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Chemical Etching Characteristics of (001)GaAs
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Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, Musashino-shi,
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ABSTRACT

The chemical etching characteristics of (001)GaAs are studied through an SiO, (or AZ-1350J photoresist) mask in the
solutions of various etching systems: (i) HCl, (ii) HNQ,, (iii) HCl:HNO,, (iv) HBr, (v) H;PO,, (vi) H,SO,, (vii) HF, (viii)
Br,:CH;OH, (ix) NaOCl, and (x) alkaline system. The etching profiles are examined by cleaving the wafer in orthogonal
directions along the (110) and (110) planes. Various etching profiles, such as ordinary-mesa shaped, reverse-mesa shaped
structures, and nearly vertical walls, are formed by stripes being etched on the (001) planes. The indexes of the etch-revealed
planes are identified by making a comparison with the calculated angle between the (001) surface and etch-side planes. The
utility of these etching solutions is also discussed in detail for a variety of GaAs device applications.

Chemical polishing and etching of semiconductors
play an essential role in electron device technology and
are, therefore, widely employed in the fabrication of
many device systems. Chemical etching is used for
removing the damage layer of material close to the
surface, for producing a high-purity shiny flat surface,
and for shaping semiconductor devices, as well as for
characterizing structural and compositional features.
The electrical and optical properties of semiconductors
strongly depend on the dislocation structure in these
materials. Certain chemical etchants provide the effect
of producing surface features on the semiconductor
which can be related to the defects in the crystal. This
is essentially true of dislocations, which often form
etch pits at their points of intersection with a surface,
thus providing a simple way of estimating dislocation
densities. A great many techniques have also been de-
scribed to stain or delineate electrical (pn-junctions)
or' material interfaces (heterojunctions) of semicon-
ductors by means of chemical etching. Reviews have
been published describing some of them (1).

Of the compound semiconductors, GaAs is of great
interest because of recent requirements of high-speed
transistors, and light sources and detectors for optical
fiber communication. From an aspect of device tech-
nology, important factors determining the choice of an
etchant are in general the etching rate for the mate-
rial in question (in this case for GaAs), the degree of
surface quality and undercutting, the solution chemi-
cal aggressiveness toward photoresist masks, and the
desired etching profile for the relevant purpose. The
most commonly used etchants are various compositions
of BPzZCH3OH, H2;SO4ZH2022H20, NaOH2H2022H20,
and NH,OH: HyOs: H3O mixtures. Tarui et al. (2) have
reported preferential etching characteristics of GaAs
in the Bry:CH3OH system and have discussed a few
examples of practical applications of preferential etch-
ing for the device-structure- design and fabrication
(Gunn-effect devices, field-effect devices, and lumines-
cent devices). Selective etching of GaAs in the HySO4:
HgO05: HoO system has been studied in detail (3, 4).
The etching solutions, NH{OH:H»0::HsO (5) and
H3;PO4: HyOo: HoO (6) have also been developed for
use in preferential etching of GaAs and the utility of
these solutions has been discussed by their application
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to the fabrication of field effect and bipolar transistors.
However, there have been a few reports on device
shaping for GaAs by preferential etching. This is a
motivation of the present work.

In the present paper, we report the preferential
etching characteristics of the (001) surface of GaAs
in the solutions of various systems: (i) HCI, (ii) HNOs3,
(iii) HCL:HNQO;, (iv) HBr, (v) HsPO4 (vi) HaSO,,
(vii) HF, (viii) Brg: CH30H, (ix) NaOCl, and (x) alka-
line system. The etching profiles are examined by
cleaving the (001)GaAs wafer in orthogonal directions

along the (110) and (110) planes and are discussed in
detail from a crystallographic aspect. The profiles ap-
plicable to device-structure design and fabrication are
also discussed in detail.

Experimental

Sample.~The GaAs single crystals employed were
Si-doped, n-type with carrier densities in the region of
1018 ecm—3. A1l wafers used were of (001) surface ori-
entation with an uncertainty of 1° or less. After being
mirror-like finished, degreased, and rinsed in deionized
water, they were chemically etched in a HpSO4: HyOs:
H>O = 3:1:1 solution for 30 sec at 80°C. The thickness
of these wafers was about 100 um to permit cleavage
for the observation of etching profiles.

Masking pattern.—Etching studies were performed
for the etching-selected regions of (001) surface GaAs
through windows in an S$iOy mask (see Fig. 1). The
SiOs masks used were approximately 2000A thick and
were prepared with conventional sputtering equip-
ment. The desired geometries, in this case the window
width of 28 um wide, were defined by standard photo-
lithography technique using AZ-1350J and an SiO;
etchant of the HF: NH,F: HsO system. Only the HF sys-
tem, studied in the present work, dissolves the SiO;
masking pattern. Thus, for this case we used AZ-1350J
as a mask of the preferential etching study.

Etching solution.—The etching solutions employed
can be classified, for convenience, into the following
ten groups: (i) HCl system (HCL: CH3;COOH:H»0s,
HCL:H3PO4: HyOs, ete.) (i) HNOj system (HNOj;: HOs,
HNOj;: CH;COOH, etc.), (iii) HCI: HNO; system (HCI:
HNO;, (HCL:HNO3):H:0, etc.), (iv) HBr system
(HBr: HNO;, HBr: HNOj3: Hs0, etc.), (v) HsPOq system
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Fig. 1. An SiOs (or AZ-1350J) masking pattern on (001)GaAs
wafer for chemical etching. The etching profiles are obtained by
cleaving the wafer in orthogonal directions along the (110) and

(T10) planes.

