-like and RIE-like. The etching profile shows anisotropy at 100°C and
isotropy to some extent at 250°C. For device applications, we must etch the semiconductor
multilayer with a relatively high etch rate and anisotropic profile. Thus, we adopted the
conditions of temperature: 170°C, extraction voltage: 400V, and gas pressure: 8 X 10“Torr.
Under these conditions, the etching rates for InP, GalnAsP and GaAs are 940A/min, 12000A/min

and 13000A/min, respectively. This RIBE condition corresponds to a RIE-like classification

for GalnAsP.

2.4 Microetching of GalnAsP/ InP Multilayer by Cl,-RIBE

Figure 2-7 shows a cross section of a strip of a 15-pair GalnAsP/InP semiconductor
multilayer etched by RIBE. This multilayer consisting of quarter-wavelength layers of GalnAsP
(1589A) and InP (1055A) was prepared by chemical beam epitaxy (CBE)[5]. The etching
time of the GalnAsP/InP multilayer was 15 min. The total etching time of the multilayer
corresponds to the sum of that of each layer. The straight side wall was obtained, although
the etch rate of GalnAsP is quite different from that of InP, as described above. This result
shows that there is not necessarily a requirement of equal etch rates to etch multilayers to a
smooth and anisotropic shape. 1 can simply etch the semiconductor multilayer under the

anisotropic etching condition. I can also fabricate the mesa of a GalnAsP/InP multilayer with
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a 1.5 u m width using the same condition. Figure 2-8 (a) shows an scanning electron microscope
(SEM) photograph of circular array patterns made on a GalnAsP/InP DH wafer with a 1.7-u
m-thick GalnAsP active layer. The diameter is 54 m and the pattern pitch is 10 4 m. This
wafer was grown by LPE. The RIBE conditions are the same as indicated in Fig.2-7. The
circular patterns have no side etching. However, the profile near the edge of the array pattern
shows a reasonably vertical shape and the side wall near the center appears tapered near the
bottom. In other words, the etching rate of the center is lower than that of the outside. This is
a type of loading effect. This effect originates from the high-mask-pattern density. Figure 2-8
(b) shows an SEM photograph of the circular array pattern of the GalnAsP/InP multilayer.
The diameter is 5 & m and the pitch is 15 & m. In this case, the etching profile is more vertical

than that of the 10 w m pitch. It is obvious that the taper shape in Fig. 2-8(a) is improved.

2.5 Summary

In this chapter, I have established GalnAsP/InP RIBE dry etching processes for forming
microcavity VCSELs. [ have examined a Cl,-RIBE for GalnAsP for the first time, in order to
fabricate a microresonator composed of semiconductor multilayers.
(1) The straight side wall of the GalnAsP/InP multilayer was obtained.
(2) However, a type of loading effect derived from the high-density pattern was observed in

the etching of the GalnAsP/InP wafer.
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Figure 2-1  Photograph of Reactive lon Beam Etching System
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Fig. 2-7 GalnAsP/InP multilayer etched by RIBE. extraction voltage: 400V, temperature:
170°C, Cl, gas pressure: 8 X 10*Torr.

Fig. 2-8 (a) GalnAsP/InP DH-structure wafer etched by RIBE (D=5um, pitch=10um).
(b) GalnAsP/InP multilayer etched by RIBE (D=5 um, pitch=15um), extraction
voltage: 400V, temperature: 170°C, Cl, gas pressure: 8 X 10*Torr.
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Chapter 3 Characterization of Induced Damage by RIBE

3.1 Introduction

It is well-known that semiconductors are damaged during the dry etching processes. It
is important to reduce or remove the damage for fabrication of microsized optoelectronic
devices. However, the origin of induced damage by dry etching has not been fully clarified
yet. Inthis chapter, RIBE-induced damages in InP substrates is discussed by capacitance-voltage
(C-V) measurement. In addition, the removal of the induced damage by the second RIBE
with different conditions for the InP wafer is proposed. The sidewall damage induced by
reactive ion-beam etching (RIBE) with Cl, is studied. The sidewall damage depth is estimated
from the ion-beam-angle dependence, and the photoluminescence (PL) emitted from the

etched sidewall of a GalnAsP/InP DH wafer is directly measured.

3. 2 Bottom Surface Damage
3. 2. 1 Damage Depth of Bottom Surface

[ have investigated the RIBE-induced damage of a Sn-doped (2 X 10'®cm) n-type InP
substrate by a C-V measurement. In this measurement, [ used a semiconductor profile plotter
(Bio-Rad Laboratories, POLARONS PN4210). The carrier profile of RIBE-etched InP is
denoted by the dotted line in Fig. 3-1.The etching was conducted at a Cl, gas pressure of 8 X
10* Torr, a gas flow rate of 10 sccm, an etching temperature of 170°C, an ion extraction
voltage of 400V and an etching time of 10 min. An increase in carrier concentration was
observed in the range extending to ~1000A or more from the surface. It is considered that

this phenomenon originates from phosphorus vacancy-related donors[1].

3. 2. 2 Removal of Damaged Layer by Two-step Etching

I conducted a two-step RIBE to remove the damaged layer. The principle of the
two-step RIBE for removal of the damaged layer is shown in Fig. 3-2. The process is as
follows: (a) the sample is etched in the RIE-like condition, where the ~ 1000A -thick damaged

layer is generated after RIBE; (b) the second RIBE is conducted at a Cl, gas pressure of 8 X
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10* Torr, a gas flow rate of 10 sccm, an etching temperature of 250°C, an ion extraction
voltage of 200V and an etching time of 10 sec. Since the RIBE condition at higher temperatures
exhibits a chemical-etch characteristic to some extent . I may expect to achieve a somewhat
lower damage etch.

Also, the side wall damage may be removed due to its isotropic etching behavior. The
etching depth in this experiment is ~1300A, which is chosen to be slightly deeper than the
damage depth. The solid line in Fig. 3-3 shows the carrier profile after the second RIBE. It is
obvious that the increase in carrier concentration is removed after the second RIBE. Figures
3-4(a) and 3-4(b) show etching profiles before and after the second RIBE, respectively. The
etching profile changed slightly after the second RIBE. However, in the future, a damageless
dry etching process with negligible change of shape may be achieved by adopting the optimized
condition of the two-step RIBE. I consider that smoothing of surface roughness after the

second soft dry etch is also expected.

3.3 Sidewall Damage

Until recently, there have been some reports on dry-etching-induced damage(2, 3].
For example, Wong et al. [2] investigated reactive ion etching (RIE)-induced damage on the
bottom surface in a GaAs-GaAlAs multi-quantum well (MQW) structure. They concluded
that the range of defects extended to 1000A or more from the sample surface. As for its
application to devices, a 1.3 «m buried heterostructure laser diode was fabricated by RIBE
[4]. However, there are few reports on sidewall damage, especially on damage by RIBE.
Pang et al. studied sidewall damage of GaAs by ion-beam etching (IBE) [3]. They have
shown that impurities or defects generated during etching remain on the vertical sidewall.
However, sidewall damage has not yet been fully clarified. Moreover, the reduction of sidewall
damage is one of the most )important subjects when considering microdevices.

In this study, the relationship between the incidence ion-beam angle and damage
depth on InPis clarified through capacitance-voltage (C-V) measurements. The incidence-an gle
dependence of the photoluminescence intensity of a GaAs substrate is also discussed. In

addition, the photoluminescence (PL) spectrum emitted from the etched sidewall of a
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GalnAsP/InP double-heterostructure wafer was directly measured.

3. 3. 1 Ion Beam Incident Angle Dependence of CL-RIBE Induced Damage

The incident angle of the ion beam was changed by tilting the sample stage. We used
a Sn-doped (2 X 10'®%cm™) n-type InP substrate as the sample. The following etching conditions
were adopted: temperature 170°C; extraction voltage 400V; and gas pressure 8 X 10*Torr.
Under these conditions, the etching rates for InP, GalnAsP and GaAs were 1300A/min,
12000A/min and 13000A/min, respectively.

Figure 3-5 shows the etching rate of InP as a function of the incidence angle 0 of the
ion beam. Clearly the etch rate decreases as the incidence angle 6 is increased. As can be
seen, the etch rate decreases with cosine dependence of the incidence angle 0. This result is
explained by the fact that InP is etched mainly by physical sputtering (IBE ~RIE-like etch) at
this temperature. This measured etch rate has the same tendency as that reported by Mutoh et
al [5, 6].

It is well-known that the surface of semiconductors is damaged during dry etching
processes. It is important to understand sidewall damage, in particular, for the microfabrication
of optoelectronic devices. We have investigated sidewall damage induced by RIBE by tilting
the substrate relative to the ion flux. The RIBE-induced damage is indicated by the increase
of carrier concentration of the InP substrate. We judged the damage depth from the increase
of carrier density induced by the damage. The carrier profile was measured using a semiconductor
profile plotter (Bio-Rad Laboratories, POLARONS PN4210).

Figure 3-6 shows the carrier profile against the incident angles from 0" to 180" after
RIBE as a function of the depth from the substrate surface. The etching time of all the
samples is 2 min. In this figure, each triangular symbol represents the estimated damage
depth. The damage depth decreases with an increase in the incident angle 6. Damage does
not accumulate with increasing etching time[7]. The damage depth is almost independent of
the etching rate. It is obvious that the heaviest damage is caused at 6 =0, where the ion flux
is normal to the etched surface.

Figure 3-7 shows the damage depth as a function of the incident angle of the ion

25



beam. It is obvious that the damage depth decreases with an increase in the incident angle.
The cos 8 dependence is shown by the dotted line. The damage depth decreases with cosine
dependence from 0" to 50" . However, it is different from the cosine dependence from 70" to
90 . In addition, the damage depth is not observed in this measurement at 90" or 180" .
Hence, the damage is less than 2004 (resolution limit) at 8 >90" . These results show that the
sample is damaged when placed at an angle 6 ~90 . The estimated damage depth is much
larger than the penetration depth of the Cl ion calculated by the LSS theory. We think that the
damage may be due to channeling, high-order collision, propagation of defects, and so on. In
other words, the sample is damaged whenever the ion beam collides with it.

