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From Eq. [A-1]-{A-4], we may finally deduce

[A-4]
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as the moving boundary condition in two dimensions.
Considering the problem in three dimensions, i.e., as-

suming y = h(x, z, t), where z is the coordinate normal to

both x and y, we may derive similarly

dc oh
ax ox
dc oh

—— ) at = h(zx, z, t)
0z az> v (

dh ( ac
—_— = -, | —
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Etching Profiles at Resist Edges

Il. Experimental Confirmation of Models Using GaAs

P. H. L. Notten, J. J. Kelly, and H. K. Kuiken
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands

ABSTRACT

Etching experiments have been carried out with GaAs in order to check mathematical models developed for diffu-
sion-controlled dissolution at resist edges. Both electroless and chemical etchants were used, and their chemistry is
briefly considered. An interesting method of controlling the electroless dissolution rate of GaAs by means of a diffu-
sion-controlled oxidation reaction is reported. The excellent agreement between calculated and measured etched
profiles demonstrates the validity of the mathematical model. The influence of natural convection and of convection
induced by gas evolution is reported, and the results are compared with theory.

In Part I (1) a mathematical model was presented to de-
scribe diffusion-controlled etching at resist edges. Both
the form of the etched profiles and the characteristics of
the etching kinetics at the edges are predicted by the
model.

In the present paper we attempt to verify the model ex-
perimentally. In order to do this, we need etching systems
that meet two main requirements (1). (i) The etch rate on
all crystal planes of the solid must be determined by
mass-transport in the solution, i.e., the rate constant for
the rate-determining step of the dissolution process must
be sufficiently large to ensure a very low surface concen-
tration of the rate-determining species, even at the
slowest etching plane. (ii) The dimensionless etching pa-
rameter B, introduced in Part I to describe the dissolution
process, must be large (=100).

Etching methods not involving an external current or
voltage source can be divided into two classes: electroless
and chemical (2). Electroless etching occurs at a well-
defined mixed potential that is determined by two poten-
tial-dependent electrochemical reactions; at this poten-

tial, the rates of dissolution of the solid and reduction of
the oxidizing agent in the solution are equal. Chemical
dissolution is observed with bifunctional molecules that
are capable of forming new bonds with two neighboring
surface atoms simultaneously. The etch rate, in this case,
does not depend on the surface concentration of charge
carriers in the solid and is not influenced by an exter-
nally applied potential (3).

As a model system in the present work, the etching of
GaAs, which is very important for device applications,
was considered. This material can be dissolved with both
electroless and chemical etchants. In order to decide on
how to comply with the requirements of the mathemat-
ical model, we examined the chemistry of possible etch-
ing systems. Apart from the two requirements described
above, the precise etching mechanism is important in
determining the etched profiles. For this reason, we first
consider briefly the mechanism of electroless and chemi-
cal dissolution of GaAs. Results obtained experimentally
with suitable etchants are then described and compared
with those predicted by theory.
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Choice of Etchants for GaAs

Electroless dissolution.—Electroless etching consists of
two electrochemical partial reactions: oxidative dissolu-
tion of the solid and reduction of an oxidizing agent from
solution (2). A simple representation of the oxidation re-
action can be given as follows (3)

X
N / AN /
Ga:As +h"+X-—> Ga-As 1]
s AN AN
) i
| LN /
\Ga-As/ +h"+ X —> GaAs
AN /
fast
—  Gal' + As™ [2]
4h"

Valence band holes h* are trapped in Ga-As surface bonds
and attack by a nucleophilic species X~ (e.g., OH~ ions)
from solution results in the formation of new Ga-X and
As-X bonds. Hole trapping and nucleophilic attack can
also occur in consecutive reactions. However, the precise
mechanism is not important here. In total, 6 charge carri-
ers are required to dissolve one GaAs entity and trivalent
species are formed in solution (reaction [2]). If the various
steps in the above reaction scheme are irreversible, then
the current due to the total oxidation reaction i, is given
by

i, = 6Fk’,p,Cy" [3]

where p,, the surface hole concentration, is an exponen-
tial function of applied potential, C,* is the surface con-
centration of the nucleophilic reagent, k', is the rate con-
stant of the first step, and F is the Faraday constant.