(H3PO4: HoOs: HoO, H3POy: CH3;COOH: HoOs, etc.), (vi)
HyS04 system (HaSO4:Hz02: HoO, HySO4: CHsCOOH:
H0, etc.), (vii) HF system (HF:HNO;:H:0, HF:
HNO;: HoO9, etc.), (viil) Bro:CH3OH system (Bro:
CH;30H, Br;: CH3;0H: CH;COOH, etc.), (ix) NaOCl sys-
tem (NaOCl and NaOCl: HCl), and (x) alkaline system
(NaOH:H0;: H2O, NaOH:H»0.:HO:NH,OH, ete.).
The chemicals used were all of reagent grade. They
were as follows: HCl (12N), CH3COOH (17N), HeOq9
(30%), HsPO4 (15N), KoCre0O7 (purity = 99.8%), HNO;
(14.5N), HBr (9N), CHs;OH (purity 99.5%), HeSO4
(36N), HF (50%), Bro (purity = 99% ), CH;0H (purity
99.5%), NaOCl aqueous solution (active chlorine min.
5%), NaOH (purity = 96%), NH,OH (29%), KOH
(purity = 86%), and HoO (deionized water). A large
quantity of solution was prepared to prevent the etch-
ing temperature from rising and the etch-solution
composition from varying during the experiments.
Etching was carried out in a temperature-controlled
water vessel without illumination. The etchant was
freshly mixed prior to each experiment. All etching ex-
periments were done at room temperature without
stirring.

Etched depth and etching profile—After etching, re-
moving the SiOp (or AZ-1350J) mask, and rinsing in
deionized water, the {110} plane perpendicular to the
etched one was cleaved with a razor blade and the
etched depths of samples were measured with a cali-
brated optical microscope. The etched depths were also
measured from a step height between the etched and
unetched surfaces using an interference microscope.
Etching profiles were observed on the (110) and (110)
cleavage planes perpendicular to the wafer surface
under an optical microscope.

Etching Profile

HCl system.—The etching profiles of (001)GaAs
etched in the solutions of the HCI system are shown in
Fig. 2: (a) 1HCL:1CH3COOH:1H:O0; (2 min), (b)
1HCIL: 1H;PO4: 1H202 (2 min), (¢) 1HCl:1CH3;COOH:
1(1N-K2Cr207) (5 min), and (d) 1HCI:1H;PO,4: 1(1N-
K>Cr207) (8 min). Note that etchants containing
CH3COOH and Hy0,; will explode when heated. The
cross sections are obtained by cleaving the wafers in

orthogonal directions along the (110) and (110) planes
(see Fig. 1). The determination of crystallographic di-
rections was made by means of the etch-figure test,
where the etch figures were developed on the (001)
plane of GaAs by etching in the Bry: CH30H solution
through pin-hole windows in an S8iOs mask (7). The
bars drawn in the top of the figure correspond to the
masking-pattern length (28 um).

It is clear from the figure that the etching profiles
change in shape with a crystallographic rotation of 90°
about the < 001> axis and that they exhibit clear crys-
tal habits. The profiles of the (110) cleavage planes
[Fig. 2(a), (b), and (c)] exhibit the reverse-mesa
shaped planes forming an angle of about 110° with
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Fig. 2. Etching profiles of (001)GaAs etched in the solutions
of the HCI system: (@) THCI:1CH3COOH:1H305 (2 min), (b) THCI:
1H3PO4:1H302 (2 min), (¢) THCI:1CH3COOH 1(IN-KoCr2Q7) (5
min), and (d) THCI:1H3PO4:1(1N-K2CroO7) (8 min). The bars
drawn in the top of the figure correspond to the masking pattern
length (28 um).

respect to the (001) surface planes. The profiles of
the (110) cleavage planes [Fig. 2(a), (b), and (c¢)]
indicate the inclined planes whose sides form an angle
of about 55° [Fig. 2(a) and (b)] or 45° {Fig. 2(c¢)]
with respect to the (001) surface planes. The 1HCL:
1H3PO4: 1 (1N-KoCra07) solution did not provide etch
depth for an accurate etching-profile observation. One
can, however, barely find from Fig. 2(d) that the
etchant produces the ordinary-mesa shaped planes for
both the (110) and (110) cleavage planes. The
1HCI: 1ICH3;COOH: 1H:0; [Fig. 2(a) ] and 1HCI: 1H3PO4:
1H209 solution [Fig. 2(b)] exhibit that the side-etch
speed (undercutting rate) of the (110) cleavage planes
is much faster than that of the (110) cleavage planes.
It was also found that the HCIL: CH;COOH (or H3PO4)
solution does not etch GaAs but addition of HyOs to
the solution enables the etching of this material. As
may be clearly seen in Fig. 2(a) and (b), the solu-
tions produce a microscopic roughness on the etched-
bottom surfaces of GaAs. The 1HCI: 1ICH;COOH:1(1N-
K>Cry07) [Fig. 2(c)] and 1HCI: 1H3PO,4: 1 (1N-KsCryO7)
sclution [Fig. 2(d)], on the other hand, provide high
quality etched surfaces without any undesirable rough-
ness or etch pits.

There have been a few reports on the etching char-
acteristics of GaAs with HCIl-based etchants [HCI:
Fet++ (8) and HCI:H»0,:H,O (9)]. The HCI:
CH;COOH: (1N-K-Cry07) solution does not erode pho-
toresists such as AZ-1350J and gives hish quality sur-
faces. This new solution can, thus, be used as an efchant
of GaAs for producing a shiny flat surface as well as
for shaping the samnules. Details of this solution will be
presented in the near future.

