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FUNDAMENTAL SELECTIVE ETCHING CHARACTERISTICS OF
HF +H202+H20 MIXTURES FOR GaAs

-ABSTRACT-

Selective etching characteristics of HF + HoO2+H9o0O mixtures have been
investigated for GaAs (111)A, (111I)B, (001), and (110) surfaces. Mixtures
with excess HpO2 have shown excellent selective etching characteristics con-
trolled by the Ho0 and H20g contents for extensive practical applications.
The lowest etching rate in directions other than [111]JA has been achieved
with the present mixture system. Etching profiles strongly reflecting crystal-
lographic anisotropy have been produced for low H20 and high H303 con-
centrations, while those for high HoO and low H202 concentrations have
shown similar isotropic features irrespective of the substrate orientation. A
continuous and extensive control of the intersection angle between the side
wall and the substrate surface has been successfully achieved on all sub-
strates. The etching profile and its dependence on the mixture composition
for the four substrates have been discussed in détail in connection with the
degree of anisotropy of the etching rate and the contrast that the (111)A
plane sharply intersects with other planes while the (111)B plane has a
round intersection corner. The etching charac’ﬁeristics of the mixture have
been discussed based on the special chemical properties of HF and H20 and

compared with those of other mixture systems.
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I. INTRODUCTION

Among a variety of semiconductor technologies, chemical etching is a
fundamental technique indispensable for basic material research and device
application. Gallium arsenide (GaAs), one of the III-V compounds, has
widely been studied as a basic material for high-speed electronic devices and
high-efficiency optical devices. Many reﬁorts have been published on
selective chemical etching systems for GaAs. They include
HySO04 -+ HyOg+ HoO 1.212), NH4OH+Hg02+Hz0 3,412), HzPO4+Hp0q+HO
5,12), Bro+CH30H 6,7,12), HF+HNO3+H20 8,12), buffered HF +H309+H20
9,10), and C3zH4(OH)(COOH)s-+H909 11), Almost all of the reports focus
primarily on etching behaviors on the (001) surface because this surface has
been traditionally used for device applicétions. In recent years, however,
there has been an increasing number of research work on crystal growth,
microstructure formation, and device fabrication on substrates with
orientations other than (001) 13-16) and substrates composed of various
surface orientations (namely patterned substrates) 17-19), The aim of these
works is to understand and efficiently utilize the electronic, optical, lattice,
and impurity incorporation properties and the crystallographic symmetries
different from those of the (001) substrate. Some reports describe etching
characteristics in orientations other than (001) 1,5,6,11) but provide no
adequate information on the control of etching rate and profile.

In this paper, excellent selective etching characteristics of
HF +H902+Hs0 mixtures which can cover wide applications are
demonstrated for the first time on the basis of systematic experiments using
various mixture compositions on substrates with different orientations. This
type of mixture system has previously been used only for revealing
dislocation etch-pits 20,21), We paid special attention to orientations of side
wall surfaces produced by selective etching, which have been ignored in

previous papers, because their control is essential in recent applications.
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II. EXPERIMENT

Silicon-doped n-type HB GaAs substrates with orientations of (001), (110),
(iﬁ)B, and (111)A and carrier concentrations of 1-3X1018 em-3 were used
for etching experiments. After degreasing in organic solvents, wafers were
spin-coated with an AZ1350J resist and baked at 85°C for 30 min in a flow
of Nog gas. The resultant resist thickness was around 1.9 4m. Stripes of
100#m width running in the [110] direction common to the four substrates
and in the directions perpendicular to them were photolithographically pat-
terned. The wafers were then scribed into 10 mmX6 mm pieces as etching
samples. Commercial 46 weight % HF and 35 weight % H20g of semiconduc-
tor grade were used throughout together with deionized water of 17 MQcm
for dilution. In order to systematically investigate selective etching charac-
teristics, mixtures with various HF to H9Og2 mole ratios, «=0.05/0.34,
0.05/0.17, 0.05/0.09, 0.05/0.04, 0.25/0.11, and 0.69/0.02 were examined under
wide-range dilution by H20 from 1.2 to 56.8 mol. Here, the HoO content in-
volved in the HF and H909 was also taken into account in evaluating the
H90 concentration in the mixture 22). The resist on the wafers was hardened
by baking at 120 °C for 30 min in a flow of Ng gas for etching protection.
Etching was done at 25 °C, under room light, and with continuous sample
stirring for uniform etching. Etching was also done at 10°C and 40 °C for
selected mixture compositions in order to investigate the temperature depen-
dence of the etching characteristics. After etching, the sample was thorough-
ly rinsed in deionized water and then the resist was removed in acetone.
Then, the sample was subjected to etching depth measurements with a pro-
filometer for determination of the etching rate, R, and observation of the top
and cross-sectional views of the etching profiles by scanning electron micro-
scopy (SEM). Very good etching uniformity and reproducibility were con-