In an electroless system, the holes required for oxida-
tive dissolution must be injected from the oxidizing agent
4, 5)

ke
Ox" — Red + n-h* 4]
The corresponding reduction current is given by
te = nFk.Cy’ [5]

where C,.° is the surface concentration of the oxidizing
agent. During electroless etching, oxidation and reduc-
tion reactions occur simultaneously, and the partial cur-
rents must be equal (i, = i.). For example, in the case of a
Fe(CN)¢~ etchant, the total reaction is

GaAs + 6Fe(CN)¢"~ — Gal + As' + 6Fe(CN)*-
(6]

On the basis of Eq. [1}H{5] and the values of the rate con-
stants for the anodic and cathodic processes, it is clear
that diffusion-controlled etching might be achieved in
two ways. (i) The most common case, that shown for
p-GaAs in Fig. 1, involves a redox system with a very
large value of k. The surface concentration of the
oxidizing agent is then very small, and reduction is lim-
ited by its mass transport in solution. The diffusion cur-
rent (curve (a), Fig. 1) is directly proportional to the con-
centration of the oxidizing agent. When a rotating disk
electrode (RDE) is used (6), this current is proportional to
the square root of the rotation rate (insert, Fig. 1). The oxi-
dation reaction is kinetically controlled; k', p, is
sufficiently small so that X~ is not depleted at the elec-
trode surface. The anodic current depends exponentially
on the potential (curve (b)). The total current, which is
that actually measured, is the sum of the partial currents
(curve (c)). At the rest or open-circuit potential V,, the par-
tial currents are equal. The etch rate, which can be calcu-
lated from the partial current, is obviously determined by
diffusion-controlled reduction of the oxidizing agent. (i1)
If k'« ps in Eq. [3] is relatively large and the concentra-
tion of X - is limited, it might be expected that anodic dis-
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Fig. 1. Current-potential curves for a p-type GaAs RDE in a 0.1M
K;Fe(CN), solution at pH = 14 (electrode rotation rate N = 100
rpm). Curves (a) and (b) refer to the cathodic and anodic partial reac-
tions, respectively. Curve (c) is the total measured curve. V, is the rest
potential. The dependence of the cathodic limiting current on rotation
rate is given in the insert.

solution becomes diffusion controlled. We have shown
this to be clearly the case for electrolytes with a pH in the
range 11-14. Figure 2 gives the current-potential curve for
anodic dissolution of a p-type GaAs RDE in NaOH solu-
tion of pH = 12. The current first increases exponentially
but becomes constant at more positive potentials. This
limiting current depends on the square root of the rota-
tion rate (see insert of Fig. 2); it is clearly determined by
mass transport of a species in solution. A plot of the log of
the current density vs. pH gives a straight line of unit
slope (Fig. 3); it follows that OH - must be the rate-deter-
mining species.

If such an anodic process is combined with a cathodic
reaction, which is not rate limiting, then the raté of
electroless etching at the rest potential must be deter-

‘mined by the diffusion-controlled anodic reaction. This

case is illustrated for Fe(CN),*~ solution at pH = 12 in Fig.
4. The measured etch rate agrees with that calculated on
the basis of the anodic limiting current. It depends on the
rotation rate and the OH~ concentration but is indepen-
dent of the Fe(CN)*~ concentration.

For electroless etching of n-type III-V materials, the
form of the partial current-potential curves is somewhat
different (4, 5), because the oxidizing agent now injects
minority carriers (holes) into the valence band of the
solid. However, the electroless etching kinetics of n-type
and p-type samples of a given material in these etchants
are the same (4, 5).

Chemical dissolution.—In order to introduce the mathe-
matical model in Part I, the chemical etching of GaAs was

lo ImAlcmd)

— > iy ImA/cm?)

~N
T

0 . V (SCE)
-10 0

Fig. 2. The anodic current-potential curve for a p-type GaAs RDE in
an NaOH solution, pH = 12 (N = 100 rpm). The dependence of the
anodic limiting current on rotation rate N is shown in the insert.
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Fig. 3. The dependence of the anodic limiting current of a p-type
GoAs RDE, measured at 100 rpm, on the pH of the NaOH electrolyte.

described in general terms. Here, we shall confine our-
selves to a brief consideration of one of the systems used
in the present work: HCI/H,0,/H,O etchants. GaAs does
not dissolve in concentrated HCI solutions. Addition of
the oxidizing agent H,0, to HCI yields suitable etchants
(7). The etching mechanism is, however, different from
that described in the previous section. This is clear from
the current-potential curve [curve (a)] shown in Fig. 5 for
a p-type GaAs electrode in an HCI/H,0,/H,0 solution. As
previously found, H,O, is not reduced cathodically at a
significant rate on p-type GaAs in the dark (8). The cath-
* odic current required to account for the measured etch
rate, assuming an electroless mechanism of the type de-
scribed above, is shown in Fig. 5 by the dashed line (b).