HNOj; system.—It is known that the Ga{ll1} plane
of GaAs etches unsatisfactorily in most etchants. The
Ga{111} plane can, however, be polish-etched like the
As{111) surface with the HNO3: H;PO, solution at 60°C
(10). The HNOj3:H20 solution can also be utilized as
a stain etchant to delineate the pn-junction position
(11). The etching vrofiles of (001)GaAs etched in the
solutions of the HNOj3 system are shown in Fig. 3: (a)

csdl.org/terms_use.jsp
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Fig. 3. Etching profiles of (001)GaAs etched in the solutions of
the HNOs3 system: (a) THNO3:1H20: (1 min), (b) 1HNOs:
1CH3COOH (2 min), (¢) 1 HNO3:1H3PO4 (2 min), (d) 1 HNOs:
1CH3COOH:1H205 (1 min), and (e) THNO3:1H3PO4:1H202 (1 min).
The bars drawn in the top of the figure correspond to the masking
pattern length (28 um),

1HNOj;: 1H02 (1 min), (b) 1IHNO;:1CH3COOH (2 min),
(c) 1HNO;: 1H3PO4 (2 min), (d) 1HNO;: 1CH;COOH:
1H305 (1 min), and (e) 1HNO;: 1HgPO4: 1H202 (1 min).
In the case of the (110) cleavage planes, the etching
profiles of Fig. 3(a), (d), and (e) exhibit two in-
dividual etch-revealed planes, i.e., reverse-mesa shaped
planes forming an angle of about 115° and ordinary-
mesa shaped planes forming an angle of 55° with
respect to the (001) surface planes, followed by the
flat-bottomed surface planes. The profiles shown in
Fig. 3(b) and (c), on the other hand, indicate only
the crystal-habit planes forming an angle of about
120° with respect to the (001) surface planes. In the

case of the (T10) cleavage planes, the profiles [Fig.
3(a)-(e)] indicate the ordinary-mesa shaped planes
whose sides form an angle of 55° with respect to the
(001) surface planes. The etch-revealed planes of Fig.

3(b), (c), and (e) [(110 cleavage planes] indicate clear
crystal habits, The 1HNO;:1H:0s (a), 1HNOs:
1CH3;COOH: 1H0;2 (d), and 1HNO;: 1H;PO,4: 1H305 so-
lution (e) provide high quality etched surfaces with
well-defined profiles and flat etched bottoms. The
1HNO;:1CH3;COOH (b) and 1HNO;: 1H3PO4 solution
(¢), on the other hand, provide conspicuous roughness
on the etched-bottom surfaces.

HC1: HNOj; system.—The etching profiles of (001)GaAs
etched in the solutions of the HCl:HNO; system are
shown in Fig. 4: (a) 1HCl:1HNO; (2 min), (b) 1HCI:
2HNO; (2 min), (c) 2HCL:1HNO; (4 min), (d)
1(1HCL: 1HNO3) : 1H,0 (6 min), (e) 1(1HCI:1HNO;):
1H;09 (2 min), and (f) 1(1HCIL:1HNO;):1CH;COOH
(4 min). The etching profiles of the (110) cleavage
planes [Fig. 4(a)-(d) and (f)] exhibit the reverse-
mesa shaped structures with roundish tails at the

CHEMICAL ETCHING CHARACTERISTICS
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Fig. 4. Etching profiles of (001)GaAs etched in the solutions of
the HCI:HNO3 system: (a) THCI:1THNO3 (2 min), (b) THCI:2HNO;
(2 min), (¢) 2HCI:THNO; (4 min), (d) T(JHCI:1HNO3):1H20 (6
min), () 1(1HCI:1THNO3):1H20s (2 min), and (f) 1{1HCI:THNO3):
1CH3;COOH (4 min). The bars drawn in the top of the figure
correspond to the masking pattern length (28 um).

etched bottoms, where the reverse-mesa walls form
an angle of about 110° with respect to the (001) sur-
face planes. The profiles of the (110) cleavage planes
[Fig. 4(a)-(d) and (f)] indicate the inclined planes
forming an angle of 55° with respect to the (001) sur-
face planes, similar to those of the HNO; system (see
Fig. 3). The etching profiles of Fig. 4(e), on the other
hand, do not exhibit clear crystal habit for both the
(110) and (110) cleavage planes. It is clear from Fig. 4
that the degree of undercutting for the direction along
the [T10] axis is larger than for the direction along
the [110] axis. The optical microscope images indicate
that the HCL:HNO; system, except 1(1HCl:1HNOj3):
1H,0, produces microscopic roughness on the etched-
bottom surfaces. Only the 1(1HCIl:1HNO;):1HsO so-
lution [Fig. 4(d)] results in an etch-pit free, high
quality surface.

HBr system.—The etching profiles of (001)GaAs
etched in the solutions of the HBr system are shown
in Fig. 5: (a) 1HBr:1HNO; (2 min), (b) 1HBr:1HNO;:
1H,O (3 min), (¢) 1HBr:1CH3COOH:1(1N-KsCrsOr)
(1 min), and (d) 1HBr:1H3;PO4:1(1N-K2Cr:07) (2
min). The etching profiles of the (110) cleavage planes
[Fig. 5(a), (c), and (d)] indicate the etch-revealed
planes which are nearly perpendicular to the (001)
surface planes with roundish tails at the etched bot-

toms. The profiles of the (110) cleavage planes [Fig.
5(a), (c), and (d)] indicate the ordinary-mesa shaped,
inclined planes forming an angle of about 55° with
respect to the (001) surface planes. The HBr system,
such as HBr, 1HBr:1HCI, and 1HBr:1H3;POy, does not
etch the GaAs samvle. The 1HBr:1HNO; [Fig. 5(a)l]
and 1HBr:1HNO;:1H,O solution [Fig. 5(b)] produce
rugged surfaces on the etched bottoms. The solutions,
1HBr: 1CH:COOH: 1(1N-K2Crs07) [Fig. 5(c)] and
1HBr: 1HzPO,: 1(1N-KCr;07) [Fig. 5(d) ], on the other
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Fig. 5. Etching profiles of (001)GaAs etched in the solutions of
the HBr system: (o) 1HBr:JHNO3 (2 min), (b) THBr:1HNO3:1H20
(3 min), (¢) THBr:1CHzCOOH:1(IN-KoCr2Q7) (1 min), and (d)
THBr:1H3PO4:1(IN-K2Crs0Q7) (2 min). The bars drawn in the top
of the figure correspond to the masking pattern length (28 um).

hand, provide relatively smooth etched surfaces with-
out any undesirable etch pits.