firmed.



III. RESULTS AND DISCUSSION

Since the etching depth was difectly proportional to the etching time, R
could be defined for all the compositions examined. Etching anisotropy re-
garding the crystallographic orientation was represented by the ratio, y, of
R in the [111]B direction to that in the [111]JA direction2.5,6), We will here-
after refer to an expression of R in the [Imn]X direction as R[Imn]X.
1. HoOg-excess mixtures («=0.05/0.34, 0.05/0.17, 0.05/0.09, and 0.05/0.04)

Excellent selective etching characteristics and their controllability have
been obtained for H9O2-excess mixfures as described below.
1-1 Etching rate

Figure 1 shows variations of R and y with the H20 content, [HoO], for
the mixtures with ¢=0.05/0.17 and 0.05/0.34. R and y for both mixtures de-
crease as [H20] increases. The first point to be noted is that R[111]A is the
lowest of all and the three other Rs show similar values. This is a feature
commonly observed for all the mixtures examined except for «=0.05/0.04
and also for other etching systems 1-3',5,6,11). The second point is that there
is, in fact, a difference among the magnitudes of R[001], R[110], and
| R[111]B and the order with respect to the magnitude changes with [HoO].
In order to clearly demonstrate this point, we adopt values of R ‘normalized
with respect to the maximum value at each [H90]. Figure 2 shows the vari-
ation of normalized R with [HgO] for the two mixtures. It is clearly recog-
nized that the relative magnitude of R[111]JA grows with [H20]. According
to the relative magnitudes of the three other Rs, the whole [H20] region
can be classified into three regions : For low [Hg0], we have
R[110]>R[111]B>R[001] and, for medium [H0], R[110]~R[111]B~R[001].
R[111]A is extremely low in these [H20] ranges. For high [H90], we have
R[001]>R[110]>R[I11]B. In this [H20] range, R[111]A becomes close to the
three other Rs. The region criteria, the values of v, and the etching rate or-

der for the three regions are summarized in the first three rows of Table 1.
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A comparison of Figure 2(a) and (b) indicates that each region shifts to the
higher [H90] side as [H20g] increases with no appreciable shift of the
R[111]A curve. Figures 1 and 2 suggest that a further increase in [H9O] or
a further decrease in [H20Og] may yield y closer to unity. Since a futher in-
crease in [H9O] requires an impracticably lar{;e amount of H9O, we tried to
obtain such y by further reducing [H9O9] («¢=0.05/0.09 and 0.05/0.04). Fig-
ure 3 plots R and y in (a) and normalized R‘_ in (b) ag{iinst [HoO2] with a
fixed [Ho0]=56.0 mol. The relative magnitude of R[111]JA grew with de-
creasing [HoO2] and exceeded those of R[111]B and R[110]. Consequently, ¥
even below unity, 0.9, was successfully realized. Table 1 also lists this high
[H20] and low [H20g9] region in the last row. To our knowledge, this is the
first etchant system that yields y less than unity.

Finally, we would like to emphasize that an extensive control of etching
anisotropy, expressed by y ranging from 3.8 to 0.9, has successfully been
achieved with HgOg-excess HF+H9O9+HoO mixtures by varying mainly
[HoO] and secondly [HoOgl.

1-2. Etching profile

In this section, the etching profiles produced on four substrates is exam-
ined in terms of the intersection angle, 8; (i=1, 2, --), of the side wall to
the substrate surface and the control of §; by varying the mixture composi-
tion is presented. A side wall with an intersection angle 6; is briefly re-
ferred to as “side wall §;” below.