We conclude that dissolution occurs via a purely chemi-
cal mechanism, which does not involve mobile charge
carriers in the semiconductor and is not influenced by
the applied potential (2, 3)

OH OH
AN 7/ ke 0| | /
Ga—As + H,0, - Ga As [7]
/ AN / N
OH OH
N | »  fast
Ga As ———— > Ga + As™ [8]
e \ H;0,, HC1

A coordinated reaction sequence occurs involving the
rupture of Ga-As and HO-OH bonds and the simultaneous
formation of new Ga-OH and As-OH bonds. If reaction [7]
is rate determining and its rate constant k, is large, then
etching is diffusion controlled and determined by the

{(mAlcm?)
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Fig. 4. Current-potential curves for a p-type GaAs RDE in a 0.5M

K;Fe(CN); solution at pH = 12 (N = 100 rpm). Curves (a) and (b) re-

fer to the anodic and cathodic partial reactions, respectively. Curve

(c) is the total measured curve. V. is the rest potential of the elec-
trode.
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H,0, concentration in solution. We found this to be the
case at large values of the concentration ratio [HClY
[H,0,]. Since this holds for all crystal faces of GaAs, such
etchants are suitable in the present investigation.

In this type of etchant, HCl may be replaced by other
(nonoxidizing) acids such as H;PO, (9) and H,SO, (10).
Again, the concentration ratio of acid to H,O, determines
the etching kinetics. At large values of this ratio, etching
is, under normal conditions, dependent on H,0, diffusion
for all planes of GaAs except the (111)-Ga plane (9, 10).
Since etching of the Ga surface remains kinetically con-
trolled, etchants based on H,SO, and H,PO, have not
been used in the present work.

The dimensionless parameter B.—Once the etching
mechanism has been established by kinetic and electro-
chemical measurements and the rate-determining species
has been identified, the value of the dimensionless etch-
ing parameter 8 can be calculated

mp,

B = CM. {91
For our model to be valid, a large value of this parameter
is essential (1). For a given solid, the density p, and molec-
ular weight M, are fixed. The number of ions or mole-
cules m of the rate-determining species required to dis-
solve one atom or molecule of the solid is determined by
the etching process. The concentration of the rate-
determining species C can be used to adjust the 8 value.
As shown in Table I of the previous paper (1), the
etchants used in this study comply with the B require-
ment of the model.

Experimental

The n-type and p-type GaAs slices, with (100) orienta-
tion and a carrier density of approximately 10'%/em?, were
obtained from MCP Electronics, Limited. The samples
were mechano-chemically polished before use.

The etchants used are listed in Table I. Both H,O, (30%
solution) and HC1 (37% solution) were of Selectipur qual-
ity supplied by Merck. NaOCl was obtained as an approx-
imately 1M solution in 0.1M NaOH from BDH Chemicals,
Limited. All other chemicals were obtained from Merck
and were of p.a. grade. Etching was performed at room
temperature. In Table I, we also specify the etching mode
(electroless or chemical) and the determining species in
solution. It should be noted that solutions of HCl with
very strong oxidizing agents (H,0, and NaOC]l) are inher-
ently unstable, since chloride can be oxidized to chlorine.
Gas evolution in HCVH,0/H,O etchants begins rather
slowly, and a slight yellowish coloration of the solution
indicates some Cl, formation. However, the rate of this re-
action is limited, and H,O, is the active component of the
etching bath. Etching was performed, in this case, imme-
diately after the solution components were mixed. When
hypochlorite and HCI are mixed, a very vigorous Cl, evo-
lution is immediately observed. This subsides after some
minutes. The etching experiments with this bath were
performed 3 min after mixing when only a very slight gas
evolution occurred. Since electrochemical measurements,
similar to those given in Fig. 5 for the HCIVH,0, system,
showed that the cathodic current in the HCYNaQOC1 solu-
tion cannot account for the measured etch rate, we con-
clude that this solution also etches chemically and that
Cl, is the active component. For both H,0,- and NaOCl-
based etchants, a fresh solution was prepared for each
etching experiment.