Figure 3-8 shows the relationship between the incident angle 6 and PL intensity of
the etched GaAs substrate. The PL intensity was normalized by an undamaged sample. The
sample is etched at the substrate temperature of 100°C and extraction voltage of 400V. The
etching time is 2 min. A He-Ne laser ( A =633nm) is used as a pumping source. The PL
intensity is decreased by RIBE. However, the PL intensity reaches ~90% of the nonetched
substrate when 6 >30° . Also, damage is caused by RIBE even at the shallow angle of ~85" .

Therefore, the wafer is also damaged due to the collision.

3. 3. 2Evaluation of Sidewall Damage by Photoluminescence Observation

and Effect of Sulfur Passivation

In the above-mentioned experiment, the sidewall damage after RIBE was estimated
by varying the incident angle of the Cl, ion beam. However, this is not direct obsérvation of
sidewall damage. Hence, I tried to measure the photoluminescence emitted from the sidewall
etched by RIBE. This experimental procedure is shown in Fig. 3-9. The sample is a GalnAsP/InP
double-heterostructure (DH) wafer grown by liquid phase epitaxy‘(LPE). This wafer has one
GalnAsP(Ag=1.3 £ m) and two GalnAsP(Ag=1.25um) layers. Next, the wafer is etched by
RIBE under the following conditions: extraction voltage 400V ; substrate temperature 170°C
Cl, gas pressure 8 X 10*Torr; etching time 15 min. Then, excited light is irradiated on to the
etched sidewall. In this experiment, a Nd:YAG laser (A=1.06 . m) is used as a pumping

source. The beam spot size is <500um, and the beam divergence is a few degrees. Therefore,
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the pumping light can be treated in a manner approximately the same as a parallel plane
wave. Figure 3-10 shows the PL spectra at room temperature from the etched and cleaved
sidewalls. The bold line represents the spectrum after RIBE and the thin line represents the
spectrum of the cleaved sidewall. I compare the PL intensity before and after RIBE at the
peak wavelength (A=1.25pumm, 1.33um), emitted from two GalnAsP layers. This figure
shows that the PL intensity of RIBE sample was deteriorated in comparison with that of the
cleaved sidewall. It is estimated that the pumping light penetrates into GalnAsP layer to ~
lum deep from sidewall surface by taking into account the absorption coefficient of about
10°cm-1. The photoluminescence from the GalnAsP layer well expresses the information of
minority carriers near the sidewall. Thus, it can be considered that the deterioration of PL
intensity is expressing the existence of some sidewall damages. Accordingly, it is clear that
the nonradiative recombination of RIBE treated active layer facet is larger than that of the
cleaved facet.

Next, | passivate these samples with (NH),S,. These samples are dipped in (NH,),S,
at 23°C for 20 hours. The etching depth with (NH,),S, is estimated to be a few tens of
angstroms. In this figure, the spectrum of the etched sidewall after passivation and the
cleaved sidewall after passivation are shown by the bold and thin dotted lines, respectively.
Both spectral intensities increased considerably. The etching effect of passivation is very
small because the etching depth extends to only a few monolayers. Hence, I believe that
passivation with (NH,),S, is an effective technique for reduction of nonradiative surface
recombination induced by RIBE and oxidation. Furthermore, I can distinguish the damage

contribution relative to a nondamaged reference.

3. 3.3 Quantitative Evaluation of Sidewall Damage by Photoluminescence
Observation and Br-methanol Etching
Figure 3-11 shows the experiment processes of measurement of sidewall damage. I
used a double-hetero (DH) structure GalnAsP/InP wafer grown by a CBE as a sample. First,
the wafer was etched by RIBE to a depth of appearance the lower GalnAsP (A,=1.55um)

layer. After that, I measured the photoluminescence (PL) emitted from the GalnAsP layer by
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pumping at the sidewall of the sample. I used a Nd:YAG laser (A,=1.06um) as a pumping
source. Then, in order to clarify the damage depth of the etched sidewall, | measured the PL
intensity by etching the sample slowly. The extremely slow-rate etchant Br-CH,OH was
used. The etch rate of etchant was 170A/min. Figure 3-12 gives the actual measured plots of
etch rate vs. 6 by L. A. Coldren et al[ 8]. The Br-CH,OH etchant I used has sufficient etch
rate at 6=90°, i. e., a crystal orientation of (O11). Figure 3-13 shows the PL spectra at room
temperature from the etched sidewall. In this figure, the spectrum of the etched sidewall after
RIBE and after Br-methanol etching and the cleaved sidewall are shown. After Br-methanol
etching, the spectral intensities increased considerably. Figure 3-14 summaries the relationship
the PL intensity of a GalnAsP sidewall etched by RIBE and the distance from the sidewall
surface. The PL intensity was normalized with the PL intensity of cleaved facet. In this
figure, it is found that the PL intensity is recovered to that of cleaved facet by a slightly wet
etching by Br-CH,OH of 8-10 sec. The wet etching time of 8-10 sec corresponds to the
etched depth of 20-30A. Therefore, the damage depth of etched sidewall is estimated to be
20-30A. Figure 3-15 shows the relationship PL intensity and ion extraction voltage. From this
figure, the PL intensity is the same in the region of ion extraction voltage of 300V-500V.
Therefore, I think the sidewall damage is almost the same in the region. It was observed that
the PL intensity changed with time in irradiation with relatively high laser power as shown in
Fig. 3-16. The applied laser power was about 50mW, and the spot diameter on the sample
was 500um. In this figure, the PL intensity saturated after irradiation of about 8 min. This

phenomenon is caused by the annealing of the crystal by irradiation [9].

3.4 Reactive TIon Etching Induced Damage and Its Reduction
3. 4. 1 Reactive Ion Etching (RIE) System

Generally speaking, the limitation of wet chemical etching in pattern width is about
3um due to the isotropic etching profile. While Ar plasma etching can decrease the pattern
size. However the etching rate ratio between substrate and etching mask is small, and the
induced damage by ion collision is serious. Also, in reactive gas etching, the etching rate

ratio between substrate and etching mask is large, but the pattern size is limited due to the
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isotropic etching profile by side etching. Hosokawa et al have reported a new etching
manner that has anisotropic etching profile, large etching rate ratio and good productivity
[10]. The new etching technique is called reactive ion etching (RIE). The mechanism of RIE
is as follows. The sample is set on the plane electrode and the sample is etched by sputtering
effect of ion that is accelerated in the plasma sheath and the surface reaction between the
sample and activated particle generated in the plasma [11, 12]. At present, RIE is main
technology in the Si-LSI fabrication due to good mass productivity and easy operation {13].

Figure 3-17 (a) and (b) show a schematic diagram and photograph of an RIE system (Samco
International: RIE10N), respectively. This system has parallel planar electrodes.. The diameter
of these electrodes is 210mm. The effective diameter providing uniform etching is 160mm
and the space of both of electrodes is 65mm. The etching characteristics of RIE depend on
some conditions, i. e., etching pressure, gas flow rate, RF power and so on. This system can
control these conditions automatically. This system has two etching gas lines (CF, and O,).
these gas flow rate are controlled by mass flow controllers. A 13.56MHz RF power supply is
used to generate plasma, and the input RF power is matched automatically. The etching
chamber is evacuated by a diffusion pump after loading samples. The back ground pressure is
10°Torr. Samples are set on the etching table that is placed on the lower electrode, and
cooled by water. The materials of used etching table are Teflon (CF,,) and Quartz. The
electric discharge plasma generates in the space of electrodes that are face each other. In this
case, the cathode fall is generated on these electrodes surface due to the difference of mobility
for ion and electron. In this cathode fall space, the ion of activated gas incidence along the
vertical electrical field on the electrode and sample surface, and the ion etch the sample
reactively, in the incident direction. Figure 3-18 shows the phenomenon on the sample
surface. The sample was etched by vaporizing the product that is generated by chemical
reaction between the atom of sample surface and activated ion (or neutral radical). The
incidence ion energy is controlled by gas pressure and applied power. Therefore the physical
sputtering due to ion collision effect is caused by decreasing gas pressure and increasing
applied power. In the opposite conditions, the chemical-like etching which has few ion

collision effect is possible. The electrode structure used in this study is shieldless type.
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Generally speaking, in this type, it is known that the etching rate increase and the uniformity

of etching better with increasing the interval of two electrodes | 14].

3. 4.2 RIE Induced Damage and Its Reduction

The RIE process might induce damage of laser wafers. We have investigated the
induced damage of a GaAs substrate by PL measurement. Figure 3-19 shows the relation
between the PL intensity of 0.87 um of the GaAs substrate and GaAs active layer in the DH
structure and reactive ion etching time. In this experiment, the sample was etched by RIE
with a pressure of 0.12Torr and an rf power of 100W and an etching table of Teflon. A
He-Ne laser (A = 633nm ) was used as a pumping source. The PL intensity of the GaAs
substrate decreased with increase of etching time, and it was saturated. However, the damage
was recovered to some degree by thermal annealing in H, at 400°C for 10 min. Furthermore,
the degradation of the PL intensity of the DH wafer was not observed thoroughly. This is
because the GaAs active layer in the DH structure was located 1 «m from the surface. In
order to clarify the damage depth, we measured the PL intensity by etching the sample
slowly. The extremely slow-rate etchant H,SO,:H,0,H,O in the ratio of 6:1:18 was used.
The etch rate was 1.2 & m/min. Figure 3-20 shows the change of PL intensity of a GaAs
substrate etched by RIE versus the distance from the surface. The etching time of the GaAs
substrate by RIE is 10 minutes. In this figure, three depressions of PL intensity were observed.

The origin of this phenomenon is now under investigation. The damage depth is estimated to

be 0.3 1L m.