Figures 4, 6, 8, and 10 show the variation of the [110] cross-sectional A
etching profiles and the top view of the intersection corners of the two or-
thogonal stripes with the mixture composition in (a)-(f), a schematic presen-
tation of the profiles with defined ;s in (g), and main low-index surfaces
appearing as possible side walls in (h) for (001), (110), (1I11)B, and (111)A
substrates, respectively. Since the (001) substrate has two orthogonal cleav-

age planes, (110) and (110), the [110] cross-sectional etching profiles are also
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shown in Figure 4. The etching profiles appearing on the two sides of a
stripe were exactly the same for the (001) substrate but different for the
other substrates due to the symmetry difference. Figures 5, 7, 9, and 11
summarize the variation of fis as a function of [H20] Vfor «=0.05/0.17 in (a)
and 0.05/0.34 in (b) and as a function of [H202] for [H20]1=56.0 mol in (c)
for (001), (110), (Tﬁ)B, and (111)A substrates, respectively. The etching be-
havior is summerized as follows.

(1) (001), (110), and (I1D)B substrates

1) For low [H20] and high [H2092] mixtures, which give high y, the three
substrates exhibit their respective characteristic side wall profiles deter-
mined by the crystallographic anisotropy ((a) and (b) of Figures 4, 6, and 8).
@ The (111)A-related side walls are 61, 83, 64, and 87, the (111)B-related
side walls are 89, 65, and 69, and the (001)-related side walls ére f¢ and 6sg.
@ The (111)A-related side walls have a flat slope and make a sharp inter-
section with other planes, while the (111)B- and (001)-related side walls
have a curved slope and a round intersection with other planes 23),

® A facet associated with the [101] or [011] orientation appears on the side
that contains the (111)A-related side wall at the intersections of the two or-
thogonal stripes.

2) As [H90] increases and/or [HoO9] decreases, the 6;s all decrease and some
of the side walls, 63, fg, and fg, disappear ((¢) and (d) of Figures 4, 6, and
8).

@ For the (111)B-related side walls 62 and 5 and the (001)-related side
walls fg and #g, there exist regions of [H20] and [H202] where no definition
of 6; is possible, that is, [HoO]=2 - 3 mol for «=0.05/0.17 and [H20]="7-15
mol for «=0.05/0.34. |

@ The facets at the intersections of the two orthogonal stripes diminish.

3) For high [H20] and/or low [H2032] mixtures, which give low y, the three

substrates exhibit similar etching profiles characterized by smaller 8;s and
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flat slopes reflecting no crystallographic anisotropy ((e) and (f) of Figures 4,
6, and 8).
@ The (Tﬁ)B-related side walls 82 and 65 and the (001)-re1ated side wall
fg also show a flat slope surface and a sharp intersection with the substrate
planes, indistinguishable from the (111)A-related side walls 61, 64, and 87.
@ The facets at the intersections of the two orth:ogonal stripes completely
vanish,
(2) (111)A substrate (Figure 10)
1) In contrast to the (ﬁi)B and (110) substrates, the side walls on both
sides of the [IIO] stripe, 610 and #1711, maintain a ﬂat slope and a sharp in-
tersection with the (111)A plane irrespective of the_.values of f19 and 6311 ex-
cept for low [H2O] for which the slope surface is slightly curved.
2) The values of #19 and 611 decrease continuously as [H20] increases
and/or [H209] decreases. | |
3) In contrast to the three other substrates, no facets are produced at the
intersection corners of the two orthogonal stripes irrespective of [HoO] and
[H202]. |

The whole HF +H902+H20 mixture successfully achieved a wide-range
control of §; as summarized in Table 2. The control ranges of fis extend up
to 60° for the (001), (110), and (111)B substrates and 80 ° for the (111)A
substrate, covering all main low- and high-index planes appearing as possi-
ble side walls. |
1-3 Relation of etching profile with anisotropy of R

The orientation of a side wall is dominantly determined by the direction
of the lowest R 24). Since R[111]A is the lowest for most mixture composi-
tions examined, the (111)A-related side walls are always produced on (001),
(110), and (111)B substrates, that is, 81, 83, 64, and 67, and the correspond-
ing fis are limited to the intersection angle of the (111)A plane to the sub-

strate plane. The appearance of the facets at the intersections of the two or-
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. .thogonal stripes for low [H20] indicated in (1)-1)-® of the previous section
éan be attributed to the fact that R[111]JA<R[110]. Since the anisotropy
weakens as [H90] increases and [H20g2] decreases, these facets accordingly
: <_di§appear.

