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ABSTRACT

The chemical etching characteristics of (001) MBE and LPE InGaAs and InAlAs layers grown on InP havel
ied for various etching systems: H,PO,: H,0,, H,SO,:H,0,:H,
profiles were examined on stripes oriented along the [110] and [110] directions and on circular mesa stru
rates and the etch-revealed planes are reported, together with a detailed discussion of the erystallography.
observed different etching characteristics between LPE and
these etching solutions for device fabrication is also briefly d

The InGaAs and InAlAs ternary alloys, lattice matched

to InP, are currently of great interest for a variety of high
speed and optoelectronic devices. Furthermore, they are
the two ternary limits of the InGaAlAs quaternary sys-
tem, which is very promising for fiber and integrated op-
tics applications.
" Wet chemical etching and selective chemical etching
are important methods in device fabrication. Several
etching solutions have been used for InGaAs-based de-
vice fabrication: H,S0,:H,0,:H,0 (1-5) and Br,-
CH,COOH (6), to define mesa structures for photodiodes,
heterobipolar transistors, and for JFET’s gate formation,
and citric acid and H;PO,:H,0,:H,0 for JFET’s and DH-
MESFET fabrication (7-8). Conway et al. (9) have re-
ported etch rates for a selective KOH:K;Fe(CN),:H,O
etching solution for the InGaAs/InP system. However, to
our knowledge, there has been no detailed report on
InGaAs and InAlAs etching characteristics, such as de-
vice shaping, etch revealed planes, and etch rates, and
only limited data on'mesa tapering by several different
etches have been reported (10).

In this paper, we report detailed experimental results
on the chemical etching characteristics of MBE and LPE
InGaAs/InP and MBE InAlAs/InP lattice-matched
heterostructures in the solutions of three etching sys-
tems: (i) HyPO,, (ii) H,SO,, and (iii) Br,-CH,COOH. The
etching profiles are examined by cleaving the (001) ori-
ented InGaAs/InP and InAlAs/InP wafers in orthogonal
planes along the [110] and [110] directions and are dis-
cussed in detail from a crystallographic aspect, together
with the etching profiles of circular mesa structures.

Experimental

Sample.—The samples employed were lattice-matched
InGaAs and InAlAs heterostructures grown on (001) InP
dislocation-free substrates.

The InGaAs samples were grown either by MBE (Si-
doped, 10" em~?), wijth the growth conditions previously
described (11, 12), or by LPE (Sn-doped, 10'* em~?), while
the InAlAs samples were grown by MBE (Si-doped, 10'®
cm~3) (13).

The samples were thinned to about 100 pm to permit
cleavage for the observation of the etching profiles. Be-
fore mask deposition, the samples were degreased in or-
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O, and Br,-CH,COOH using photoresist as an
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ganic solvents, deoxided in 40% HF, and thes
deionized water. o

Masking pattern.—Etching studies were
the (001) InGaAs and InAlAs surface after
of the masking pattern (see Fig. 1) by standard
ographic techniques using Hunt HNR
photoresist baked at 120°C for 30 min.

This geometry allows the simultaneous ol
the etching profiles in the [110] and [110] di
on circular mesa shapes, where a continu
crystallographic planes are present.

Etching solutions.—For device applicatio
ing solutions must exhibit oxidizing charac
must be free of metallic cations to avoid ioni
tion of the etched surface, which may produ:
surface current leakage in device applicatio

The chemical etching characteristies of
InAlAs were studied in the solutions of th
systems: (i) H;PO,:H,0,, (ii) H,S0,:H,0,:H
Br,-CH;COOH. All the etching experimen
formed at room température without sti
these conditions, the first two systems are sell
both the InGaAs/InP and InAlAs/InP hetero

The electronic grade reagents are in the fo
centrations: Hy,PO, (86%), H,SO, (96%), H,0,
COOH glacial. The etching depths were m

ina)

Fig. 1. Photoresist masking pattern on (001) InGaAs
face used for chemical etching experiments. .
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Fig. 3. (a) Polar diagram for InGaAs/InP etching with H,PO,:
: 8H;0,:40 H.0 solution, (b) ABC etching profile, and (c) ADE etching
" profile.

evolve, with increasing etching time, all in the same way
to produce the final shape shown in Fig. 2c and e.