Recently, we reported a new chemical solution com-
posed of HBr, CH3COOH (or H3PO4), and a KoCryOr
aqueous solution for use in etching of InP (12, 13). It
was found that this etchant provides high quality
etched surfaces without any undesirable roughness or
etch pits. The etchant does not erode photoresists such
as AZ-1350J, and provides a desirable mesa-shaped
structure on the InP and InGaAsP/InP DH (double-
heterostructure) wafers with good photoresist-pattern
definition. The etching characteristics obtained in the
present study are similar to those reported in (12).
The HBr: CH3COOH (or HzPO4) : KsCr;O7 solution may,
thus, be suitable for use in etching of not only the InP
but also the GaAs samples.

H3POy system.—Figure 6 shows the etching profiles
of (001) GaAs etched in the solutions of the HgPOy sys-
tem: (a) 1H3PO4:1H;05:1H30 (2 min), (b) 1H3PO4:
1CH3COOH:1H20s (3 min), (¢) 1H3PO4:1CH30H:
1H;02 (2 min), and (d) 1H3PO4:1C;H;0H:1H0s (2
min). As can be clearly seen in the figure, the H3PO,4
system develops the etching profiles which exhibit clear
crystal habits. In the case of the (110) cleavage planes,
the profiles [Fig. 6(a)-(d)] indicate the reverse-mesa
and ordinary-mesa shaped structures, following by the
flat-bottomed surfaces. The reverse-mesa and ordinary-
mesa planes form angles of about 115° and 55°, re-
spectively, with respect to the (001) surface planes.
The etching profiles of the (I10) cleavage planes
[Fig. 6(a)-(d)], on the other hand, exhibit only the
inclined sides that slope downward away from the SiO»
masks, The etch-revealed planes form an angle of
about 55° with respect to the (001) surface planes.

A few papers have been published on the etching
characteristics of GaAs in the H3PO;-based chemical
solutions (6, 14). As is shown in this subsection, the
H3;PO, system provides high quality etched surfaces
with well-defined profiles and shiny flat etched bottoms.
This system may, thus, be arplicable to a wide variety
of the device-structure design and fabrication.

H3S0Os system.—The HSO04 HoO9:HoO system is
known to be one of the most commonly employed etch-
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Fig. 6. Etching profiles of (001)GaAs etched in the solutions of
the H3PO4 system: (a) TH3PO4:1H202:1H20 (2 min), (b) 1H3PO4:
1CH3COOH:1H202 (3 min), (¢) TH3PO4:ICH3;0H:1H05 (2 min),
and (d} TH3PO4:1CaH5O0H:TH202 (2 min). The bars drawn in the
top of the figure correspond to the masking pattern length (28 um).

ants for GaAs (3, 4). Chemical polishing by use of this
system also gives high quality GaAs surfaces of low
index orientations except for the Ga{111} surface. The
etching profiles of (001) GaAs etched in the solutions
of the H»SO, system are shown in Fig. 7: (a) 1HySOq:
1H502:1Hs0 (1 min), (b) 1H.S0,:1CH3;COOH:1H,O
(1 min), (e) 1H2SO4:1H3PO,4:1H20 (1 min), and (d)

=

| R s

- DR RS

. R

(110) (10

Fig. 7. Etching profiles of (001)GaAs etched in the solutions of
the H2SO4 system: (a) 1H3SO4:1H202:1H20 (1 min), (b) 1H2SO4:
JCH3COOH:TH20 (1 min), (¢) 1H2504:1H3P0O4:31H20 (1 min), and
(d) TH2SO4:THCI:1(IN-K2Cra07) (2 min). The bars drawn in the
top of the figure correspond to the masking pattern length (28 um).
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1HS804: 1HCL: 1 (1N-K5Cr207) (2 min). The 1H;SO4:
1H502:1H20 solution for the (110) cleavage plane
provides the etch-revealed wall which is composed
of two individual reverse-mesa and ordinary-mesa
shaped planes. The reverse-mesa and ordinary-mesa
planes form angles of about 110° and 55°, respectively,
with respect to the (110) surface plane. This solution
gives the ordinary-mesa shaped profile for the (110)
cleavage plane forming an angle of 55° with respect to
the (001) surface plane. The 1H2SO,:1H3POy4:1H0
solution for the (110) cleavage plane provides the
reverse-mesa plane with roundish tail at the etched
bottom. The reverse-mesa shaped plane forms an
angle of about 110° with respect to the (001) surface
plane. The solution gives the ordinary-mesa shaped
profile for the (110) cleavage plane forming an angle
of 55° with respect to the (001) surface plane. The
1HzSO421H20221H20 and 1H2$O4: 1H3PO42 1H,2O solu-
tions provide relatively high quality etched surfaces
on the (001)GaAs samples. The 1H»SO4:1HCIL:1(1N-
K5Crs07) solution gives the nearly vertical and in-
clined planes for the (110) and (110) cleavage planes,
respectively, with roundish tails at the etched bottoms.
This solution also provides relatively high quality
etched surface on the (001)GaAs sample. Details of
this etching solution can be found in (15).

HF system.—The HF system rigorously attacks the
GaAs sample and, as a result, behaves like a fast-
speed etchant for this material (16-19). The etching
profiles of (001)GaAs etched in .the solutions of the
HF system are shown in Fig. 8: (a) 1HF:1HNO;: 1H,0
(1 min), (b) 1HF:1HNO;:1Hs0s (15 sec), (¢) 1HF:
1HNO;: 1ICH3COOH (5 sec), (d) 1HF:1HNOj;:1HaPO4
(5 sec), and (e) 1HF:1H3804:1H303 (10 sec). The

- 1 b '

(b) - -I - -

- g .