In most cases, an SiO, layer was used to mask half the
GaAs surface. Photoresists (HNR-999 and HPR-204 from
Shipley) were also used in certain cases. The resist edge
was generally parallel to the (110) direction. The samples
(6 x 6 mm) were mounted on a glass plate and placed ver-
tically in the etching solution with the resist edge parallel
to the solution surface and the free GaAs surface below
the masked area. After etching, we cleaved the slices
perpendicular to the resist edge and examined the etched
profiles in a scanning electron microscope (SEM). For
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Table |. GaAs etchants

Etchant and composition Oxidizing agent

Rate-determining

Species Concentration Etching mode

HCIL:H,0,:H,0 = 160:4:1= H,0,

= 80:4:12 H,0,
1M NaOCLHCIP = 5:12 Cl,
1M NaQCl in 0.1M NaOH* OCl~
0.1M Na,CO,
0.056M K,Fe(CN),, pH =13 Fe(CN)—
0.5M K ,Fe(CN);, pH =13 Fe(CN)—

H,0, 0.24M Chemical
H,0, 0.46M Chemical
Cl, M Chemical
OH- <0.1M Electroless
(Anodic control)
Fe(CN)&#— 0.05M Electroless
(Cathodic control)
OH- 0.1M Electroless

(Anodic control)

2 Volume ratio of component solutions (HC1 (37%), H,0, (30%), NaOCl (+ 1M solution in 0.1M NaOH)).

» Etchant cited in Ref. (11).
¢ Etchant cited in Ref. (12).

one series of experiments, larger GaAs slices were used.
Instead of masking half the surface, as described above,
we left unmasked a parallel strip, 4 mm wide, between re-
sist areas at the top and bottom of the slice (see Fig. 9).
The direction of the resist edges and the method of etch-
ing were the same as for the “half-masked” slices.

When very thin resist layers were used, a slight curling
of the resist at the etched edge was sometimes observed
in the SEM [see for example Fig. 6 (a)]. This occurred
after the sample was removed from the etchant. Some-
what thicker resist layers did not show this effect. The
shape of the etched profiles was the same in all cases.

The experimental details for the electrochemical mea-
surements, described in the previous section, were the
same as those reported elsewhere (6).

Results and Discussion

Comparison of experiment and theory.—The mathemat-
ical model for mass-transport-controlled etching, as de-
scribed in Part I, predicts a rounded profile with consid-
erably enhanced etching at the resist edge. In Fig. 6 (a), a
SEM photo is shown of a profile obtained in the chemical
etchant HCI/H,0,/H,O (160/4/1). In Fig. 6 (b), the measured
profile is compared with that calculated from the theoret-
ical model. The calculated curve was fitted on one point,
viz., that at which the under(etched) GaAs surface meets
the resist edge. The excellent agreement between the
measured and the calculated curves demonstrates clearly
the validity of the mathematical treatment. It should be
noted that the measured etch factor, defined by y,/x, [see
Fig. 6 (b)], agrees very well with the value of 1.33 pre-
dicted by theory. The right angle at which the profile
meets the underside of the mask is also in full agreement
with theory.

— = ig{mAfcm?

lzs_

3}

Fig. 5. Curve (a) shows the measured current-potential characteris-
tics of a p-type GaAs electrode in a HCI/H,0,/H,0 (160/4/1) solution
(see Table 1). Curve (b) shows the hypothetical cathodic current re-
quired to account for the measured etch rate at ¥, assuming an elec-
troless mechanism.

Influence of forced convection.—Figure 7 shows the de-
velopment of the etched profile as a function of time for
a HCVH,0,/H,0O (80/4/1) solution. From the corresponding
figure (Fig. 8), it is clear that, in the vicinity of the mask
edge, agreement between experimental and theoretical
profiles is very good. It should be emphasized that these
curve fits were carried cut only according to shape, not
according to absolute position. Indeed, the theory pre-
sented in Part I is only complete for stationary etchants.
For the results shown in Fig. 7, convection must have
been an important factor. This was evident from the gas
evolution observed in solution. The rate of evolution in-
creased with time, as described in the Experimental sec-
tion. However, referring to the analysis of Part I, we know
that, during the initial stages of an etching process that is
dominated by convection, the shape of the profile in the
vicinity of the mask is still predicted quite accurately by
the stationary etchant approach.