The final profile thus depends on the InGaAs layer
thickness and on the etching time but not on the etching
solution composition. This behavior can be explained
using the etching polar diagram, as discussed by Shaw
for GaAs (14, 15), obtained experimentally for the
H,;P0,:8H,0:40 H,0 etching solution and shown in Fig.
3a. Upon increment of the etching time, the obtained
etching profiles change from the ABC shape on Fig.3b to
the ABFG shape and to the final ADE shape shown in
Fig. 3c. Notice the gradual disappearing of the BC facet,
as can be seen in Fig. 3b and c. In the final-profile, the re-
. sulting [110] surfaces form an angle of 115° + 1° with the
(001) plane. These considerations are valid for all the so-
. lutions of the H,;PO, and H,SO, systems. The resulting
| etching time and identified crystallographic planes for

-~ [170] [1 10]" all the tested solutions are reported in Table I.
'-g profiles of (001) InGoAs/InP etched in the solutions Table I. The composition of the etchant in parts by volume,
system: (a) 2H,PO,:H,0,, (b) 5H;PO:H,0,, (c) 10 H,PO,: etching rate for MBE and LPE material,
H,P0,:8H,0,:H,0, (e) H,PO,:8H,0,:40 H,0, and (f) H,PO;: and identified crystallographic planes revealed

by etching for InGaAs/InP heterostructures

er, after mask removal. After etching, the spec-

Etching rate Identified
e cleaved along the two directions perpendicu- (pm/min) planes
! qt'll) surface and then observed in a scanning Bichant MBE LPE (110] [170]
I microscope.
InGaAs Etching Profiles 3 H,go.;l H,0,:1 H,0 25 2 {221y {111}
:H,0, system.—The etching profiles of the (001) 3 g:sgri 2:8:} 2:8 {Lgﬁ é‘? gggi H}H
surface etched in solution of the H,PO,:H,0, sys- 2  H,PQ,1H,0, 33 2 {332} {111)
shown in Fig. 2: (a) 2H,PO,H.,O.. (b) 5 HSPO‘gl H,0, 2.4 1 {221} {111}
G a0 (DLEOLERLO0, IHLO, . o} peliamiomyie. 0% S s un
HgOgI‘!U H20| and {D HgPO.ZBH;QgIBU_HZO: 1 H,PO,:8 H,0,:40 H,0 0.4 0.2 {332} {] 11}
lting etching profiles in the [110] direction, 1 H,PO,:8 H;0,:60 H,0 0.2 0.1 {332} {111}
above etching solutions, form an angle of 55° 1% Br,-CH,COOH ° 6 5 2 {112

the (001) surface. In the [110] direction, we ob-
different profiles, as shown in Fig. 2, which

* Etching profile does not exhibit crystal habits.
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Fig. 4. Etching profiles of (001) InGaAs/InP etched in the solution of
the H,S0, system: (a) 3H,50,:H,0,:H,0, (b) 5H,50,:H,0.:H,0, and
(c) 8H.50,:H.0,:H.0.

H,S0,:H,0, system.—The profiies obtained etching the
(001) InGaAs surface in the solution of the H,S0, system
are shown in Fig. 4: (a) 3H,S0,H.,0,:H,0, (b)
5H,S0,:H.0,:H,0, and (c) 8H,S0,:H,0.:H,0. :

These etching profiles are similar to those previously
described for the H,PO, system, since the reaction mech-
anisms are the same; in the [110] direction, the etching
produces a surface that forms an angle of 55° with the
(001) plane, while in the [110] direction the angle is 115°.
Also, for these etching solutions, the final etching shape
in the [110] direction depends on the InGaAs thickness
and on the etching time.

Br,-CH,COOH system.—Solutions with 1% and 0.1%
concentration have been tested. Both solutions show the
profiles illustrated in Fig. 5. As can be noted, only in the
[110] direction a plane with crystal habit has been ob-
tained with an angle of 38°, which corresponds to the
(112) plane. In the [110] direction, the etching profiles do
not exhibit clear crystal habits. This is a different behav-
ior from the profiles obtained on InP and InGaAsP,
where the same solutions have been tested. For these
materials, the etching %hape along the [110] direction is
found to be dependent on the nature of the mask and on

Tum

Tum
ama =9

L

[1i0] [110]

Fig. 5. Etching profiles of (001) InGaAs/InP etched in the solutions
of the Br,-CH,COOQH system: 1% and 0.1% solutions.

ic)

Fig. 6. Etching profiles of (001) InGaAs/InP circular
(a) HyPO, system, (b) H,50, system, and (c) Br,-CH:COO

the composition of the solution, as it is knuwn
mine solutions (16).