B |

(110) {10)

Fig. 8. Etching profiles of (001)GaAs etched in the solutions of
the HF system: (a) THF:1HNQ3:1H2O (1 min), (b) THF:1HNO;3:
1H203 (15 sec), (c) THF:1THNO3:1CH3COOH (5 sec), (d) 1HF:
THNO;3:TH3PQy (5 sec), and (e) THF:TH5S04:1H305 (10 sec). The
bars drawn in the top of the figure correspond to the masking
pattern fength (28 um).
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1HF:1HNO3:1H50 [Fig. 8(a)] and 1HF:1HNOj3: 1H3PO,4
solution |Fig. 8(d)] provide roundish profiles for both
the (110) and (1i0) cleavage planes. The etching
profiles of the 1HF:1HNO;:1CH3COOH solution [Fig.
8(c)] exhibit the roundish and inclined planes for the
(110) and (110) cleavage planes, respectively. This
inclined plane forms an angle of about 55° with respect
to the (001) surface plane. The 1HF:1HNOQO;: 1H2O2 and
1HF: 1HSO04: 1Ho05 solutions provide the etching pro-
files indicating no clear crystal habit [see Fig. 8(b)
and (e)].

Brq:CH30H system.—It is known that the Bry: CH;0H
system gives good results for preferential etching of
GaAs (3). The etching rates can be easily controlled by
varying the Brp concentrations in CH3;OH. Figure 9
shows the etching profiles of (001) GaAs etched in the
solutions of the Bry: CH3;0H system: (a) 4% by volume
Bry: CH;0H (1 min), (b) 1% by volume Bry: CH;0H
(3 min), (¢) 1{1% by volume Bry: CH3OH): 1ICH3;COOH
(5 min), and (d) 1(1% by volume Bry: CH3OH): 1H3PO4
(10 min). The BroCH;3;0H solutions [Fig. 9(a) and (b)]
provide that the profiles of the (110) cleavage planes
indicate the reverse-mesa shaped structure forming an
angle of about 120° with respect to the (001) surface
planes while those of the (110) cleavage planes indi-
cate the ordinary-mesa shaped structure forming an
angle of 55° with respect to the (001) surface planes.
The 1(1% Bre:CH3;OH):1CH3COOH solution [Fig.
9(c)] provides the same etching profiles as the Brg:
CH;0H solutions. Such profiles are the same as those
of (001)InP etched with the Bry: CH3OH system (7).
In the case of the 1(1% Brs: CH;OH) : 1H3PO, solution
[Fig. 9(d)], the etching profiles exhibit the inclined
planes for both the (110) and (110) cleavage planes.
The (Bry:CH30H):CH3;COOH and (Brg:CHz;OH):
H3;PO, solutions also provide relatively good etched
surfaces on GaAs. These solutions may, thus, be used
as the slow speed etchants for GaAs.

NaOCl system.—Nonpreferential polishing to obtain
high quality GaAs surfaces has been achieved by em-
ploying the NaOCI: HyO solution (20). Figure 10 shows

. e
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Fig. 9. Btching profiles of (001)GaAs etched in the solutions of
the Bro:CH3OH system: (a) 4% by volume Bro:CH3OH (1 min),
(b) 1% by volume Bra:CHsOH (3 min), (c) 1(1% by volume Bry;:
CH30H):1CH3COOH (5 min), and (d) 1(1% by volume Brs:
CH30H):1HzPO4 (10 min). The bars drawn in the top of the figure
correspond to the mosking pattern length (28 um).

Downloaded 13 May 2012 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



2432

(b) I

(110) (110)

Fig. 10. Etching profiles of (001)GaAs etched in the solutions of
the NaOCI system: (o) NaOCl (5 min) and (b) 5NaQCI:1HCI (2
min). The bars in the top of the figure correspond to the masking
pattern length (28 um).

the etching profiles of (001)GaAs etched in the solu-
tions of the NaOCl system: (a) NaOCl (5 min) and
(b) 5NaOCl:1HCI (2 min). The etching profile of the
(110) cleavage plane [Fig. 10(a)] indicates the re-
verse-mesa shaped plane forming an angle of about
115° with respect to the (001) surface plane. The pro-
file of the (110) cleavage plane [Fig. 10(a)], on the
other hand, exhibits the ordinary-mesa shaped plane
forming an angle of 55° with respect to the (001)
surface plane. Such profiles are the same as those in
Fig. 2(a), (c), and Fig. 3(a). The etching profiles of
the sample etched with the 5NaOCI:1HCI solution
[Fig. 10(b)] indicate the planes which are nearly per-
pendicular to the (001) surface planes for both the
(110) and (110) cleavage planes, followed by the
roundish tails at the etched bottoms. These profiles are
very similar to those in Fig. 8(a) and (d).

Alkaline system.—The alkaline solutions, such as
NaOH: HoO2: H:O (21-25) and NH.OH:H>0::H20O (5,
26) are the commonly employed etchants for GaAs.
The profiles of (001)GaAs etched in the solutions of
the alkaline system are shown in Fig. 11: (a) 1(1N-
NaOH) :1H202:10H:O (4 min), (b) 5(1N-NaOH):
1H50;: INH/,OH (4 min), (c¢) INH.OH:1Hy0.:5H,O
(4 min), (d) 1(1N-KOH):1H;0s:10H:O (4 min), and
(e) 5(1IN-KOH):1H502:1NH,OH (4 min). The etching
profiles of the (110) cleavage planes [Fig. 11(a)-(¢)
and (e)] indicate the reverse-mesa shaped planes
forming an angle of about 110° with respect to the
(001) surface planes. The profiles of the (110) cleav-
age planes [Fig. 11(a)-(c) and (e)] indicate the
ordinary-mesa shaped, inclined planes whose sides
form an angle of about 55° with respect to the (001)
surface planes. The alkaline solutions, except INH,OH:
1H202:5H50, result rough sandpaper textures on the
etched bottom surfaces, but the INH,OH:1H:05:5H,0
provides a high quality etched surface.

Crystallographic Aspect and Proposed
Device Application

In this section, we discuss the etching profiles of
(001) GaAs demonstrated in Fig. 2-11 from an aspect
of crystallography. The utility of these etching solu-
tions is also discussed for a variety of GaAs device
applications.