Then, the second lowest R is an important factor as well for determining
6; not related to the (111)A plane. The order of magnitude of Rs in the
three other orientations varies vyith [H2O] and [H202] as shown in Table 1.
‘For the (001) substrate, since R[iﬁ]B is always the second lowest, the
(ill)B-related side wall 9 persists through the whole [H20] and ‘[I-IzOz]
range. For the (110) and (I1I)B substrates, the second lowest R changes
from R[001] to R[iii]B as [HoO] increases. This well explains the result for
the (110) substrate that the (001)-related side wall f¢ disappears while the
(111)B-related side wall 65 remains as [H20] increases and the presence of
the (001)-related side wall gg at low [H20] for the (111)B substrate. The dis-
appearance of the (111)B-related inverted mesa 69 with increasing [H20]
just corresponds to the close magnitudes of R[111]B and R[001] at medium
[H90]. Actually, the totally curved side walls indicated in (1)-2)-@ of the
previous section are all produced in the medium [H20] region where
R[110]=~R[111]B~R[001] (Table 1). For the (111)A substrate, the fact that
R[111]A is the lowest leads to a lateral etching progress since the side walls
are mainly composed of surfaces other than the (111)A surface. R[111]1B and
R[001] are always the second lowest Rs for the side walls 619 and 411, re-
spectively. This leads to a conclusion that the side Wéll 610 is dominated by
the (111)B surface (high 6) for low [H20] and receives greater contribution
from the (110) surface (low ) as R[111]B relatively grows with [H20]. This
inspection qualitatively explains the experimental result. The flatness of the
side wall 6190 may be supported by the slow vertical etching progress which
puts the (111)B-(110) intersection out of the substrate surface. On the other

hand, since the (001) surface is sandwiched by two equivalent (111)A sur-
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faces at an acute angle, the side wall 611 would always be dominated by the
(111)A-related inverted mesa, which is contradictory Vto the observation. A
careful inspection of Figure 10(h) leads us to speculate that high-index
planes existing between the (111)A and (001) planes, (112)A, (113)A, and so
on, which have Rs higher than R[111]A but lower than R[001] dominate £11.
If we assume that the weight of contribution to 611 shifts from the (112)A
(6=90.0 °) surface to higher-index (1IN)A surfaces (N=3, 4, --; lower 6) at
the (111)A substrate surface together with an augumented contribution of
the (001) surface as the anisotropy of R around the [111]A direction becomes
weak with [H0], this gives a qualitative explanation for the decrease in
611 with [HoO]. The slow vertical etching progress is again thought to ex-
clude the appearance of the (111)A - (1IN)A intersection in the profile.

Finally, the isotropic etching characteristics showing a flat surface and a
sharp intersection profile observed for high [H90] and low [H202] cannot be
explained by the competition among Rs alone, which would produce a totally
curved profile because the Rs have close values. Detailed experimental infor-
mation of Rs in high-index directions is required to quantitatively explain
the results.
1-4 Temperature dependence of R

The etching experiments were also done at 10 °C and 40 °C for the mix-
tures with ¢=0.05/0.17 and [HoO]=1.2 mol, 6.2 mol, and 56.2mol in order to
investigate the dependence of R on the etching temperature T. The results
are shown in Figure 12. The dependence of R on T is expressed by the fol- |
lowing equation: |
R[Imn]X = Ro[lmn]X X exp(- Ey[lmn]X/R.T), [1]
where Rg[lmn]X is the etching rate at T=, E,[lmn]X the activation ener-
gy, and R. the gas constant. The values of Rg and E; evaluated for the four
substrates are summarized in Table 3. The table shows that E; varies de-

pending on the mixture composition and that, for a fixed mixture composi-
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tion, E,[001], Ea[110], and E,[111]B have slightly different (especially for
low [H20]) but similar valueé while E [111]A is larger than these three.
This results in a decrease (an increase) in y at higher (lower) T. For exam-
ple, y<1 can also be realized for «=0.05/0.17 with [H20]=56.2 mol at T>30
°C. Thus, the etching temperature gives rise to similarieffects on the etching
anisotropy as the mixture composition.