However, for InGaAs and InAlAs, the profile
exhibit no clear crystal habit, either with differe
(photoresist, polyimide, Si,N,) or with different
tions, indépendent of etching depth (up to 9
the two previous etching systems, these solutx |

selective for InGaAs/InP.

InGaAs etching profiles on circular structure
etching experiments performed on circular strug
should be influenced by all the crystallograp
tions that are present on the surface; thus, th
profile should be gradually varying along the ¢i
ence. Actually, the most remarkable effects aré
[110] and [110] directions. For this reason, the
files are similar to those obtained on stripes withi
ual variation from the [110] to the [110] direction.
the [110] direction, all the etching solutions sho!
same angle obtained on stripes. In Fig. 6, we report
examples of mesa structures obtained w1th the pre)
etching solutions. !

As can be noted, all the etching solutions of
and H,SO, systems always form a negative angle
[110] direction. However, it is possible that, for thel
system, using more dilute solutions, positive ang
1 1
o H

b).

(1301 [110]

Fig. 7. Etching profiles of (001) InGaAs/InP etched in the 0
of the H,SO, system: (a) 3H,50,:H;0;:H,0 and (b) 5H,50,:H0
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Table 11, The composition of the etchant,in parts by volume,
etching rate, and identified crystallographic
planes revealed by etching for InAlAs/InP heterostructures

Identified planes
Fiching fate “———+———
Etchant (pm/min) [110] [110]

3 H,S0.1H,0.:1 H,0 3 {332} {111}
5  H,S0,1H,0.:1H,0 2.5 {221} 111}
2  H,PO,1H,0, 3 {332} 111}
5 H,PO,1H.0, 1.5 {332} {111}
10 H,PO,:1 H;0, 0.5 {331} a

1  H,PO,8 H,0.:1 H,0 1.5 {221} {111}
1  H,PO,8 H,0.:40 H,0 0.6 (332} {111}
1 H,PO,8 H,0,:60 H;O 0.16 {332} {111}
1% Br,-CH,COOH 8 a a

= Btching profile does not exhibit erystal habits.

with the 3:1:1 solution, an angle of 115° is formed with a

- {332} surface, while, with the 5:1:1 solution, the angle is
102° with {221} planes. The resulting etch rates and
identified crystallographic planes are reported in Table
1I.

H,PO,:H,0, system.—The following solutions have
been tested: (a) 2H;,P04:H202, (b) 5H3P04:H~202» (c)
10H,PO,:H,0,, (af H,P0,:8H,0,:H,0, (e) H;PO,:8H,0,:40
H,0, and (f) H,PO,:8H,0,:60 H.O. The resulting profiles
are collected in Fig. 8, while the etch rates and the
identified planes are reported in Table II.

As with the above-mentioned etching solutions, the
obtained profiles are formed by {332} and {221} planes in
the [110] direction and {111} planes in the [110] direction.

Br,-CH,COOH system.—Only the 1% solution has been
tested. In this case, unlike that of InGaAs, the obtained
etching profiles in the two directions do not reveal a erys-
tal habit, as shown in Fig. 9. The behavior is analogous to

that discussed for InGaAs.

| InAlAs profiles on circular structures.—The profiles on

cireular structures reflect those obtained on stripes
along the two directions. The resulting mesa shapes for
the H,PO, and H,SO, systems are similar to those re-
. ported-in Fig. 6 for InGaAs and show the presence of

1 1
Jum -

(1101

- r110]

profiles of (001) InAlAs/InP etched in the solutions of (1701 [110]

0, system: (a) 2H,PO,:H,0,, (b) 5H,PO4:H,0:, (c) 10 H;PO,:

l'll‘;i’c()).,:BHgOg:H;;O. (e) H;PO,:8H,0,:40 H,0, and (f) H;PO.: Fig. 9. Etching profiles of (001) InAlAs/InP etched in the solution of
0 H0. _ 1% Br,-CH,COOH.

‘erystallographic direction could be obtained, as 10um Tm
for example in Ref. (4) for a 1:1:20 composition. —i g i
s noted that the only etching solutions that form
e angle on the [110] and [110] directions are in
CH,COOH system (see Fig. 6¢c), together with a
uality surface morphology and with nearly ideal
apes.