3.5 Summary

I investigated sidewall and bottom surface damage induced by CI,-RIBE.
(1) The induced damage of the InP substrate was studied by C-V measurement. The damaged
layer thickness was estimated to be ~ 1000A.
(2) In order to eliminate this induced damage, I have proposed a two-step RIBE.
(3) The ion-incident-angle dependence of the sidewall damage indicates that sidewall damage

was <200A at 400V.
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(4) Also, | measured the PL spectrum of the etched sidewall of a GalnAsP/InP DH wafer
after RIBE. We found that the PL intensity of the etched sidewall decreased considerably.

(5) In addition, [ demonstrated that the PL intensity of the sidewall recovers after passivation
with (NH ),Sx.

(6) In order to clarify the damage depth of the etched sidewall, I measured the PL intensity by
etching the sample slowly. The damage depth of etched sidewall is estimated to be 20-30A.
(7) The sidewall damage is the same in the region of 300V-500V.

(8) It was observed that the sample PL intensity changed with time in irradiation with
relatively high laser power. This phenomenon is caused by the annealing of the crystal by
irradiation, not by the filling up of some deep levels.

9) The damage of a wafer induced by RIE was investigated by PL study. The active layer in
the DH wafer was not affected by the RIE process. Also, the damage of the cladding layer
can be relaxed by thermal annealing.

Thus, sidewall damage by RIBE is relaxed by optimizing the etching condition and
introducing passivation. RIBE is an effective low-damage dry-etching technique for the
fabrication of microsized SE lasers and optoelectronic devices, if the induced davmage can be
properly eliminated and the bared surface passivated. It is expected that RIE is very effective
for producing a microcavity resonator. The fabrication of a surface emitting laser with such a

RIE-patterned dielectric mirror is under way.
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Fig. 3-1 Carrier profile of RIBE-etched InP. Etching was conducted at a Cl, gas pressure of 8
X 10* Torr, a gas flow rate of 10 sccm, an etching temperature of 170°C, an ion
extraction voltage of 400V and an etching time of 10 min. An increase in carrier
concentration was observed in the range extending to ~1000A or more from the

surface.
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Fig. 3-2 The principle of the two-step RIBE for removal of the damaged layer. The process is
as follows: (a) the sample is etched in the RIE-like condition, where the ~ 1000A-thick
damaged layer is generated after RIBE; (b) the second RIBE is conducted at a Cl,
gas pressure of 8 X 10* Torr, a gas flow rate of 10 sccm, an etching temperature of
250°C, an ion extraction vdltage of 200V and an etching time of 10 sec.
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Fig. 3-3 Carrier profile after the second RIBE. It is obvious that the increase in carrier

concentration is removed after the second RIBE.

Fig. 3-4 Etching profiles before (a) and after (b) the second RIBE, respectively. The etching
profile changed slightly after the second RIBE.
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the etch rate decreases as the incidence angle 8 is increased. As can be seen, the

etch rate decreases with cosine dependence of the incidence angle 6.
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Fig. 3-6 Carrier profile against the incident angles from 0" to 180" after RIBE as a function

of the depth from the substrate surface. The etching time of all the samples is 2

min.
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Fig. 3-9 Measurement of the photoluminescence emitted from the sidewall etched by RIBE.
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Fig. 3-10 PL spectra at room temperature from the etched and cleaved sidewalls. The bold
line represents the spectrum after RIBE and the thin line represents the spectrum of
the cleaved sidewall. The spectrum of the etched sidewall after passivation and the
cleaved sidewall after passivation are shown by the bold and thin dotted lines,

respectively.
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cleaved sidewall are shown. After Br-methanol etching, the spectral intensities

increased considerably.
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to that of cleaved facet by a slightly wet etching by Br-CH,OH of 8-10 sec. The wet
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Fig. 3-17 (a) Photograph of Reactive Ion Etching System
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Fig 3-17 (b) Schematic Diagram of Reactive Ion Etching System
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Chapter 4 Roughness Analysis of Sidewalls Processed by RIBE

4.1 Introduction

In this chapter, a quantitative 3-dimensional measurement of sidewall roughness of
InP etched by chlorine-based reactive ion beam etching (RIBE) is presented. Recently, the
dry etching began to be used as an effective microfabrication technique to form micro-optical
devices such as VCSELs and etched facet lasers [1-3]. In these device applications, the
etched facets should be vertical and smooth as to avoid light scattering and keep high
reflectivity that is sensitive to the facet roughness[1]. Also, the smooth etched surface is
needed to reduce an etching induced damage [4] on sidewalls. There are a lot of reports on InP
reactive ion beam etching (RIBE) with Cl,electron cyclotron resonance (ECR) plasma [4-7].
In these works, the etched bottom roughness was measured by scanning tunnel microscope
(STM) to be, for example, 1.4 nm (rms) at a high ion extraction voltage of about 1 kV[6]. So
far, the quality of the etched mirror reflectivity has been estimated mainly by scanning
electron microscope (SEM) observation and by measuring the external differential quantum
efficiency and the threshold of etched-facet semiconductor lasers [1-3]. Also, the quantitative
evaluation of etched sidewalls'of various materials, for example, SiO, , AlGaAs/GaAs, photo-
resist, etc., has been reported by a scanning probe microscope (SPM) [8-13]. However, the
analysis of InP sidewalls processed by RIBE has not been reported. In this chapter, the

sidewall roughness measurement of InP using an electron probe surface roughness analyzer is

performed.

4. 2 Electron Probe Roughness Analyzer System

The sidewall roughness is measured by a field emission electron probe surface roughness
analyzer (ELIONIX: ERA-8000FE). The roughness measurement by this system can be
performed by a noncontact manner, therefore, the sample is not damaged by this measurement.
Figure. 4-1 shows the principle of the measurement. This .instrument has four secondary
electron detectors which are set facing each other. I can detect the distribution of secondary

electron intensity corresponding to the surface inclination of roughness. The surface inclination
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of roughness at the electron beam incident point can be found quantitatively from the
intensity of the output signals of the four detectors. The roughness profile is obtained by the
scanning electron beam in the xy-plane. Fiéure. 4-2 shows the principle of the roughness
measurement , in detail. Provided the sample is placed horizontally and two secondary
electron detectors are set facing each other in a scanning electron microscope, we can detect
the distribution of secondary electron corresponding to the surface inclination of roughness.
When the difference in the output signal (A-B) is observed, the signals have polarities and a
contrast by the illumination effect in the direction of detector A . Then the profile information
can be obtained. The roughness of the sample surface can be determined qualitatively by this
different signal image. The surface inclination of roughness at the electron beam incident
point can be found quantitatively from the intensity of the output signals of detectors A and
B. The roughness profile is obtained by the integration of the electron beam scanning at any
intervals.

Before measurement, 1 examined the precision of this instrument using a SiO, step
height standard (15 nm * 0.5 nm ) made by VLSI Standards Incorporated. The measured
roughness is 15.5 nm. The measured value is in good agreement with the data (15 nm)
provided by the manufacturer (Figure. 4-3). The roughness is measured with an electron
beam acceleration voltage of 5 kV. This electron beam energy is low enough for high

resolution measurements. The theoretical roughness resolution of this system is 1 nm.

4. 3 Measurement of InP Sidewall Etched by RIBE
The samples prepared here were InP substrates with an electron beam resist mask
which was patterned directly by an electron beam lithography system (ERIONIX:
ELS3300PWM) to avoid the mask edge fluctuations. I have optimized the substrate temperature
for anisotropic etching in our instrument. Therefore, I adopted the substrate temperature of
140°C, in this experiment. The etching pressure changed from 4 x 10*Torr to 1.2 x 10” Torr.
The ion extraction voltage is 300 or 400V.
Figures 44 show the overview SEM image and the 3-dimensional plot of sidewall

roughness of etched sample. This wafer was etched at an ion extraction voltage of 300V and



a gas (Ar: Cl,= 1 : 2) pressure of 4.5 X 10 Torr. The roughness of the etched sidewall is
3nm in center line average (R,) and 10 nm in peak to peak roughness (R ,,). The R_ is really
corresponding to root mean square (rms). And then, the roughness is measured with electron
beam acceleration voltage of 5kV. This electron beam energy is low enough for high resolution
measurement.

Figure. 4-5 shows the 3-Dimensional plot of sidewall and bottom surface roughness
of etched sample. This wafer was etched at 300V and a gas pressure of 4.5 X 10*Torr. The
Ra of the etched sidewall is 2.5nm and the Rmax is10.3nm. The Ra of the etched bottom

surface is 2.1nm and the Rmax is 11.4nm. The roughness of sidewall is as smooth as that of

surface.

4.4 Sidewall Roughness under Different Etching Conditions

Figure. 4-6 shows the etching pressure dependence of sidewall roughness. The upper
figure shows the 3-dimensional plot of wafer etched at 400V and a gas pressure of 8X
10*Torr. The Ra of the etched sidewall is 1.7nm and the Rmax is 9.7nm. The lower figure
shows the 3-dimensional plot of wafer etched at a gas pressure of 4X10*Torr. The Ra is
about 15nm and the Rmax is about 50nm.

Figure. 4-7shows the ion extraction voltage dependence of sidewall roughness. The
upper figure shows the 3-dimensional plot of wafer etched at 400V and a gas pressure of 8X
10*Torr. The Rais 1.7nm and the Rmax is 9.7nm. The lower figure shows the 3-dimensional
plot of wafer etched at SO0V. The Ra is about 10nm and the Rmax is about 35nm.

Figure. 4-8 shows the roughness of InP cleaved facet. The upper figure shows the
3-dimensional plot of InP cleaved facet. The lower figure shows the roughness measured at
the middle of the etched sidewall along the y axis. The roughness of the cleaved sidewall is
0.9nm in average and 5.8nm in peak to peék roughness. From now, we call roughness
average Ra and peak to peak roughness Rmax.