1-5 Etching mechanism ‘

The general etching mechanism for acid-oxidant-water type mixtures in-
cluding the etching inactivity of the (111)A surface due to the absence of
unshared electrons 25) is well understood 26). In this respect, the present
HF +H902+H90 mixture, with HoO9 acting as an oxidizer, HF as an oxide
dissolver, and H9O as a diluent, reveals etching characteristics common to
previous mixtures within the framework of the general etching mechanism,
except for y less than unity for high [H9O] and low [H202]. The orientation-
dependent E; shown in 1-4 and the etching depth proportional to the etch-
ing time indicate that a reaction-rate-limited etching proceeds in the present
mixture and Table 3 shows that this etching process persists for a wide
[H20] range.

It has been reported that HF selectively dissolves Ga oxides and partly
reduces‘As oxides, leaving metallic As and As oxides on GaAs (001) surfaces
27,28), It has also been reported that static HoO preferentially dissolves As
oxides and forms Ga oxides on GaAs (001) surfaces 27,29,30), Therefore, the
etching process of the present mixture will include '(1) Ga oxide formation
by H2032 (and H0 for high [H90]) and successive dissolusion by HF for sur-
face Ga atoms and (2) As oxide formation by H909 and successive reduction
by HF (and dissolution by HoO for high [H90]) for surface As atoms.

1-6 Comparison with other mixture systems
It is helpful to discuss here the etching characteristics in comparison with

those of other mixture systems.
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(1) y : Table 4 summarizes the values of y and the etching rate order re-
ported for other mixture systems. As to y, the present mixture (Table 1)
covers the y range obtained for H9SO4+H202+H20, H3PO4+Ho09+H20,
and C3Hy4(OH)(COOH)3+H2032. Based on the etching mechanism modeled in
1-5, two processes of (1) preferential Ga oxide formation by H20 and succes-
sive removal by HF and (2) preferential As oxide removal by Hg0O and
etching-fesistant As-covered surface production by HF will develop in high
[H20] and low [H20g2] environments. These processes v:rill enhance R[111]JA
and reduce R[111]B. The realization of y<1 for high [Ho0] and low [H20g]
can be well explained by the processes. Since it has been reported that etch-
ing in H9S04+H202+H20 and H3PO4+H202+H20 leaves Ga-rich oxides
on GaAs (001) surfaces 31), both HoSO4 and H3POy4 are considered to better
dissolve As oxides. This results in the difficulty of obtaining y=1 for these
mixtures, consistent with the experimental results for HoSO4+H209+H20
2), NH4OH+H202+H90 and Bro+ CH30H show higher y. Further reduction
of [H90] or further increase in [HoOg2] in the present system will extend the
y range to such higher values.

(2) Etching rate order : According to the simple model on which the number
of unshared electrons at the surface determines the etching activity, the or-
der R[111]B>R[001]~R[110]>R[111]A results 25). Table 4 tells us that ex-
cept for R[111]A this does not always apply. Differences in chemical proper-
ties of the oxide dissolvers may be responsible for the variety in etching
rate order. In reality, Table 1 shows that R[iﬁ]B is never the highest for
any composition of the present mixture and even the .lowest for high [H20]
and low [H202]. HF as a selective Ga oxide dissolver 27,28) may be responsi-
ble for the relatively low R[111]B. It should be noted that the relatively low
magnitude of R[111]B in the present mixture contributes to the clear ap-
pearance of the (I-ﬁ)B—related side walls 69 and 685, in contrast to the com-