From a view point of crystallography, we can classify
the etching profiles obtained in Fig. 2-11 into the six
individual groups, as demonstrated in Fig. 12. The
etch-revealed planes forming angles of 110°-115° with
respect to the (001) surface planes, observed on the
(110) cleavage planes in the solutions of the HCl (Fig.
2) and alkaline system (Fig. 11), correspond to the

Ga{22T} crystallographic planes [see Fig. 12(a)]. The
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(110) (110)

Fig. 11. Etching profiles of (001)GaAs etched in the solutions of
the alkaline system: (a) T(IN-NaOH):1H202:10H20 (4 min), (b)
5(IN-NaOH):1H202:INH4OH (4 min), (c) TNH4OH:1H202:5H20
(4 min), (d) WIN-KOH):1H20::10H20 (4 min), and (e) 5(IN-
KOH):1H202:INH4OH (4 min). The bars drawn in the top of the
figure correspond to the masking pattern length (28 um).

Gaf{221} crystallographic plane, in principle, forms an
angle of 109.5° with respect to the (001) surface plane.
The inclined planes forming an angle of about 55°
with respect to the (001) surface planes, observed on
the (110) cleavage planes in the 1HCIl:1CHzCOOH:
1H20, [Fig. 2(a)] and 1(1% Bry: CH3OH) : 1H3PO4 so-
lution [Fig. 9(d)], correspond to the Ga{lIl} or
As{111} crystallographic planes [see Fig. 12(b)]. The
{1T1} crystallographic plane, in principle, forms an
angle of 54.7° with respect to the (001) surface plane.
The etching profile quite similar to Fig. 12(b) was
observed on (001)InP etched in the solutions of the
HBr system [HBr and HBr:H3zPO4] (7). The inclined
planes forming an angle of about 55° with respect to
the (001) surface planes, observed on the (110) cleav-
age planes in the solutions of the various etchant sys-
tems [see, e.g., Fig. 11(a)], correspond to the Ga{111}
crystallographic planes which in principle form an
angle of 54.7° with respect to the (001) surface planes.
The ordinary-mesa shaped plane forming an inclined
angle of about 45°, observed on the (110) cleavage
plane in the 1HCI: 1CH3COOH: 1 (1N-K2Cry0O7) solution
[Fig. 2(c)], may correspond to the {0I1} ecrystallo-
graphic plane. The plane, in principle, forms an angle
of 45° with respect to the (001) surface plane. This
plane is a novel one observed on the (110) cleavage
planes of (001)GaAs. The {011} crystallographic plane
was also produced on (001)InP etched in the HBr:
H3PO, solution (7).

The etching profile of the (110) cleavage plane,
shown in Fig. 12(¢), is composed of two individual
planes forming angles of 109.5° and 54.7° with respect
to the (001) surface plane, while that of the (110)
cleavage plane exhibits only the mesa-shaped structure
forming an angle of 54.7° with respect to the (001)
surface plane. These crystallographic planes corre-
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Fig. 12, Schematic diagrams of the etching profiles produced in
the (001) planes of GaAs by the various etching solutions (see text).

spond to the Ga{221} and Ga{l11} or As{111} planes
for the (110) cleavage plane and to the Ga{11l} plane
for the (110) cleavage plane, respectively. The etch-
ants, HNO;z [Fig. 3(a), (d), and (e)], HsPO, [Fig.
6(a)-(d)], HsSO. [Fig. 7(a)], and NaOCl system
[Fig. 10(a)], provide the etching profiles same as
that illustrated in Fig. 12(c). The reverse-mesa and
ordinary-mesa shaped structures can be produced on
the (110) and (110) cleavage planes, respectively,
with etchants such as the HNO; [Fig. 3(c)] and Bra:
CH3;0H system [Fig. 9(a)-(c)]. These etch-revealed
planes form angles of about 120° (reverse-mesa shaped
structure) and 55° (ordinary-mesa shaped structure)
with respect to the (001) surface planes. The planes
can, thus, be identified to be the Ga{lll} crystallo-
graphic planes. The etching proceeds up to the Ga{111}
planes, because the As{l111} planes are very active
compared with the Ga{lll} planes. Consequently, as
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shown in Fig. 12(d), the Ga{lll} reverse-mesa and
Ga{l11} ordinary-mesa shaped planes are produced
on the (110) and (110) cleavage planes, respectively,
whose sides in principle form angles of 125.3° (reverse
mesa) and 54.7° (ordinary mesa) with respect to the
(001) surface planes. The etchants, HCl: HNO; [Fig.
4(a)-(d) and (f)] and HySO4 system [Fig. 7(c)], also
provide the reverse-mesa and ordinary-mesa shaped
profiles for the (110) and (110) cleavage planes, re-
spectively. In this case, the reverse-mesa shaped pro-
files are defined predominantly by the Ga{221} slow
etching rate faces [see Fig. 12(d)].

The etch-revealed walls perpendicular to the (001)
surface planes, obtained on the (110) cleavage planes
in the solutions of the HBr [Fig. 5(a), (c), and (d)],
H,S0, [Fig. 7(d)], and HF system [Fig. 8(c)], cor-
respond to the {110} crystallographic planes [see Fig.
12(e)]. The etching profiles of the (110) cleavage
planes revealed by these systems exhibit the ordinary-
mesa structures which are defined by the Ga{ill}
crystallographic planes. Some etchants, such as the
HF [Fig. 8(a) and (d)] and NaOCl system [Fig. 10(b)],
provide the nearly perpendicular walls with respect
to the (001) surface planes for both the (110) and
(110) cleavage planes, followed by the roundish tails
at the etched bottoms [see Fig. 12(£)]. This fact clearly
suggests that the solutions act isotropically in etching
behavior [i.e., they etch the (001)GaAs samples non-
preferentially].

The dissolution process under consideration is far
too complex and the available information rather
limited to allow a quantitative development of the
dissolution mechanism. Moreover, it is difficult to
obtain a complete explanation of the difference in the
etching profiles with various etching solutions. How-
ever, we suggest that this difference is due to the differ-
ences of the etching rates in the various crystallo-
graphic planes. The etch-revealed planes identified
are summarized in Table I along with the etching time
and etched depth.