Figure. 4-9 summarizes the typical example of measurement of the sidewall roughness
under different etching conditions. The roughness was measured at the middle of the etched
wall along the y axis shown in Fig. 4-4. Fig. 4-9 summarizes the measured roughness of.the

R

47



samples under various etching conditions. The measured area is 2 4 m in the x direction by
1.5 wm in the y direction. Fig. 4-9 shows that the etched sidewall roughness increased when
the ion extraction voltage was high. The R, is 15nm and the R, is 50 nm. The data (c)
shows the minimum value among our measurements. The R, is about Inm and the R, is 6
nm at an ion extraction voltage of 400V and a gas pressure of 1.2 X 10° Torr . The low ion
extraction voltage and higher gas pressure are desirable for anisotropic etching of InP. The

etching condition suitable for smooth etching is the acceptable for vertical etching.

4. 5§ Summary
In summary, the sidewall roughness of InP etched by RIBE was measured using the
electron probe surface roughness analyzer.

(1) The minimum value of the sidewall roughness average was Inm. The peak to peak
roughness was 5.8nm. Theses are obtained at 400V and a gas pressure of 1.2 X 10°Torr.
This roughness is much smaller than the wavelength of semiconductor laser light. I think
that the main origin of roughness is produced by a chemical reaction, not due to the
fluctuation and undulation of mask edge.

(2) Also, for a smooth InP etching, we should reduce ion extraction voltage and increase gas

pressures as far as we could, while maintaining anisotropic etching profiles.

If the etching mask edge fluctuation or undulation can be decreased, Reactive lon
Beam Etching is an effective dry etching technique for the fabrication of microsized Surface

Emitting lasers and optoelectronic devices.
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Fig. 4-2 Principle of the roughness measurement.
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Chapter 5 Etching Profile of Reactive Ion Beam Etching

5.1 Introduction

Reactive ion beam etch (RIBE) is one of the most important dry etching techniques
for microfabrication of semiconductor devices[1]. However, the dry etching technique using
Cl, gas causes unwanted side-etching near the bottom of etched samples, which should be
avoided, particularly, for submicron device fabrication. For example, some microsized VCSELs
made by CAIBE or RIBE have a side-etched shape near the bottom of the mesas[2, 3]. The
rise of surface temperature under dry etching has been observed by monitoring with a
thermocouple gauge. It is considered that temperature rise might be caused by ion irradiation,
but this assumption has not been experimentally confirmed yet. The temperature of the rear
side of the sample holder was measured with a thermocouple gauge, and the actual surface
temperature change has not been directly measured so far. There may be a large difference in
temperature between the sample surface and the sample holder.

In this paper, the measurement of surface temperature by a radiation thermometer
during RIBE is carried out for the first time. In addition, I propose multistep RIBE to
improve the etching profile in order to alleviate the temperature rise. Also, I propose a

multistep RIBE process for smoothing microneedles usually appearing on the etched surface

of InP substrate.

5.2 Surface Temperature Increase in Reactive Ion Beam Etch

[ monitor the surface temperature through a transparent BaF, window with a radiation
thermometer from the direction of ion irradiation. The BaF, window has sufficient
transmissibility for the infrared wavelength corresponding to room temperature. The accuracy
of the radiation thermometer is +2°C. The measurement area is nearly equal to the sample
holder size.

The initial temperature is one of the important etching parameters. First, [ measured
the rise of the surface temperature of the sample for different ion extraction voltages. Figure

5-1 shows the relationship between the ion irradiation time and the surface temperature for
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different ion extraction voltages. The etching pressure is 8 x 10* Torr and the initial temperature
is about 25°C. The plasma irradiation time is 15min. The surface temperature of the sample
increases when the ion extraction voltage increases. Moreover, the surface temperature of the
sample rises to 40~50°C even at an ion extraction voltage of OV. This result indicates that the
Cl ions arrive at the substrate even at OV. The surface temperature of the sample rises to
100°C and 250~280°C at 200V and 400V, respectively. I think that the temperature rise is
due to ion energy and/or ion current.

Figure 5-2 shows the relationships between the etching time and the etched depth for
a GaAs substrate with etching gases of Cl, and Ar. The sample was etched at an ion
extraction voltage of 400V and a gas (Cl, or Ar) pressure of 8 x 10 Torr. The sample is not
heated and the ini'tial temperature of the sample is about 25°C. For Ar etching, the etched
depth increases in proportion to etching time. However, the etched depth shows a superliner
characteristic against etching time for Cl,-RIBE. This might be due to the rise of the sample
temperature caused by ion irradiation. The difference in the etching rates of Cl, and Ar also
originates from chemical reaction of the Cl,. This effect is marked in a long-term etch where

the surface temperature increase caused by ion irradiation is considerable.

5.3 Improvement of Profiles by Multistep Etching

The profile of etched mesas is dependent on the etching time. It is well-known that
the etching behavior is classified into three categories in Cl,-RIBE[4]. In Ar etching, the
etching profile is of overcut shape, since the etching characteristic is ion beam etching
(IBE)-like. At the initial stage of CI,-RIBE, the etching profile is vertical in shape, since the
etching characteristic is reactive ion etching (RIE)-like. However, the etching profile shows
side-etching or undercut shape with increasing etching time. These etching behaviors depend
on the substrate temperature. That is, in CI,-RIBE, the etching profile is affected by the
surface temperature rise which is caused by ion irradiation. Therefore, it is difficult to realize
the vertical and high-aspect-ratio etching for microsized pillar-type mesas.

[ therefore propose multistep RIBE to overcome this difficulty. This new technique

involves several repetitions of the etching process under the vertical etching condition
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obtainable at the initial stage of Cl,-RIBE. Figure 5-3 shows the concept of multistep RIBE
and the SEM images of the etching profiles obtained by conventional one-step RIBE and
multistep RIBE. I fabricated the circular pillar-type mesa as a sample for the application to
VCSELSs. Etching conditions common to the two process are etching pressure of 8 x 10*
Torr, ion extraction voltage of 400V and initial substrate temperature of about 25°C. [ used a
GaAs substrate as a sample. The etching time for the conventional one-step RIBE is 15 min.
The multistep RIBE etching time is 7 min + 7 min + 6 min (total etching time: 20 min). The
cooling time of the sample between the etching steps is 60 min. After cooling, the substrate
temperature is about 25°C. In Fig. 5-3, I can see that the side-etching near the bottom of the
mesa is eliminated by the multistep RIBE. Thus, the multistep RIBE is an effective dry-etching

technique for the microfabrication of VCSELs and optoelectronic devices.

5.4 Origin of Side Etch Foot of Mesa

Figure 5-4 shows a model of the origin of the side-etching at the bottom of mesas and
the experimental result. I think that the temperature near the bottom of mesas increased due
to the ion irradiation, because the substrate surface is irradiated directly by the ions. Therefore,
the substrate surface is chemically etched and the etching profile is isotropic. I carried out the
following experiment to test this idea. First, I prepared the circular pillar-type mesa of GaAs.
Next, I irradiated the Ar ion beam on the sample at an extraction voltage of 400V for 15 min,
this time, the bottom surface of the sample was heated to ~250°C. Immediately afterwards, I
irradiated the sample with Cl ions without applying extraction voltage for 2 min. Under these
etching conditions, the etching behavior is similar to chemical etching and the etching profile
is isotropic. As a result, the shape of the mesa near the bottom is dependent on the crystal
orientation of the substrate. Observation by scanning electron microscope (SEM) after this

experiment supported my model.

5. 5 Smoothing of Etched Surface by Multistep-RIBE
Many authors have reported on the reactive ion beam etching of InP with Cl, electron

cyclotron resonance plasma. For example, Yoshikawa et al have reported that Cl, ion
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energies in excess of 1kV are required to minimize the roughness and to obtain a vertical
etching profile for InP[5]. I think that the ion energy should be as low as possible to reduce
the induced damage. However, in the etching condition with a low pressure and a low ion
energy for InP RIBE, many micro-needles appear on the etched surface due to micromasks of
Indium as reported in ref 5. Up to now, the height of these microneedles of InP have not been
reduced yet at low ion extraction voltage. As described in section 5. 3, 1 have proposed a
multistep RIBE to improve etching profiles in order to alleviate the temperature rise of the
surface. That is, | have obtained the vertical etching profile of GaAs without side etch and
undercut by introducing the multistep RIBE. In section 5.3, the temperature of the etched
surface rises to 250°C at an ion extraction voltage of 400V for an etching time of 15 min. |
think the temperature increase is due to ion energy and ion current as described in section 5.
3. So, I have predicted that the micro-needle appearing on the etched surface of InP can also
be smoothed without changing the etched profile by the partial temperature increase‘of the
surface due to the ion irradiation.

It is well-known that the etching mechanism of RIBE is classified to three types, i.e.,
ion beam etching (IBE)-like, reactive ion etching (RIE)-like and chemical etching-like. An
etching condition with a high gas pressure, high sample temperature and a low ion extraction
voltage is needed for chemical etching-like. The microneedles can be reduced by using RIBE
under the chemical etching-like condition. However, the chemical etching nature causes
side-etch and undercut depending on a crystal orientation. To improve this etched profile, the
microneedles on the bottom surface have to been etched without etching the sidewall of the
mesa. That is, the bottom surface should be only heated without heating the sidewall of the
mesa. The proposed multistep RIBE enables the local heating of the surface for smoothing of
these microneedles.

Under these result above mentioned, I have predicted that the micro-needle appearing
on the etched surface of InP can also be smoothed without changing the etched profile by the
partial temperature increase of the surface due to the ion irradiation.

Figure 5-5 shows a model of the multistep-RIBE. I think that the temperature near
the bottom of mesas increased due to the ion irradiation, because the substrate surface and

Ry
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micro-needles are irradiated directly by the ions. Therefore, the micro-needles are chemically
etched. [ carried out the following experiment to test this idea. First, I prepared the mesa of
InP. At this time, many microneedles appear on the etched bottom surface. Next, I irradiated
the Cl ion beam on the sample at an extraction voltage of 400V, this time, the bottom surface
of the sample was heated as shown in figure 5-5. Under these etching conditions, the etching
behavior is similar to chemical etching. As a result, the microneedles can be disappeared
without change of etching profile of mesa. |

Figure 5-6 (a) shows an SEM images of the mesa and the cross section of InP after
the first RIBE. The ion extraction voltage is 300V. The substrate temperature is 245°C. The
etching gas pressure is 1.5x10*Torr. The etching time is 8 min. These are typical etching
conditions to obtain the vertical etching profile at a relatively low ion extraction voltage. I
can see many microneedles of lum height. Figure 5-6 (b) shows an SEM image of the mesa
and the cross section after the second-step RIBE. The ion extraction voltage is 400V. The
initial substrate temperature is 25°C. The etching gas pressure is 1.2x10°Torr. The etching
time of the multistep RIBE is 18min. At this time, the substrate surface temperature is
estimated at to be 250°C. It is clear that the height of the micro-needles can be reduced by
the multistep RIBE. The surface roughness is less than 0.3 um. Although the inclination of the
upper part is due to the retreat of resist mask, the etched profile of the mesa remains vertically
without etching of the sidewall.