3 InAlAs Etching Profiles

:H,0, system.—The (001) InAlAs surface has

hed with the following solutions: (a) 3H,S0,:
0, and (b) 5H,S0,:H,0,:H.0. The etching profiles
ilar to those obtained for InGaAs, since the reac- a)

hanisms are the same, and are reported in Fig. 7.
£[110] direction, we have obtained surfaces with an
e of 55°, which belong to the {111} planes, while, in tures etched in the solution o
110] direction, we obtained two different surfaces: of the InAlAs/InP interface.

b)

Fig. 10. (a) Etching profiles of (001) InAlAs/InP circular mesa struc-
f 1% Br,-CH,COOH. (b) Magnified view
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(332) (o01)

: (1)
s e g S o)

Fig. 11. A (110) section of the zinc blende lattice showing how the
{332} surfaces are formed by 1111}A planes with monoatomic steps
along the {1118 planes.

negative angles. Also, for InAlAs, the best results are ob-
tained with the Br,-CH,COOH etching solution, which
gives perfectly circular structures with very smooth sur-
faces, as shown in Fig. 10.

Crystallographic Aspects and Device Applications
The discussion is similar for the two materials: thus,

we refer basi¢ally to InGaAs. As can be noted from Table ’

I, there is a noticeable uniformity of crystallographic
planes revealed by the various etching solutions. The

H;PO, and H,S0, systems form with the (001) surface an.

angle of 55° in the [110] direction, which corresponds to
the {111}A planes, with a theoretical angle of 54° 7’ with
the (001) surface. In the [110] direction, the angle ob-
tained is 115°, which corresponds to the {332} planes. It
has been shown (17) that the {332} planes are actually
formed by {111}A planes with monoatomic steps along
the {111} B planes, as shown in Fig. 11. This explains
the appearance of the {332} planes, even if they are en-
ergetically unfavorable (17).

The comparison of the etching characteristics of
device-quality MBE and LPE InGaAs samples shows a
noticeable difference in the etch rates, as reported in Ta-
ble I. All the LPE samples exhibit slower etch rates,
while MBE and LPE material etching profile are iden-
tical for all the tested solutions. Since the compositions
of the two materials are identical, the different etch rates
may be explained by a different concentration of intrin-
sic crystal defects in the InGaAs layers, based on the fact
that the growth from the liquid phase takes place under
thermodynamic equilibrium, while molecular beam
epitaxy, as it is widely assumed, takes place far from
thermodynamic equilibrium conditions. This can lead to
structural differences, e.g., concentration of point de-
fects, which can be evidentiated by chemically etching
the crystal, thus leading to different etch rates.

For device applications, the appearance of negative an-

gles in InGaAs and IRAIAS f8F the tws selastive systems

(H,PO, and H,SO,) may result in difficulties in the
technological steps that follow the chemical etching,
such as surface passivation, which is required for low
leakage photddiodes, metalization or dielectric.coating
of the structures. For this purpose, the best results for
InGaAs and InAlAs, when selective etching is not re-
quired, are obtained with the Br,-CH,COOH etching sys-
tem. which, even if it shows a somewhat high etch rate,

t

has been found to provide a high quality surfa
phology, very uniform mesa profiles in both
with positive angles, and much less sensiti
nonuniformities of the etching mask. Recen
current InGaAs photodiodes have been fabri
this etching solution for mesa definition (12).
the etching solutions studied in this work sho
advantage over those solutions previously p
(10)—they do not require cooling to 4°C to ob: ain
etching characteristics. P
The amount of mask undercutting show
etching solutions has also to be considered in
rication. The Br,-CH,COOH system sho
undercutting of half the etchin g depth with p
(PR) and polyimide (PM), and of one third
depth with Si;N, masks. g
The H,PO, and H,SO, systems show
undercutting, roughly of the same order of
depth using PR and PM masks, slightly less wif]

Conclusions

The chemical etching characteristics of In
and InAlAs/InP heterostructures have been
the solutions of three etching systems: H,P0,
and Br,-CH;COOH. The obtained etching profi
ing rates, and identified crystallographic plane;
ported and discussed from a crystallographic a
applications point of view. Since the results obl
show very similar etching characteristies for I
InAlAs, it is expected also that the InGaAlAs q
system will show analogous characteristics for
positions between these two ternary limits. Th
presented in this study may, therefore, be geners
also to the quaternary alloys. .
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