When the results of Fig. 8 are studied more closely, we
see that the fit in the mask edge region is excellent for
the smaller of the etched depths. However, Fig. 8 (d),
which refers to a relatively large depth, shows a departure
from the theoretical prediction, suggesting that convec-
tion is beginning to influence the shape of the profile.
Assuming that forced convection rather than natural
(solutal) convection is dominant, we may now use Eq. [66]
of Part I to estimate the time ¢t up to which convection

Fig. 6. (a, top) SEM photo of a profile etched in GaAs using a
HCI/H,0,/H,0 (160/4/1) solution. Etching time: 5 min. Figure 6 (b,
bottom) shows the agreement between the profile measured in 6 (a)
(continuous line) and that calculated from theory (filled circles). The
underetching x, and the maximum etched depth y,, are also shown.
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Fig. 7. The development of the etched profile with etching time for
GaAs in a HCI/H,0,/H,0 (80/4/1) solution.

1 min

2 min

10 min

Fig. 8. Comparison of the measured (continuous curve) and calcu-
lated results (filled circles) for the etched profiles in Fig. 7.
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does not markedly affect the shape of the etched profile
in the corner region. From Eq. [46] and [66] of Part I we
have

0
t < B_“_ [10]
u(!

where u, is a measure for the average velocity of the solu-
tion in the etching vessel. Denoting the dimensions of the
vessel by L, we may estimate 3, as follows

8, = L Re—'* [11]
where Re is the Reynolds number

u,L

v

Re = [12]

where v is the kinematic viscosity (m?¥s). From Eq.
[10]-[12], we may deduce

t</3-<LV)” [13]

3
Uy

Of the parameters appearing on the right-hand side of
Eq. [13], the value of u, is the most difficult to appraise.
As described above, the etchant is stirred by moving gas
bubbles. The average velocity of the etchant will depend
on the relative volume occupied by these bubbles. As-
suming u%, to be 10—3 m/s, which is substantially lower
than the velocity of the bubbles, we have from [13]

t < 1300s [14]

for L = 0.03m, » = 10-5 m¥s, and 8 = 240 (Table I of Part
I). This admittedly rough analysis would seem to confirm
our observation (Fig. 8 (d)) that convection is already
showing its influence in the mask edge region after 10
min etching.

Using the same numerical estimates as before, we can
try to assess the corresponding etched depth. With ¢t =
600s (Fig. 7 (d)) and an average velocity 4, during this pe-
riod of 10-* m/s, we have Re = 30. Taking D = 10~° m?¥s,
we may calculate the characteristic length | (= 74 um)
with the aid of Eq. [11] from this work and Eq. [46] from
Part 1. Using Eq. [67] from Part I, we then predict an
etched depth of 25 um, which compares favorably with
the measured value of 26.7 um. This merely serves to
show that an average velocity of around 10-? m/s was a
reasonable estimate for this particular experiment.

Further away from the mask edge, theory and experi-
ment are in less good agreement for all cases presented in
Fig. 8. These differences become more pronounced at
longer etching times. Two factors play a role here. The
first of these is that the theoretical curve given by Fig. 9
(Part I) and Table II (Part I) refers only to the blown up
region in the vicinity of the mask. Outside this region, the
profile should tend to the behavior as predicted by Eq.
[26] (absence of convection) or Eq. [52] (with convection).
It is shown in Ref. (13) that a composite profile, con-
structed on the basis of these two contributions, provides
a better approximation to the curve, particularly in the
area just outside the mask edge region. Applying the
rules given in (13), we find that the composite profile co-
incides reasonably with the experimental profiles of Fig.
8 (a) and 8 (b) for a 8 value of approximately 75. Since 8 =
240, this does not fully explain the difference between
theory and experiment. Consequently, such differences,
even those of Fig. 8 (a) and 8 (b), have to be attributed
mainly to convection. The much larger discrepancy
shown in Fig. 8 (d) is certainly due to this effect.