Figure 5-7 (a), 5-7(b) and 5-7(c) show the dependence of etching pressure for the
multistep-RIBE. Figures 5-7 (a), 5-7(b) and 5-7(c) show the SEM cross section images with a
gas pressure 8x10*Torr, 1.2x10°Torr, 1.6x10°Torr. The ion extraction voltage is 400V, the
initial temperature is 25°C and the etching time is 18min. The initial temperature is about
25°C. These etching conditions are commonly used. [ can see the height of micro-needles is
minimized with a pressure of 1.2 x10°Torr. Figure 5-7 (d) shows relation between the
roughness and the gas pressure. In this graph, I can see the micro-needle height is minimized
at a gas pressure of | to 1.2x10°Torr. If the wafer is etched under a low gas pressure etching
condition, the microneedles remain on the surface. Because that etching mechanism is IBE-like.

Therefore, the obtained result by the multistep RIBE is well understandable.
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Figures 5-8 (a), 5-8(b) and 5-8(c) show the dependence of the etching time for the
multistep-RIBE. Fig. 5-8 (a) is an SEM cross section image with an etching time of 10min,
the etching time of Fig. 5-8 (b) is 18min, the etching time of Fig. 5-8 (c) is 30min. The ion
extraction voltage is 400V, the initial temperature is 25°C and the gas pressure is 1.2x10°Torr.
[ can see the micro-needle height reduces with an increase of etching time, and is minimized
at 30min. Figure 5-8 (d) shows the summarized result for various etching time. In this graph,
I can also see the micro-needle height is reduced with an increase of etching time. Especially,
the average roughness is estimated to about 1 10A with an etching time of 30min by measurement
with a Dektak. I think that the decrease in the height of microneedles at the muitistep etching

is derived from the temperature increase due to ion irradiation.

5. 6 Summary

[ have carried out in-situ measurement of the sample temperature during RIBE by
using a radiation thermometer for the first time.
(1) It was found that the surface temperature is increased by the ion irradiation.
(2) The surface temperature was increased by about 250K with an ion extraction voltage of
400V for 15 min.
(3) Also, I have proposed multistep RIBE for the improvement of etching profiles.
(4) I found that the origin of the side-etching near the bottom of the mesa is the rise of the
sample surface temperature due to the ion irradiation.
(5) 1 have proposed a novel multistep RIBE process for smoothing of micro-needles on
etched surface of InP substrate. I found the micro-needles on the etched surface are reduced
by the multistep RIBE without changing etched profile of mesas. The ion extraction voltage
of all the processes is less than 400V. The micro-needle height is minimized with a gas

pressure of 1 ~ 1.2x10°Torr and reduces with the increase of etching time. The minimum

average roughness is about 110A.
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Chapter 6 Plasma Characterization in Chlorine-Based Reactive Ion Beam

Etching and Chemically Assisted Ion Beam Etching

6.1 Introduction

Dry etching processes such as reactive ion beam etching (RIBE) and reactive ion
etching (RIE) have been widely used for the fabrication of optoelectronic semiconductor
devices and VLSI circuits. Plasma chemical processes involving plasma assisted etching are
generally rather complex and their etching mechanisms are not fully understood. For a better
understanding and to obtain better etching performances of RIBE and chemically assisted ion
beam etching (CAIBE)[1], it is helpful to perform analytical studies of ion energy and radical
density in plasma.

Until now, many studies on the chemical reactions near the substrate surface and
plasma characteristics during dry etching of silicon and related materials have been reported.

However, the chemical reactions and plasma characteristics have not yet been fully clarified
in the I1I-V compound semiconductor dry etching process. However I ought to use these dry
etching techniques for the micro-fabrication of optoelectronic devices such as etched-mirror
semiconductor lasers and microcavity surface emitting lasers[2-3]. In these devices, the vertical
etching profile and smooth etched sidewall are required, because the etched sidewall is used
as a part of microcavity resonators. In GaAs and related materials, the vertical profile and
smooth etched sidewall can be obtained by Cl,-based RIBE[4]. However, it is difficult to
obtain the vertical profile and smooth etched sidewalls in InP and related materials. Y oshikawa
et al. [5] and Youtsey et al. [6] demonstrated good etching profiles of InP etched by chlorine-
based RIBE and CAIBE, respectively. However, the plasma characteristics have not been
reported in these papers.

In this chapter, I describe the characterization of the chlorine plasma in RIBE and
CAIBE systems using a quadrupole mass spectrometer (QMS) with an energy analyzer. The

analysis of the chlorine ion energy and its radical density is discussed in the RIBE and

CAIBE systems .
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6.2 Experimental Setup

Figure 6-1 shows a schematic diagram of an ECR etching system. used in this
experiment. In CAIBE, neutral Cl, gas is supplied from a quartz nozzle in front of the
sample holder. The sample holder rotating at 10 rpm is covered perfectly with the Cl, jet. I
can use this system either for RIBE or CAIBE by changing the Cl, gas port.

[ used a QMS (Balzers: PPM 421) for the measurement of the plasma characteristics.
Figure 6-2 shows the schematic diagram of the QMS. This instrument is the differentially
pumped and has an integrated energy analyzer. The mass and the energy of positive and
negative ions can be analyzed. Neutral species such as radicals from a plasma or residual gas
are ionized by an integrated electron impact ion source and are then detected. For ion sampling
with minimum plasma disturbance, the electrically insulated extraction hood can be set to the
desired voltage by an external power supply. lons are sampled through an orifice with a
diameter of D=0.1mm in the extraction hood and focused on the entrance of the energy
analyzer (CMA: cylindrical mirror analyzer) by an ion optical system in the QMS. In our
process chamber, the QMS is set perpendicular to the ion flux. Hence I cannot always detect
all the particles, which move perpendicular to the QMS. However, I can detect some particles
due to isotropic movements and scattering. In this setting of the QMS, it is fully possible to
qualitatively analyze the plasma characteristics, although it is difficult to obtain the absolute

density of particles.

6. 3 Measurement of Chlorine Ion Energy in RIBE and CAIBE

In this section, 1 will describe the following measurements; (1) the energy distribution
of C1* from the ECR plasma without an applied voltage, (2) the energy distribution of CI" in
the RIBE process, (3) the energy distribution of neutral Cl, in the CAIBE process, and (4)
the energy distribution of CI* in the CAIBE process.

I used the QMS described above to measure the positive ion energy distribution. For
this measurement, the ionizer used as an ion source for neutral particles was turned “off.”
Therefore, I could obtain only the signal for the ions. Prior to performing these measurements

of energy distribution, 1 measured the energy distributions of Cl, and CI in the process
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chamber, and confirmed that these energies were ~0 eV. I also measured CI* energy
distribution from the ECR ion source. The ion energy was several tens eV.

Figure 6-3 shows the energy distribution of Cl" in the RIBE process. The process gas
pressure is 8 X 10* Torr and the ion extraction voltage is 400 V. In this figure, I can observe
that the energy peaks are at about 20 eV and 400 eV, which correspond to those in the ECR
plasma and the ion extraction voltage, respectively. The sharp energy peak of 400 eV shows
that the energy of an extracted ion beam is highly uniform. The broad energy peak of about
20 eV may be due to the leakage of the ions generated in the ECR ion source. Hence it can be
assumed that the ion energy, contributing to etching, is well determined by the extraction
voltage in the RIBE process.

Figure 6-4 shows the energy distribution of neutral Cl, in the CAIBE process at
plasma “on” and “off.” The Ar” extraction voltage is 400 V in plasma “on”. The Cl, flow rate
is 2 sccm. The total process gas pressure is 8 X 10* Torr. The peak of neutral Cl, ban be
observed in plasma “off”. However the peak intensity decreases in plasma “on.” Hence, it is
assumed that neutral Cl, is present in small amounts in the CAIBE process.

Figures 6-5 (a) - 6-5 (e) show the energy distributions of Cl* in the CAIBE process.
The Cl, flow rate is 2 sccm.. The total process gés pressure is 8 X 10* Torr. Figure 6-5 (a)
shows the energy distribution of Cl"in the CAIBE process at Ar”* extraction voltage of 0 V.
In this figure, no remarkable energy peak is observed, except for a small peak near 0 eV.
Figures 6-5 (b) - 6-5 (e) show the energy distributions of CI* for various Ar* extraction
voltages between 200 eV and 500 eV. In these figures, it is clear that the Cl* energy peaks
appear in the energy range of 50-70 eV. It is also observed that these CI" energy peaks
increase with an increase of Ar* energy. These results show that the neutral Cl, is ionized by
Ar* in the CAIBE process. The white light radiation from Cl, gas which is provided from the
nozzle can be observed in the CAIBE process. 1 deduced that this radiation is due to the

ionization of Cl, gas.

6. 4 Measurement of Radical or Excited State Molecular Density in Chlorine

Plasma
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It is well-known that ions and radicals play important roles in dry etching processes.
However, there have been few reports on the density of radicals in the chlorine-based CAIBE
process[6]. In this section, the measurement of chlorine radicals in the RIBE and CAIBE
systems are discussed.