plete absence of the (111)B-related side walls in several other mixture sys-
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tems 1-6,11) for which R[111]B is the highest. Considering Figure 2, the
(EII)B-related side walls should persist after a further reduction of [Hg0] or
a further increase in [HoOg2] in order to obtain higher y in the present sys-
tem.
(3) (111)A-related side walls : The intersection profile between the side wall
and the substrate plane and between the neighboring side Walls:critically
depends on the sharpness around the pertinent local minimum in a polar
diagfam for R as has been re;;orted for HoSO4+H909+H90 2,245. Several
popular mixture systems produce (111)A-related side walls having curved
slopes and round intersection corners 2,4,5,11,12), The presence of less sharp
local minimums at R[111]JA and other local minimums near R[1‘11]A has
been demonstrated for such profiles 2,7). For the present mixture,j the flat
surface and sharp intersection profile obtained for the (111)A-related side
walls and the side walls 819 and 611 throughout the whole coinposition
range suggests the presence of a prominently sharp local minimum at
R[111]A without other local minimums near R[111]A. The (001)- and (111)B-
related side walls showing a curved surface and a round intersection profile
are caused by less sharp local minimums as with other mixture systems.
(4) Especially compared with popular HoSO4+Hg09+H20 1,2,12), the present
mixture is free from the heat generation during preparation and the high
viscosity, hence it is much easier to use.

In order to fully understand the etching characteristics and elucidate etch-
ing mechanisms specific to the present mixture, close analyses of surface
chemical reactions and resultant surface compositions are required.

2. HF-excess mixtures («=0.69/0.02 and 0.25/0.11)

The mixture with «=0.69/0.02 showed very low Rs of the order of 10-
2~10-1 ym/min and a constant y value of 1.7 in the whole [H20] range in-
vestigated. Moreover, the mixture with low [H9O] eroded the etched patterns

through penetration into the resist-substrate interface at the pattern edge
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irrespective of the substrate orientation. Although the mixture with
2=0.25/0.11 showed 5-fold enhanced R values and a variation of y from 2.9
to 1.7 with [H20], the same erosion phenomenon was observed for low
[HoO]. Therefore, it is concluded that HF-excess mixtures are not suitable
for selective etching. Excess HF may be responsible for such a patterning
failure. HF +H902+ H90O mixtures ;reported for revealing etch-pits 20,21) have |
more or less HF-excess compositions, hence they are not suitable for selec-
tive etching. ) N

3. Application

The results obtained for HgOg-excess mixtures can be extensively applied
to both basic material research a_ﬁd device fabrication. For example, mix-
tures with low [H90O] and high [HéOz] showing strongly anisotropic etching
characteristics are Well_ suited for fabricating a variety of patterned sub-
strates and microstructures with well-defined side walls (especially (111)A-
related ones). Precise and wide-range controllability of the intersection an-
gles can be applied to formation of and crystal growth on vari‘ous high-index
side walls. Mixtures with high [H20] and low [H9Og2] showing isotropic etch-
ing characteristics can be used for surface treatments before crystal growth
and for device processing, mesa-etching for device delineation and isolation,
and recess etching for active layer thickness adjustments. The isotropic etch-
ing characteristics ensure the fabrication of devices in arbitrary orientations
without modifying the designed structure and size.

We have not checked the etching characteristics of the present mixture on
other related compounds such as AlGaAs. More complicated microstructures
can be constructed by taking advantage of the possible etching rate differ-
ence among different compounds in combination with the orientation-

dependent etching rate shown here.
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IV. SUMMARY AND CONCLUSION

Selective etching characteristics of HF +H902+H20 mixtures have been
examined for GaAs (111)A, (111)B, (001), and (110) surfaces. HgOg-excess
mixtures showed excellent selective etching characteristics controlled by the
H20 and H9Og2 contents. The anisotropy parameter, y, ranged from 3.8 to
0.9 depending on the mixture composition. The etching rate is the slowest in
the [111]A direction for most cqmpositions, while the etching rate becomes
the lowest in the [111]B direction for high H9O and low H90g2 concentra-
tions. The lowest etching rate in directions other than [111]A has been real-
ized with the present mixture system. Etching profiles strongly reflecting
crystallographic anisotropy have been produced for low Ho0 and high Ho09
concentrations, while those for high Ho0 and low H20g2 concentrations have
shown similar isotropic features irrespective of the substrate orientation. A
continuous and extensive control of the intersection angle between the side
wall and the substrate surface has been successfully achieved on all sub-
strates. The etching profile has been found to be closely related to the de-
gree of anisotropy of the etching rate and the contrast that the (111)A plane
sharply intersects with other planes while the (111)B plane has a round in-
tersection profile. The etching mechanism has been discussed on a model
that HF acts as a selective Ga oxide dissolver and H9O as a preferential As
oxide dissolver. Special features of the present mixture have been highlight-
ed in comparison with other mixture systems. HF-excess mixtures have been
found to be unsuitable for selective etching of GaAs‘because of excessively