“Solutal” convection.—Another experimental result that
shows a strong influence of convection is presented in
Fig. 9. These two photographs refer to etching of a GaAs
strip between masked areas. As in the previous cases, the
substrate was kept in a vertical position with the mask
edges parallel to the solution surface. Figure 9 (a) shows
the profile near the upper mask edge and 9 (b) that near
the lower mask edge, etched at the same time. Clearly,

Downloaded 24 May 2012 to 142.150.190.39. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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e

20 um

Fig. 9. The effect of “solutal” convection on GaAs etching in a
0.5M K, Fe(CN), solution at pH = 13. Figure 9 (a) shows the profile
obtained at the top edge of the resist/unmasked GaAs strip. Figure 9
(b) was observed at the lower GaAs/resist edge. The sample geome-
try, as shown in the insert, is described in the text.

these etched depths are different. In this experiment, we
used a 0.5M Fe(CN),*~ solution at pH = 13, which did not
produce gas bubbles. As a result, forced convection is not
expected to be a dominant factor here.

The explanation for the different etch rates observed in
Fig. 9 is to be found in the phenomenon of solutal convec-
tion, which is caused by density gradients due to spatial
variation of the composition of the efchant. Figure 9 re-
veals that this solutal flow must have been directed
downwards. The shape of Fig. 9 (a) can again be ex-
plained along the lines laid down in Part 1. For the expla-
nation of the profile in Fig. 9 (b), we may refer to Ref.
(14). That paper considers heat transfer near the trailing
edge (as defined by the flow direction) of a hot surface.
Since our simple mass-transfer model is mathematically
equivalent to the corresponding heat-transfer model, we
may use the results of this publication here. In Ref. (14), it
is shown that the heat-transfer function g(X) (see Eq. [52]
and [53] of Part I) becomes singular not only near X = 0,
but also near the trailing edge of the heated region. More-

e 50t ()

ES /

] T / (b}
20 %,‘u)

5 10

~——=t {min)

Fig. 10. The etched depth y,, at the deepest paint of the profile as a
function of etching time for 3 different etchants: {a} 1M NaOCl, 0.IM
Na,CO, in 0.1M NaOH; (b} 1M NaOCI/HCI (5/1); (c) HCI/H,0,/H,0
(80/4/1).
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over, this is again an inverse square root singularity, as in
Eq. [55] of Part 1. However, the coefficient of this singu-
larity is smaller than the factor 0.44 reported there. Its
value-depends on the width of the nonmasked area. Re-
ferring to our analysis of Part I, we may again expect that,
in the case of etching, this singularity will result in a local
bulging shape of the profile. Since the coefficient of the
singularity is smaller, the ensuing bulge should be less
pronounced.

Another way of looking at this is that, as the boundary
layer develops along the unmasked surface in a down-
ward direction, the etchant is gradually depleted. The
etched depth is almost proportional to the local mass-
transfer function (see Eq. [62] of Part I), which slowly
tends to zero in the downward direction (increasing X).
When the results of Fig. 9 are studied more closely away
from the mask edge region, it is seen that the variation of
the etched depth with distance in Fig. 9 (a) is more pro-
nounced (also in a relative sense) than in Fig. 9 (b). In-
deed, in Fig. 9 (b), the profile is almost flat just outside
the bulging region. This shows that gq(X) varies more
slowly as X increases.

Etch rates.—According to the theory of Part I, the time
dependence of the etched depth depends markedly on
the hydrodynamics of the etching process. For a purely
diffusion-controlled reaction, the etch depth at the
deepest point y,, should depend on the square root of the
etching time (Eq. [39], Part I). As discussed in Part I, this
case is rarely encountered in etching systems, since con-
vection always plays a role in mass transport. This obser-
vation has already been corroborated by the experimental
evidence we have discussed above,

If convective diffusion is considered with a linearized
and stationary velocity assumption (1), then a t** depen-
dence is expected for etching in the mask edge region
(Eq. [67], Part I). Figure 10 shows a plot of the etched
depth at the deepest point as a function of etching time
for three different systems. For curve (2) measured with
the NaOCl etchant of pH = 13, which operates without
gas evolution, the slope 0.6 suggests a case intermediate
between the two cases discussed above. The HCl/NaOCl
etchant [curve (b)] gives a slope of 0.78, which is reasona-
bly close to that expected for the convective-diffusion
model. The etchant produces very little gas during the ex-
periments. The third solution (HCVH,0.,/H,O) shows a

Fig. 11. Profiles obtained with electroless etchants: {a) 1M NaOC),
0.1M Na,CO, in 0.1M NaOH; (b) 0.05M K,Fe(CN), solution, pH =
13.
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much stronger time dependence (the slope of curve (c¢) is
1.27). This is clearly due to forced convection, which re-
sults from gas evolution during etching; the rate of evolu-
tion increases with etching time.