I used the same QMS, used in § 6. 3, for the measurement of chlorine radicals. This
method of measurement is well-known as the appearance mass spectrometry (AMS) method[7].
The problem, in using this measurement, for the mass spectrometric detection of radicals, is
the difficulty in distinguishing between the direct ionization of the free radical and the
dissociative ionization of the parent molecule. The appearance potential technique utilizes the
several eV difference in the threshold energies of the electron impact ionization of the
processes to be separated. For this purpose the mass spectrometer output signal is recorded as
a function of the electron energy in the electron impact ion source of the PPM421. The data
recorded with the plasma “on” show a much higher intensity at electron energies beiow the
thresholds for dissociative ionization. This additional intensity results from the direct ionization
of free radicals created in the plasma. Thus the signal detected between the thresholds for
direct ionization of radicals and the threshold for dissociative ionization of the parent molecules
is a measure of the radical density in the plasmas.

Figures 6-6 (a), 6-6 (b) and 6-6 (c) show the semilogarithmic plot of the QMS output
for CL,* (m/e=70) and CI" (m/e=35) as a function of the electron beam energy at various Cl,
pressures in the RIBE process. The Cl, flow rate of 2 sccm and the ion extraction voltage of
400 V are constant. It is found that the QMS output signals of CL," are larger than those of
CI*. It is deduced that these signals for Cl,” correspond to ground state or excited state parent
molecules. Also, I could not observe the QMS signals for C1* between plasma “on” and “off”
at 8X10° Torr and 1x10* Torr. However, I can observe the QMS signals for CI" between
plasma “on” and “off” at 1x10~ Torr. Therefore, I believe that the Cl radical density increases
with an increase of the Cl, pressure and there exist few Cl radicals in the present gas pressure
range.

Figure 6-7 shows the semilogarithmic plot of the QMS output for Cl," as a function of

the electron beam energy in the CAIBE process. The difference of QMS output signals
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between plasma “on” and “off” is negligible. This result shows that the excited state Cl,
density is lower than the detection limit of this measurement. I also measured the QMS
output for CI* as a function of the electron beam energy in the CAIBE process. However, I
could not detect any noticeable signal due to weak intensity. Therefore, the effect of the Cl
radical might be negligible. Taking into account the result of the ionization of chlorine gas in

§ 6. 3, it is considered that CI* and excited state Cl, in addition to Cl, molecules exist in the

CAIBE process plasma.

6.5 Comparison Between RIBE and CAIBE

- Effect on Etching Profile and Sidewall Roughness -

As shown in sections 6. 3 and 6. 4, the ion energy and the radical density of chlorine
are clearly different between in RIBE and in CAIBE processes. In this section, the etching
profile and etched sidewall roughness are compared between RIBE and CAIBE. The sémples
prepared here were InP substrates with an electron beam resist mask SAL 601 patterned
directly by an electron beam lithography system (ERIONIX: ELS6600) to avoid the mask
edge fluctuations. The flow rate of Cl, and the substrate temperature were constant at 2 sccm
and 250 <C in both RIBE and CAIBE, respectively. The extraction voltage of Cl, in RIBE and
Ar in CAIBE are 400 V. The total process gas pressure is 1 X 10*Torr in RIBE and 8 X
10*Torr by adding to Ar in CAIBE. Figure 6-8 show scanning electron microscope (SEM)
images of InP etched by RIBE and CAIBE. We can see vertical etching profiles in both RIBE
and CAIBE. Both etched bottom surfaces are covered with a lot of projections like needles.
These projections are originated from micromasks of In. I have already reported how to
remove these projections by mutistep- RIBE described in chapter 5.

The sidewall roughness is measured by an electron probe surface roughness analyzer
(ELIONIX: ERA-4000). This instrument has four secondary electron detectors which are set
facing each other. We can detect the distribution of secondary electron intensity corresponding
to the surface inclination of roughness. The surface inclination of roughness at the electron
beam incident point can be found quantitatively from the intensity of the output signals of

the four detectors. The roughness profile is obtained by the scanning electron beam in the
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xy-plane. This electron beam energy is low enough for high resolution measurements. The
detail of this instrument has been described in chapter 4. Figure 6-9 shows the three -dimensional
plot of the sidewall roughness of etched samples. The measured area is 34 m in the x
direction by 4 1. m in the y direction. The average of peak to peak roughness of the etched
sidewall is 11nm in CAIBE, and 14nm in RIBE, respectively. In this measurement, the
vertical stripe on etched sidewall of the CAIBE sample is not more remarkable than that of
RIBE. It may be due to lower chlorine radical densities and lower chlorine ion energy in

CAIBE.

6. 6 Discussions

I have presented the comparison of the chlorine radical and excited state Cl, density
and energy distribution between the RIBE and CAIBE process. The chlorine radicql and
ground state or excited state Cl, is less in the CAIBE process than that in the RIBE process
and the chlorine ion energy in the CAIBE process is smaller than that in the RIBE process. I
consider that the difference originates from the fact that the ionized position in the process
chamber is different between the CAIBE and RIBE systems. The ionization position in the
CAIBE system is in Cl, gas flow, just in front of the sample. On the other hand, the position
in the RIBE system is in the ECR ion source. In other words, the ionization of chlorine in the
CAIBE process is due to the collision between Cl, and Ar*, while the ionization of chlorine in
the RIBE process is due to electron cyclotron resonance. Accordingly, I think an etching
model of CAIBE as follows. In the previous CAIBE model, it was considered that the Ar™-ion
beam etching (IBE) process was assisted by neutral Cl, gas. My new model adds the existence
of CI" ionized by Ar”. The effect of CI" on etching is not clear in the plasma characterization.
It is important for a better understanding of the plasma processing to clarify the remaining
issues, such as the process gas diffusion. I believe that, by optimizing the etching conditions,
the CAIBE and RIBE systems are both useful as dry etching techniques for various

semiconductor materials.
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6.7 Summary

I have clarified the aspects of ion energy and radical density of chlorine-based RIBE
and CAIBE systems. It is observed that neutral Cl, is ionized by Ar" in the CAIBE process,
and the CI* energy peak appears in the energy range of 50-70 eV and this CI" energy peak
increases with an increase of Ar® energy. I observed that the excited state chlorine molecule
in the CAIBE process was lower than that in the RIBE process. I compared the etching
proﬁlé and etched sidewall roughness between RIBE and CAIBE. The RIBE and CAIBE
process will become increasingly useful as dry etching téchnique with a greater understanding

of the plasma characteristics.
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RIBE and Ar* in CAIBE are 400V. The total process gas pressure is 1 X 10*Torr in RIBE and

8 X 10*Torr by adding to Ar in CAIBE.
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Fig. 6-9
3-dimensional plot of sidewall roughness of etched sample. (a) RIBE, (b) CAIBE.

80



Chapter 7 C_ Resist Mask of Electron Beam Lithography for

Chlorine-based Reactive Ion Beam Etching

7. 1 Introduction

Dry etching process is as an effective microfabrication technique to form micro-optical
devices such as VCSELs, etched facet lasers and nanoscale quantum devices. In these
applications, the resist material for dry-etching process is an important issue. Electron beam
(e-beam) lithography is a suitable technique for micro- or nano-scale patterning. The resolution
of nanoscale patterns is limited by the molecular size of resist material. In this point, some
resist having a very small molecular size is desirable. The size of fullerene such as Cy is
known to be small. If the C, can be used as an electron beam resist, it may be useful for
nanoscale patterning. Up to now, two approaches using C, as a resist material have been
reported. Ishii er al. have proposed a nanocomposite resist system that incorporafes Ceo
molecules into a conventional resist material[1, 2]. They obtained an enhancement by 7 % in
etching resistance at 5 wt% content of Cg; in ZEP resist for Cl,-ECR etching. This process is
suitable to avoid the collapse of high aspect ratio patterns. Tada et al. have reported that
e-beam irradiation also reduces the dissolution rate of C, films in organic solvents[3]. They
have shown the properties of C, as a negative-type e-beam resist and demonstrated the
performance of this resist by defining nanoscale patterns in Si etching using fluorine compound
gas. However, the properties of Cg, film as an e-beam resist in dry etching for GaAs and InP
using chlorine gas has not been clarified yet.

In this .chapter, the properties of C, as an e-beam resist mask in chlorine based

reactive ion beam etching (RIBE) is described.

7. 2 Sensitivity of C Film for Electron Beam

In this experiment, I have used an electron beam lithography system (ERIONIX Inc.:
ELS3300 and ELS6600) and a high-vacuum RIBE system. C, films were evaporated on
GaAs and InP substrates by the sublimation of C,, powders in a vacuum chamber. Figure
7-1 shows the response curve of the C, film to e-beam exposure. The e-beam acceleration
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voltage is 50 kV. The vertical and horizontal axis shows the thickness after development in
monochlorobenzene (MCB) for 15 sec and the exposure dose of e-beam, respectively. The
sensitivity as a negative type resist was ~25mC/cm? for MCB. This sensitivity is ~1/4000
for conventional novolac-based resist SAL-601ER7 (Shipley) and ~ 1/2 of that reported by

Tada et al. However, it is would be enough for direct patterning in a very small region.

7. 3 Etching Properties of C, Film in C1,-RIBE

Figure 7-2 shows the etching rate for Cg,, InP and GaAs against an ion extraction
voltage in CL-RIBE. The etching pressure was 8 x 10* Torr. The substrate was not heated. In
Fig. 7-2, I can see that the etching rate of C,, and GaAs is almost proportional to the ion
extraction voltage V, and that of InP is proportional to V*. The C,, film shows a similar
etching characteristic as GaAs in Cl,-RIBE.

Figure 7-3 shows the etching rate ratio of Cg, film for GaAs and InP in thé same
etching condition shown in Fig. 7-2. The maximum etch rate ratio of C, for GaAs and InP
were 20 and 5, respectively. Therefore, the C, film can be used as material of a dry-etching
mask.-

Figure 7-4 shows the-etching rate for Cg, InP and GaAs against gas pressure in
CL,-RIBE. The maximum etching rate ratio is obtained at 8 X 10™* Torr for both GaAs and InP.
The ion extraction voltage was 400 V and the substrate was not heated. In Fig. 7-4, I can see
that the etching rate of Cy, film decreases above at 1 mTorr, while those of InP and GaAs are
almost constant between 0.4 mTorr and 1.2 mTorr. In addition , the etch rate ratio of Cg, film
for GaAs and InP between 0.4 mTorr and 0.8 mTorr were 20 and 5, respectively.