low etching rates and erosion of etched patterns.
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-FIGURE CAPTIONS-
Figure 1 Variation of the etching rate R and the etching anisotropy y with

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

the HoO content for (a) «=0.05/0.17 and (b) «=0.05/0.34.
Variation of the normalized etching rate with the HoO content
for (a) «=0.05/0.17 and (b) «=0.05/0.34. °

Variation of (a) the etching rate R and the etching anisotropy v
and (b) the normalized etching rate with “the H909 content for
HF content of 0.05 mgnl and H90O content ;)f 56.0 mol.

Variation of the etching profiles with the mixture composition for
the (001) substrate. |

Variation of the slopes of the side walls with the H20 content,
(a) and (b), and with the H209 content, (é), for the (001) sub-
strate. Open and filled symbols represent normal and inverted
mesas, respectively. Symbols at §=0° meén disappearance of the
corresponding side walls. Two symbols and a vertical bar connect-
ing them mean that the corresponding side wall has a slope
ranging between the two symbols.

Variation of the etching profiles with the mixture composition for
the (110) substrate.

Variation of the slopes of the side walls with the HoO content,
(a) and (b), and with the H209 content, (c), for the (110) sub-
strate. Symbols at §=0° mean disappearance of the correspond-
ing side walls.

Variation of the etching profiles with the mixture composition for
the (111)B substrate.

Variation of the slopes of the side walls with the H90O content,
(a) and (b), and with the H209 content, (c), for the (iII)B sub-
strate. Open and filled symbols represent normal and inverted

mesas, respectively. Symbols at §=0° mean disappearance of the
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Figure 10

Figure 11

Figure 12

corresponding side walls. Two symbols and a vertical bar connect-
ing them mean that the corresponding side wall has a slope
ranging between the two symbols. |

Variation of the etching profiles with the mixture composition for
the (111)A substrate.

Variation of the slopes of the side walls with the H20 content,
(a) and (b), and with the H202 content, (c), f?r the (111)A sub-
strate. Two symbols and a vertical bar connecting them mean
that the corresponding side wall has a slope ranging between the
two symbols.

Dependence of the etching rate R and the etching anisotropy y
on the etching temperature T for «=0.05/0.17 with H20 contents
of 1.2, 6.2, and 56.2 mol.
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-TABLE HEADINGS-

Table 1

Table 2

Table 3

Table 4

Summary of the values of y and the etching rate order in the four
regions defined for the present mixture.

Summary of the slopes of the side walls controlled by the present
mixture and related main low- and high-index planes.

Summary of the values of parameters Ry and E; obtained for
«=0.05/0.17 on the fou? substrates.

List of the values of y and the etching rate reported for various

mixture systems.
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Mixture composition (mol)

Region criteria Y - Etching rate order
[HF] | [H209] [HoO]
Low [Hq0] and 0.34 1.8-6.0 |3.7-24 L
) R[110]>R[111]B>R[001]>R[111]A
high [Ho02] 0.17 1.2-15 |3.8-35
Medium [Hy0] 0.34 6.0-30.0 | 2.4-14 L
: R[110]=R[111]B=~R[001]>R[111]A
and high [Hp02] 0.17 1.5-10.0 | 8.5-1.4 L] [ L
0.05
High [Ho0] and 034 |300-56.8|14-12 L
; R[001]>R[110]>R[111]B>R[111]A
high [HgOg] 0.17 |10.0-562 |1.4-1.1
High [HzO] and 0.09 6.0 1.0 R[001]>R[110]>R[111JA=R[111]B
low [HoO2] 0.04 ' 0.9 R[001]>R[111JA=R[110]>R[111]B

Table 1 Summary of the values of ¥ and the etching rate order in the four

regions defined for the present mixture.