The etching profiles obtained in the present study
should be very useful for the design and fabrication
of electron devices, such as transistors and Gunn-effect
devices. A series of the device-fabrication steps of such
devices require various kinds of etchants in accordance
with each purpose, e.g., surface cleaning, mesa fabri-
cation, electrical isolation, etc. The etchants men-
tioned in this paper are, thus, thought to be attractive
for a variety of the device-fabrication steps.

Investigations on the subject of ballistic electiron
transport in submicron semiconductor devices have
recently been carried out extensively (27, 28). The
ballistic electron transport in semiconductors leads to
the realization of low power, high speed switches and
high frequency transistors (ballistic Tr’s). The realis-
tic ballistic Tr's may have a structure of nt-n—-n*+
or ht-p—-nt junction diodes, where n— (or p~) is
the active layer of submicron dimension and nt is the
source and drain layers. Relevant device technology
is, however, very complicated and the gate contact is
thought to be difficult to fabricate (27). This problem
can be overcome by use of chemical etching. The
reverse-mesa shaped profile enables the use of a self-
aligned metal evaporation and, therefore, it is possible
to fabricate the gate (Schottky) contact on the active
layer. The etchants, such as the HCI [Fig. 2(c) 1, HsPO4
[Fig. 6(a)-(d)], HaSO4 [Fig. 7(a)], and alkaline sys-
tem [Fig. 11(e)], are suitable for this use.

A laterally confined structure is required and im-
portant in a variety of electro-optic devices, i.e., wave-
guides, directional couplers, and optical switches, fab-
ricated from GaAs crystals. The etchants, such as the
HC1: CH.COOH: (1N-KyCre07) [Fig. 2(c)] and HBr:
CH;COOH: (1N-K,Crs07) solution [Fig. 5(c)], are
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Table 1. The composition of the etchants in parts by volume, etching time, etched depth, and identified crystallographic
planes revealed by etching

Identified planes

Etched depth =

Etchant Etching time (um) (110) (110)
1HClL:1CHsCOOH : 1H:0: 2 min 4.0 (2@ {E’l}
1HCI1:1H:POs: 1H202 2 min 1.5 221y {111}
1HC1:1CHsCOOH :1 (1N-KeCr:07) 5 min 2.0 220 {011}
1HCIL:1HsPO4:1 (IN-KzCr207) 8 min 0.3 Ty iy
1HNO3:1H:04 1 min 7 {221y, (171} dain
1HNOs:1CH:COOH 2 min (ih (i1}
1HNOs:1HsPO, 2 min 20 _ <ﬁ1}_ ain
1HNOs:1CH:;COOH :1H:03 1 min 45 2213, (111 {11}
1HNO::1H:P0,:1H:0:2 1 min 3.5 {231y, (111} {1}
1HCL:1HNOs 2 min L0 (221 (111}
1HC1:2HNO, 2 min 15 {221 {111}
2HC1:1HNOs 4 min Lo 221 {1y
1(1HC1:1HNOs) :1H:0 6 min 5.0 {221} {111}
1(1HCL:1HNOs) : 1H:z0: 2 min 2.0 . .
1(1HCI1:1HNO:) : 1CHsCOOH 4 min 5.0 {221} {11}
1HBr:1HNOs 2 min 0.5 {170} i1}
1HBr:1HNOs3:1H:=0 3 min 0.15 _ .
1HBr:1CHs:COOH:1 (1N-K:Cr201) 1 min 1.5 {110} {111y
1HBr:1HsPO4:1 (1N-K:Crz01) 2 min 2.0 {170y _ {111}
1H:PO4: 1H:02:1H:0 2 min 8 (221}, (111} {iy
1H:PO4: 1CHsCOOH : 1H:02 3 min 6 (221, {111} {1}
1H:PO+:1CHs0H: 1H:0: 2 min 5.0 @20, (11 {11}
1H5P04:1C:H;0H : 1H:02 2 min 4.0 (221}, {IT1) {1y
1H2504:1H:02: 1H:0 1 min 5.0 (2213, (111} an
1H:504:1CH:COOH: 1H:0 1min 2.5 . {111}
1H:804:1H:PO4: 1H:0 1 min 3.0 {221} {1y
1H:80.:1HCL:1(1N-K2Cr207) 2 min 1.5 {110} {1}
1HF:1HNOs: 1H:0 1 min 10 {170} @aioy
1HF: 1HNO;:1H:0: 15 sec 2.0 . .
1HF:1HNOs: 1ICH:COOH 5 sec 7 110} {11y
1HF:1HNOs: 1H:PO. 5 sec 4.0 {170} (110}
1HF':1H:5804:1H:z02 10 sec 3.5 . .
4% Brq:CH;0H 1 min 6 (111} i
1% Bra2:CH;0H 3 min 2.0 (117} i1}
1(1% Br::CH:OH) :1CH:COOH 5 min 1.0 Qin {11y
1(1% Bra:CHsOH) :1H:PO« 10 min 0.2 {1} {111}
NaOCl 5 min 9 221, i1y iy
5NaOCl1:1HCl 2 min 1.5 {110} {110}
1(1N-NaOH) :1H:02:10H-0 4 min 1.5 221y {1y
5(1N-NaOH) :1H:0:: INH.OH 4 min 45 {221} {111}
INH.OH:1H:0::5H:0 4 min 7 {221} {in
1(1N-KOH) :1H:02:10H:0 4 min 2.0 . (Ti1}
5(1N-KOH) :1H:0::1NH/.OH 4 min 5.5 {221} {111}

* Etching profile does not exhibit clear crystal habits.

thought to be useful for the fabrication of laterally
confined electro-optic devices because these solutions
provide high quality etched surfaces with good resist-
pattern definition. A laterally confined structure is
also. required especially in a variety of GaAs semi-
conductor lasers. The lateral confinement structure
not only improves laser operation characteristics such
as threshold current, stable fundamental transverse
mode, and high temperature operation, but also linear
light-current characteristics, narrow beam divergence,
and high power output. The results presented in this
paper show that one can easily obtain various types
of laterally confined channels by properly choosing
the etching mixtures, its component proportion, channel
width, and etching time.