Electroless etching.—An apparent anomaly was ob-
served in the results with electroless etching systems. For
those etchants in which the dissolution rate was deter-
mined by the anodic partial reaction (i.e., by diffusion of
OH- ions, as in Fig. 4) the etched profile [Fig. 9 (a) and 11
(a)] was identical to that observed for the chemical
etchants described above. For etchants that were “cath-
odically controlled” (see Fig. 1), rounded profiles were
not found, despite the fact that the macroscopic etch rate
of all crystal faces was shown to be diffusion controlled.
Instead, the typical (111) Ga surface was exposed during
dissolution [Fig. 11 (b)]. This phenomenon, which results
from a characteristic electrochemical interaction between
different crystal faces during etching, will be discussed in
a future paper (15).
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Low Temperature Silicon Epitaxy by Hot Wall Ultrahigh
Vacuum/Low Pressure Chemical Vapor Deposition Techniques:
Surface Optimization
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ABSTRACT

Fundamental equilibrium considerations derived from the S¥H,0/0,/Si0, system have been successfully employed
in the design and operation of a novel low temperature epitaxial silicon process. Films have been deposited in the range
750° < T < 850°C, with all resulting material epitaxial. TEM studies showed the transition to high quality, low defect den-
sity material to occur between 750° and 800°C, and such films were found to be of high chemical purity as well. In addi-
tion, UHV/CVD is shown to be a high throughput multiwafer system, achieving good film uniformities in a high wafer
packing density environment, attributable to operation in the low pressure limit of chemical kinetics.

Over the past decade, the deposition of homoepitaxial
silicon films for technological applications has been per-
formed in essentially the same 'manner. Typically, this op-
eration takes place at temperatures in excess of 1000°C,
using a cold wall/hot susceptor deposition apparatus (1).
Although advances in the technique with respect to the
reduction of autodoping (2) by a lowering of processing
pressures have allowed its continued use, a new genera-
tion of Si epitaxial growth techniques will be required to
fabricate future devices which call for abrupt transitions
in dopant concentration between adjacent single crystal
layers. The common feature of such new deposition tech-
niques will of necessity be low process temperatures, and
there are several classes of such techniques being devel-
oped (3). We report in the following text the development,
from first principles, of a UHV/CVD technigue, which
exploits basic chemical equilibria data (4, 5) for the
Si/0./H,0/810, system in its design and operating criteria.

The ¢rystallographic perfection of the initial Si surface
upon which epitaxy is to take place is the determining
factor in the quality of the resultant epitaxial layer. Sys-
tematic investigations (6) have been done to delineate the
optimum ecleaning procedures for a silicon surface prior
to its insertion into a deposition apparatus. However, the
quality of the environment into which one is introducing
this clean Si is frequently ignored. Basic surface investi-
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gations of the Si/O/H,0/Si0O, equilibrium system by
Ghiddini and Smith (4, 5) have been employed here to es-
tablish quantitative criteria for the processing environ-
ment, where both oxygen and water vapor background in
the system are such that silicon is effectively etched by
those species (net reactions [1] and [2])

Si(s) + 0, — 25i0(g) 1]

Si(s) + H,0 — SiO(g) + H.(g) [2]

thus favoring the maintenance of an oxide-free silicon
surface. Extrapolating their data for water vapor down-
ward in temperature (Fig. 1), it can be estimated that one
must maintain a partial pressure of less than 10 -8 torr H,O
in order to achieve an oxide free surface at 800°C. Data for
oxygen showed a somewhat less severe requirement,
~10-7 torr at 800°C. Using these figures as minimum de-
sign criteria, the UHV/CVD system described below was
designed and assembled. Furthermore, system operating
conditions were chosen using the criteria for the mainte-
nance of an oxide free surface as a guide. An example of
what is meant is as follows.

Assuming one employs conventional RPCVD (reduced
pressure CVD) epitaxial silicon processing, typical pro-
cess pressures are in the 10-100 torr range. Hydrogen car-
rier gas used in such a process at best remains pure to 1
ppm H,O when it reaches the process environment. Thus,