I fabricated micropillars in GaAs with the C, mask. The thickness of the Cq, film was
about 3600 A. The dot patterns were formed by a 20-keV e-beam. Figure 7-5 shows the
scanning electron microscope (SEM) photograph of GaAs micropillars of < 0.5um in diameter
etched by CI,-RIBE. The ion extraction voltage was 400 V. The Cl, pressure was 8 X 10*
Torr. The substrate was not heated. In this photograph, it is found that GaAs pillars of
submicrometer diameter were fabricated with good anisotropic etching profiles. Therefore, [

think that the C,, film is a useful resist material for chlorine based dry-etching processes of
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GaAs, InP and related materials.

In addition, the C, mask irradiated by electron beam can be removed by using O,
plasma. I also confirmed that the Cy, mask pattern irradiated by electron beam can be developed
by sublimating non electron beam irradiating part at 400°C in vacuum. Therefore, I think that
all processes from epitaxy to device fabrication can be carried out in vacuum shown in Fig.
7-6. To perform all processes in vacuum will be important as a clean process and low

damage process.

7.4 Summary

In summary, [ have characterized the Cy, film irradiated with an e-beam as a dry-etching
mask for Cl,-RIBE. The sensitivity as a negative type resist was ~25 mC/cm’ for MCB. The
maximum etch rate ratio of C,, for GaAs and InP were 20 and 5, respectively. In addition, I
have succeeded in fabricating micropillars in GaAs with the Cy, mask. The C, film wo’uld be
one of candidates of a dry-etching mask for nanoscale fabrication of semiconductor by

optimizing the lithography condition.
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Chapter 8 Application of RIBE for Microoptoelectronic Devices

8.1 Introduction

In this chapter, application of RIBE and RIE for microoptoelectronic devices and
prospects of dry etching are discussed.

First, I show the etching characteristics of dielectric materials of Si, SiO, and TiO, for
fabrication of SiO,/TiO, multilayer reflector of surface emitting laser. The dependence of the
etching rate on the gas pressure and the effect of radicals is discussed. Circular fine patterns
of SiO/TiO, multilayer 54 m in diameter is demonstrated. Secondary, 1 show that some
lasing characteristics of index-guided InGaAs/GaAlAs VCSELSs and the fabrication of VCSEL
array with a native oxide confinement structure and some example for micro-optoelectronic

devices fabricated by using Cl,-RIBE technique.

8.2 Microfabrication of SiO,/TiO, Multilayer Reflector for Surface

Emitting Lasers by Reactive Ion Etching (RIE)

Ultralow threshold operation of a surface emitting laser is expected by introducing a
microcavity structure. In order to realize such a microcavity laser, fabrication of a highly
reflective mirror is one of the key technologies. For this purpose, a dielectric multilayer
reflector consisting of Si0,/TiO, or Si/SiO, is used. In order to control the transverse mode
of the microcavity laser as well as to inject current into the active layer, fabrication of a very
small dielectric multilayer reflector is needed[1]. Also, a steep and smooth etching profile is
required for highly reflective micromirror by eliminating diffraction and scattering losses in
dielectric multilayers. In a wet chemical etching or plasma etching process, the etching shape
is not necessarily smooth and steep because the etching rates of TiO, and Si are different
from that of SiO,. On the other hand, the etching shape in reactive ion etching is expected to
be smooth and steep because of oriented etching by ion. Therefore, the reactive ion etching
process is suitable for making a tiny structure of dielectric materials. The RIE has been
widely used for the microfabrication process of semiconductor and dielectric materials, but

its etching characteristics. for multilayered dielectric materials have not been investigated in
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detail. We have introduced a reactive ion etching (RIE) system to fabricate a micromultilayer
reflector a few microns in diameter for surface emitting lasers.  In this section, the etching
characteristics of dielectric materials of Si, SiO, and TiO, are clarified. The dependence of
the etching rate on the gas pressure and the effect of radicals have been discussed. Circular
fine patterns of SiO,/TiO, multilayer 5 &4 m in diameter were fabricated.

The RIE system has parallel planar electrodes as described in chapter 2. I used two
kinds of materials for the etching table, i.e., Teflon (C F,) and quartz in this experiment.
Dielectric films of Si, SiO, and TiO, are prepared by an electron beam evaporator.

Figure 8-1 shows the effect of the materials of an etching table on the etching rate of
dielectric materials. It is obvious that the etching rate of Si decreases; however, the etching
rate of SiO, and TiO, increases by replacing the quartz table by a Teflon table. The effect of
the Teflon table refers to the absorption of free fluorine radicals generated by released C F,,
gas[2]. Generally, the oxides are etched by ion and Si is etched by radicals[3]. The result of
the experiment clearly shows the effect of Teflon.

Figure 8-2 shows the relation between the etching rate and the etching pressure. It is
obvious that Si has a different tendency from the oxides, SiO, and TiO,. At the pressure of
0.1 Torr, the etching rates of the oxides become minimum and that of Si becomes maximum.
This result indicates that the etching by free fluorine radicals is more active than by ions at
0.1Torr, since Si is etched by fluorine radicals, as shown in Fig. 9-1.

A 7-pair multilayer reflector consisting of quarter-wavelength layers of TiO, (880A)
and SiO, (1500A) was prepared on a GaAs substrate by means of an electron beam evaporator.
After Cr was evaporated on this multilayer, a circular mask pattern of Cr with a diameter of 5
um was formed by a standard photolithographic process and etching by HCI. The thickness
of Cr was 2000A. The sample was etched by the RIE with a pressure of 0.12Torr and an rf
power of 100W. In this condition, the GaAs substrate is slightly etched with the etch rate of
25A per minute. The etching rate of Cr is 20A/min. The etch rate ratio of Cr and the
multilayer is about 60.

Figure 8-3 shows an SEM photograph of the etched sample of a dielectric multilayer

by RIE. The total etching time of the multi-layer corresponds to the sum of that of each layer.
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Five-micron-diameter circular array patterns were formed with good uniformity. The steep
vertical shape can be obtained. The polarization controlled surface emitting laser using micro

dielectric multilayer reflector was fabricated by RIE in 1991 as shown in Fig. 8-4[4].

8.3 Application to Surface Emitting Lasers

The low-threshold mesa-etched vertical-cavity InGaAs/GaAs surface-emitting lasers
was fabricated in 1995 (Fig. 8-5) [8]. Low threshold current of 0.33, 0.5 and 1.2mA were
obtained for the 6, 10 and 20um diameter devices. Figure 8-6 shows a schematic diagram of a
fabricated InGaAs/GaAlAs VCSEL with an oxide confinement structure. The epitaxial layer
was grown by low-pressure MOCVD at 700°C on a GaAs (100) substrate. The active region
consists of three 80A thick strained In,,Ga,gAs quantum wells sandwiched by 100A thick
GaAs barriers. The active region is sandwiched by Al,,Ga,,As layer which form separate
confinement heterostructure(SCH) for the vertical carrier confinement. Both the GaAé/AlAs
DBR's consisting of periodic quarter wavelength (1/4) stacks provide high reflective mirrors,
resulting in low threshold current density. The top (Zn-doped) mirror has 20 periods with
180A linearly-graded layers at GaAs/AlAs heterojunctions for low series resistances. The
bottom (Se-doped) mirror with GaAs/AlAs abrupt interfaces has 22.5 periods. This device
has been introduced modulation doping with high and low carrier concentrations of 3x10'*cm?
in AlAs and 1x10'%cm? in GaAs layers at both side mirrors, respectively. Circular mesas with
20 and 40um ¢ active region diameters were formed by Cl, based RIBE. The employed
process for oxidizing AlAs layers of DBR is shown as follows. After RIBE process, the
sample were annealed at 400°C in nitrogen gas ambient bubbled through 80°C water. The
generated light propagates along an index-guide that consists of GaAs/AlAs DBR core and a
GaAs/AlL O, cladding |6].

Fig. 8-7 shows the light output versus current characteristics for several oxidized
20um ¢ core devices. A threshold current of 70uA was achieved [7]. Because the corresponding

threshold current density is as small as 360A/cm?, further reduction of threshold current will

be expected.
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8. 4 Fabrication of VCSEL array using Dry Etching

The advantage of VCSELSs is as follows:

(1) A large number of laser chip can be fully monolithically processed.
(2) The probe test can be performed before separation into chip.

(3) A large-scale 2D laser array can be formed, and so on.

In this section, fabrication of VCSEL 2-D array is described.

I have fabricated VCSEL array to realize devices with these advantages. The sample
was grown by MOCVD on the n-type GaAs substrate, consisting of one wavelength thick
AlGaAs spacer layer with a GaAs single quantum well (SQW), as well as upper and lower
DBRs as shown in section 8. 3. The upper and lower DBRs consist of 18 pairs and 22 pairs of
AlAs/AlGaAs quarter wave stacks, respectively. Then a circular EB resist mask array was
obtained by electron beam lithography. The diameters of the masks were distributed from
Sum to 30pum. A pillar-type microcavity array was fabricated by RIBE.

Next, the AlAs layer of DBR was oxidized as shown in section 8. 3. Then, the
oxidized mesas were covered with polyimid and patterned the window for probe contact by
conventional photolithography technique. After opening the contact window, p-side and n-side
electrode were evaporated, respectively. Next, an electron beam (EB) resist was coated on the
upper mesas (p-side). Then, the p-side electrode pads were fabricated by EB lithography and
Ar-IBE. The size of each electrode pad is 250um X 250um. The pitch of VCSEL is 250um.
The n-side light output holes are fabricated by conventional photolithography technique.
Each electrode can be contacted independently by a probe. So that, Each VCSEL can be
operated without separating the wafer. Figure 8-8 shows the photograph of p-side and n-side
of VCSEL array fabricated as above mentioned. In addition, the micro cavity array of

GalnAsP/InP was fabricated by using Cl-RIBE technique as shown in Fig. 8-9.