Realization of a monolithic integrated optical circuit
is a current topic in the field of injection laser tech-
nology. To fabricate the high quality etched mirrors, it
is desirable to employ etching solution which provides
vertical mirror walls on the etching profile (13). The
etching solutions, HBr [Fig. 5(¢) and (d)], HsSO4
[Fig. 7(d)1, HF [Fig. 8(a), (c), and (d)], and NaOCl
system [Fig. 10(b)], provide the nearly vertical mir-
ror walls for the (110) cleavage planes and are, thus,
thought to be suitable for use in the etched mirror
definitions. The etchants may also be widely used in

GaAs devices to obtain desirable mesa-shaped struc-
ture or to isolate individual device component on one
wafer.

Conclusion

We have studied chemical etching characteristics of
(001) GaAs in the solutions of various systems: (i) HCl,
(i) HNOs, (iit) HC1:HNOj3, (iv) HBr, (v) HsPO4, (vt)
H,S04, (vii) HF, (viii) Bry: CH30H, (ix) NaOCl, and
(x) alkaline system. The etching profiles exhibiting
crystal habits, e.g., ordinary-mesa shaped, reverse-
mesa shaped structures, and nearly vertical walls,
have been found to be formed by stripes parallel to the
«<110> and «<110>> directions being etched on the (001)
planes. The ihdexes of the etch-revealed planes have
been identified by making a comparison with the
calculated angle between the (001) surface and etch-
side planes. The etching profiles applicable to the de-
vice-structure design and fabrication have also been
discussed in detail.
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On the Structural and Luminescent Properties of the M’ LnTaO. Rare
Earth Tantalates

L. H. Brixner and H.-y. Chen

E. 1. du Pont de Nemours and Company, Central Research and Development Department, Experimental Station,
Wilmington, Delaware 19898

ABSTRACT

The structure of M’ YTaO, has been redetermined and was refined to an R value of 0.034. M’ YTaO, crystallizes in P2/a
symmetry with a = 5.298(1), b = 5.451(1), ¢ = 5.111(1) A, 8 = 96.45 deg. At temperatures >1450°C, M’ YTaO, will convert by way
of areconstructive transformation into the I4,/a symmetry of scheelite, and, upon cooling, a second-order ferroelastic transi-
tion (4/mF2/m) to M (fergusonite) YTaO, occurs. There are significant structural differences between M and M’ YTaO,
which are discussed. M’ LnTaO, compounds exist from Ln = Sm to Lu. As a host for luminescent ions, M’ YTaO, is superior
to the M modification, as well as all other compounds in the Y,0,/Ta,O; phase diagram.

Structure

Contrary to the LnNbOy4-type rare earth niobates (1),
which exhibit only one structural type (fergusonite) at
room temperature, the tantalates crystallize in three
different structures: the P2;/n type for La, Ce, and
Pr (2); the fergusonite or M type (1) for Nd, Sm,
Eu, Gd, Tb, Dy, Ho, and Er; and the M’ type (3) of
Tm, Yb, and Lu. The latter type (M’) is the true equi-
librium phase at room temperature, and all of the
M-type tantalates (except Nd) also crystallize in this
structure if prepared under appropriate conditions, In
addition to these three structures, all LnTaOQ, tantalates
convert to the I4;/a structure type (scheelite) at tem-
peratures generally >1400°C.

Historically, Ferguson (4) in 1957 was first to de-
scribe both natural fergusonite (an yttrium-niobium-
tantalate) as well as synthetic YTaO,; correctly as
crystallizing in monoclinic symmetry with the probable
space group I2/a. This corrected the previous assump-
tion originating with the morphological description by
Haidinger (5) that fergusonite would be tetragonal
and of scheelite type, which was also held by Barth
(6) and Komkov (7). The first comprehensive listing of
parameters for most LnTaO4-type rare earth tanta-
lates was given by Keller (1) in 1962. Keller could
not characterize La, Ce, and PrTaQy4 as well as Tm,
Yb, and LuTaO4. The structure of the first three tan-
talates was reported by Wolten and Chase (2) to be
P2;/n, and the latter three tantalates could be struc-

Key words: inorganic, crystallography, x-rays, luminescence.

turally identified when Wolten (3) described yet an-
other modification of YTaO4 in the space group P2/a.
Although Wolten (3) stated that this modification also
exists for the tantalates of Sm to Yb, he did not report
lattice parameters. Some of these (Er, Tm, Yb) ap-
peared in the literature in form of ASTM file cards
by Mcllvried and McCarthy (8), who also described
M’ LuTaO4 The high temperature tetragonal (I4i/a)
modification of Nd, Sm, Gd, Tb, and HoTaO4 was de-
scribed by Stubican (9). In addition to the M’ struc-
ture of YTaO4, we report here the cell dimensions of
all LnTaO,s compounds, both for the M and M’ forms,
wherever they exist.
Luminescence

While the luminescence of CaWOQ4 was studied as
early as 1897 (10), fluorescence properties of the rare
earth tantalates were not mentioned in the literature
until 1964 (11). Later on, extensive luminescence
studies with the M (fergusonite) type rare earth tanta-
lates (where Ln = Gd, Y, and Lu) were carried out
by Blasse and Bril (12). These authors were primarily
concerned with the energy and charge transfer pro-
cesses of excitation via u.v. as well as electrons, and
they recognized the NbOy group fo be an efficient lumi-
nescent center in the fergusonite YTaO, host, where
tetrahedral local site symmetry was assumed.

The dual purpose of the present paper was to con-
firm or correct Wolten’s (3) structure for M’ YTaOy,
which was only refined to R = 15%, and to study the
efficiency of some luminescing rare earths as well as