0?;212‘322 6; | Controlled range Main low- and high-index planes/ ot
1 | 52°-10° 111)A/54.7°, A1IN)A (N=2,3,--)
(001) g2 1 60°-10° (111)B/54.7°, (11N)B (N=2,3,--)
f3* | ~ 73° (I11)A/54.7°
04 | 35°-8° (111)A/35.3°, NN1)A (N=2,3,--)
(110) 05 | 86°-11° (111)B/35.3°, (NNI)B (N=2,3,--)
6 | 88°-37° (001)/90.0°, (11N)B (N=2,3,--)
67 | 67°-9° (111)A/70.5°, (NN1)A (N=2,3,--), (110)/35.3°, (NN1)B (N=2,3,--)
(111)B |6s |63°-9° 001)/54.7°, ATNB (N=2,3 --) |
fg* | ~ 78° (111)B/70.5°
A1DA f10 | (82-68)° - 12° (51)3/70.5 °, (—N-NI)B (N=2,3,--), (110)/35.3°, (NN1)A (N=2,3,--)
11| 90° - 13° (112)A/90.0°, (11IN)A (N=3,4,--), (001)/54.7°, (11N)A (N=2,3 --)

* Inverted mesa, # Angle to substrate plane

Table 2 Summary of the slopes of the side walls controlled by the present

mixture and related main low- and high-index planes.
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Substrate [H20] '
. .~ |Parameter
orientation 1.2 mol 6.2 mol 56.2 mol
0oy R Gmimin | 105 X 107]1.36 X 10°]2.53 X 10*
E, (keal/mol) 8.22 6.99 7.41
110) R 3.42 X 107|1.57 X 10°|2.74 X 10*
Ea 8.86 7.09 7.48
6 5 4
AT1)B R 6.08 X 106 1.41 x 10°|2.27 X 10
Ea 7.87 7.04 7.43
~ 7 5 5
A11)A R 1.22 X 107]4.52 X 10°]2.02 X 10
E, 9.09 8.15 8.72

Table 8 Summary of the values of parameters Rg and E; obtained for

«=0.05/0.17 on the four substrates.
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Mixture Y Etching rate order $ Mixture composition Ref. |
3.8 L [HoSO4]:[HoO9l:[HoO]=1:8:1
R[1111B>R[001]~R[110] 1
1.9 [HoSO41:[HoO2]:[Ho0]1=8:1:1
H9S04+Ho09+Ho0 m—
4.2-21 | RIIIT1B>R[001]>R[110] | [HoSO041:[Ho09]:[Ho0]=1:8:1~80
—— 2
1.5 | R[1111B=R{0011>R[110] | [HoSO41:[H209]:[Ho01=1:8:160
3.0 R[110]1>R[111]B>R[001] | [H3PO4:[H2021:[Ho01=1:9:1
H3PO4+Ho09+Ho0 2.0 | RIIT1IB>R[1101>R[001] | [H3PO41:[Hs05]:[Ho0]=7:3:3 5
1.9 R[1101>R[001]>R[111]1B | [H3PO41:[Ho05]:[Ho01=1:9:210, 3:1:50
;3%4(0H)(COOH)3 + | 17 | RATIB>RI001] [C3H4(OH)(COOH)3[Ho0g1=10 11
202 ,
54 ] R[1I11IB>R[001] [NH4OHI:[HoO09]:[Ho01=20:7:973
NH4,OH+H909+H50 prepupn
, # R[111]B>R[001] [NH,OHI:[Ho091:[HoO]=1:1:8 4
Bro+ CH30H 9.2-3.0 | R[110]1>R[111]B>R[001] | [Brl[CH30OH]1=0.01~0.05 * 6

# No data reported. 3 R[1111A is always the lowest. * Weight ratio. Otherwise, volume ratio.

Table 4 List of the values of ¥ and the etching rate reported for various

mixture systems.
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