8. 5 Application to Micro-optoelectronic Devices
The RIBE process have contributed to fabrication of many micro-optoelectronic devices.
I would like to show some example for micro-optoelectronic devices fabricated by using

Cl,-RIBE technique. The micro-arc-ring (MARC) lasers, which consists of one concave
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mirror and two plane mirrors was fabricated in 1994 (Fig. 8-10) [9]. The pulsed threshold
was S50mA for 0.98mm GalnAs/GaAs QW devices with the size of 100um. The reflectivity
of the etched reflector was estimated ~74% from the threshold current density. The horizontal
short cavity DBR Laser was fabricated in 1994 (Fig. 8-11)[10]. The InGaAs/GaAs strained
quantum well lasers with etched micro-corner reflectors was fabricated in 1995 (Fig. 8-12)[11].
The threshold current density was ~800A/cm* for 100um long GalnAs/GaAs QW devices.
The reflectivity of a 4um wide corner reflector could be estimated ~65% from threshold
current density. The miniature semiconductor optical power splitter with submicrometer wide
aperture was fabricated in 1996 (Fig. 8-13) [12]. This device was a GalnAs/GaAs Fabry-Perot
cavity laser including the power splitter inside the laser cavity. A uniform power splitting

over 20 output waveguides was obtained with the 100pum long free-space region.

8. 6 Summary

In this chapter, application of RIBE and RIE for microoptoelectronic devices and
prospects of dry etching are discussed.
(1) Some etching characteristics of dielectric materials such as SiO,, TiO,, and Si were
examined for the purpose of micro-fabrication of a multilayer reflector.
(2) As a preliminary experiment, the pressure dependence of the etching rate and the effect of
the material of the etching table were clarified.
(3) A tiny circular structure of SiO,/TiO, multilayer reflector with a diameter of 5 4m was
fabricated by RIE. By optimizing the etching condition, a microreflector of less than a few
microns will be obtained.
(4) I show that some lasing characteristics of index-guided InGaAs/GaAlAs vertical-cavity
surface-emitting lasers (VCSELs) with a native oxide confinement structure, which provided
a low threshold current of 70mA, are presented.
(5) I fabricated pillar-type microcavity 2-D array VCSEL using oxidized DBR and separated
electrodes. The fabricated device can be performed the probe test without separating the
wafer.

(6) The ECR CI2-RIBE technique contributed to fabrication of many micro-optoelectronic
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devices, such as MARC laser, horizontal short cavity DBR laser and optical power splitter

etc.
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Chapter 9 Conclusion

9.1 Prospects of Dry Etching
In this section, the prospects of dry etching process are discussed. Now, the dry
etching technology has some important issues as follows.
(1) Development of large diameter ion source.
(2) Damage-free etching process.
(3) Ultra-fine etching profile control.

I would like to describe my opinion to solve these problems as follows.

(1) Development of large diameter ion source

Recently, the electronics technologies require 0.1um-rule as precise device fabrications.
Also, those require uniformity in device fabrication for 6” wafers. Therefore, large diameter
plasma is required as an ion source for dry etching process. Generally speaking, it is difficult
to make a large diameter ECR plasma ion source. Because, it is difficult to make an uniform
magnetic field in large area. While it is easy to make a large diameter plasma source in
conductive coupled plasma (CCP), such as RIE, the induced damage by this technique is
larger than that of ECR. In these days, the development for large diameter plasma sources
such as inductive coupled plasma (ICP), hericon wave plasma (HWP) and UHF plasma is

starting. These new techniques will be expected as a large diameter and high density plasma

ion source.

(2) Damage-free etching process

In future, sub half-micron device fabrication process requires damage-free etching or
reducing induced damage process by dry etching. It is well-known that the ion energy as
small as 20eV does not exert induced damage on semiconductor wafers. Also, in high ion
density plasma, the induced damage is very small. Therefore, the future dry etching process
for 0.1pm-rule requires the high density plasma ion source and lower ion energy. The ICP

and/or HWP are expected as a plasma source to satisfy the requirements above mentioned.
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These plasma sources can obtain the plasma density as high as an ECR plasma and the
plasma pressure as low as an ECR plasma source. So, the development of these techniques
without induced damages is expected in future. Especially, the ICP source is non-magnetic

field, and the large diameter plasma can be generated easily.

(3)Ultra-fine etching profile control

The etching profile control is one of the most important issue for dry etching process
in sub-half-micron fabrication. The etching profile is often not straight due to charging on
etching mask, like SiO,, photoresist and so on. In ECR plasma source, it is important to
obtain uniform the magnetic field. In other words, it is important to reduce the gradient of
voltage, and to control the distribution of ion energy. However, only the control of ion energy
distribution may not enable perfect profile control. Neutral radical is also contribute to dry
etching process. Usually the neutral radical is independent of the applied extraction vbltage.
And the radical has isotropic trajectory due to only its thermal motion. Therefore, it is
important to find a manner to control the radical and ion flux at the same time. In addition,

the negative ion will be used extensively for reducing of mask charging.

I believe that, in future, the dry etching technique will be more important process in

various fields as described in section 1.
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9. 2 Conclusion

In order to establish the dry etching process for the fabrication of micro-structure
optoelectronic devices, 1 have carried out my doctoral study with the following purposes; ()
To establish microfabrication of multilayers for VCSELs, (2) To characterize and to avoid
RIE and RIBE induced damage, (3) To evaluate quantitatively etched sidewall roughness and
to improve etching profiles, including the investigation of new suitable mask material, 4) To
characterize process plasma in RIBE, (5) To apply the RIBE for the fabrication of VCSELs
and microstructure optoelectronic devices. The results obtained in this work are summarized
as follows:

(1) Microfabrication of multilayers for VCSELSs

I have established GalnAsP/InP RIBE dry etching processes for forming microcavity
VCSELs. I have examined Cl,-RIBE for GalnAsP/InP multilayers for the first time, in order
to fabricate a microresonator composed of semiconductor multilayers (Chap. 2).

(a) The straight side wall of the GalnAsP/InP multilayer was obtained.

(b) The loading effect derived from the high-density pattern was observed.

(2) Characterization and avoidance of RIBE and RIE induced damage
[ investigated the sidewall and bottom surface damage induced by Cl,-RIBE and RIE

(Chap. 3).

(a) The induced damage of processed InP was studied by C-V measurement. The damaged
layer thickness was estimated to be ~1000A.

(b) The ion-incident-angle dependence of th¢ sidewall damage was presented, showing that
the sidewall damage was <200A with an ion extraction voltage of 400V.

(¢) I carried out for the first time the depth measurement of the sidewall damage from the
direct PL measurement of the etched sidewall of a GalnAsP/InP DH wafer after RIBE. 1
found that the PL intensity of the etched sidewall decreased considerably. In order to
clarify the damage depth of the etched sidewall, I measured the PL intensity with etching
the sidewall slowly. The damage depth of the etched sidewall is estimated to be 20-30A.

The sidewall damage is the same in the region of 300V-500V.
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(d) In order to eliminate the induced damage, I proposed a novel two-step RIBE.
(e) The bottom surface damage of a wafer induced by RIE was investigated by PL study. The
active layer in the DH wafer was not affected by the RIE process. Also, the damage of the

cladding layer can be relaxed by post thermal annealing.

(3) Quantitative evaluation of etched sidewall roughness, improvements of etching profile
and investigation of novel mask material
The sidewall roughness of InP etched by RIBE was measured using the electron
probe surface roughness analyzer for the first time (Chap. 4). I carried out in-situ
measurements of the sample temperature during RIBE by using a radiation thermometer
for the first time (Chap. 5). I have characterized the Cg, film irradiated with an e-beam as
a dry-etching mask for Cl,-RIBE (Chap. 7).

(a) The minimum value of the sidewall roughness average was Inm. The peak to peak
roughness was 5.8nm.

(b) 1 pointed out that ion extraction voltage should be reduced and gas pressure should be
increased for a smooth InP etching, while maintaining anisotropic etching profiles.

(c) It was found that the surface temperature is increased by the ion irradiation. The surface
temperature was increased by about 250K with an ion extraction voltage of 400V for 15
min. The increase in sample temperature considerably affects on the etching profile.

(d) I have proposed a novel multistep RIBE for the improvement of etching profiles. 1 found
that the origin of the side-etching near the bottom of the mesa is the rise of the sample
surface temperature due to the ion irradiation.

(e) The proposed multistep RIBE process is also effective for smoothing of micro-needles on
an etched surface of an InP substrate. I found these micro-needles on the etched surface
are reduced by the multistep RIBE without changing etched profile of mesas.

(f) The sensitivity of C, as a negative type resist was ~25 mC/cm? for MCB. The maximum
etch rate ratio of Cg, for GaAs and InP were 20 and 5, respectively. In addition, [ have
succeeded in fabricating micropillars in GaAs with the Cg, mask. I proposed that the total

device fabrication processes from epitaxy to device fabrications can be completed in
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vacuum using the C, mask.

(4) Plasma Characterization in RIBE
I have clarified the aspects of ion energy and radical density of chlorine-based
RIBE and CAIBE systems (Chap. 6). I observed that neutral Cl, is ionized by Ar" in the
CAIBE process, and the CI" energy peak appears in the energy range of 50-70 eV and
this CI* energy peak increases with an increase of Ar* energy. | also observed that the

number of excited state chlorine molecules in the CAIBE process was smaller than that

in the RIBE process.

(5) Application to VCSELSs or microstructure optoelectronic devices
Applications of RIBE for microoptoelectronic devices and prospects of dry
etching are discussed (Chap. 8). We realized record low threshold index—guided
InGaAs/GaAlAs VCSELs with a native oxide confinement structure by using the established

etching technique. In addition, I fabricated VCSEL 2-D array with independent electrodes.
To conclude this study, I believe that, in future, the dry etching technique will be more

important process in various fields. The result of this study will contribute to the development

of future optoelectronic devices.
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