CF,—Ar reactive ion etching of gallium arsenide
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A systematic study of the etch rate of GaAs and of positive photoresist for different mixures of argon and carbon tetrafluoride
was conducted over madio frequency powers (from 0.06 W /em” to 0,55 W/cm?), pressures (from 6 to 35 mTorr (1 Tore =
133.3 Pa)), and concentrations of CF, in Ar (0-60% with a constant mass flow of 10 scem). Capacitance —voltage and -V
measurements on GaAs diodes made after reactive lon etching were carried oul to estimate possible etching damage through
thin dielectric film and surface state creation, Etch rates up to 200 A/min were obtained on GaAs with low damage in a 40%
CF,, 20 mTorr. and 0.55 W /cm? plasma while the eich rate of the patterning photoresist was 60 A/min. These results are
in good agreement with those reported in literature. The deality Factors and Schottky barrier heights of reactive ion clching
of GuAs wre comparable to those obtained by sulphuric and peroxide acid etching. However, reactive ion etched samples seem
(o suffer from higher surface state densities as measured by C-V lechniques.

On o procédd i une fude systématique de la vitesse de gravure sur GuAs et sur photoresist positil’ par différents mélanges
dturgon et de tétrafluorure de carbone, en vanant la puissance fréquence radio (de 0,06 W /em? & 0,55 W /em®), la pression
(de 68 35 mTorr (1 Torr = 133,3 Pa)) et 1a concentration de CF, dans Ar (de 0 & 60%, avee un Aux de masse constant de
10 scem). Des mesures ©=V et £V ont éé effectieées sur les diodes GaAs fabriquées apriés gravare par CF/Ar, afin d'estimer
le dommage possible par création d°un minee Gl diélectrique et O un &t de surface. Des vitesses de gravure allant jusqu'd
200 A/min ont @& obtenues sur GaAs, avee peu de dommage, dans un plasma de 40% CF,, 20 mTorr et 0,55 W/em?, alors
que I vitesse de pravure du photoresist patron était de 600 A /min, Ces résuliats sont en bon accord aver ceux qui sont rapportés
dans la linératre, Les {acteurs d wdéaling e les hauteurs de barritre Schotky de GuAs traté de cette fagon sont comparahles
ivceux quon obtient avec acide sulfurigue et le peroxyde. Les échantillons semblent toutefois soutfeir de plus hautes densitéy
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d'Etats de surfaee, selon ce gu'on peul mesurer par les technigues &=V,

Coan, ) Phys, 67, 250 (1989)

L. Introduction

Gallium arsenide (GoAs) is an interesting semicenductor
used for many applications in high speed microclectronics and
optoelectronics. Many devices, like the vertical feld effect
tramsistor and waveguides with a 90° angle, require etched GaAs
to produce vertical wall profiles, Among all etching technigues,
the reactive ion etching (RIE) can best produce such profiles
due to the high radio frequency (rf)-induced direct current (de)
electric field perpendicular to the substrate. Among the oxidiz-
ing gases generally used in the RIE of GaAs, the system CF,
—Ar was chosen for this study to provide the reactive species,
for the following reasons. Unlike the usual chlorinated halogen
gas mixtures, risks of corrosion and contamination to both the
reactor and the pump are almost eliminated with the use of CF,,
and it 1s of low toxicity. Its slightly lower etch rate (1 -3}, com-
pared with the chlorinated gases, is not a limiting factor in many
process applications. However, & possible problem with RIE s
the production of compounds on the top of the etched surface
{4), The addition of argon 10 the halocarbon gas assures us of
at least the partial sputter removal of low volatility compounds
{5-7). In the case of CF,. a thin layer of low volatility com-
pounds such as GaF, forms. This paper presents a systematc
study of the etch rate of {100} GaAs by CF,—Ar RIE as a func-
tion of the various process parameters, namely, the power. the
total pressure, and the CF, concentration,

2, Methodology

The reactor used is a Material Research Corporation (MRC)
model SEM-8620 in which both RIE and sputtening are pos-
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sible. During etching, the distance between the lower electrode
(cathode) and the nearest grounded shutter is 6 cm, All clec-
troes are water cooled, The 15.2 em (6") dianmeter cathode,
which holds the substrates, is excited with a 13,56 MHz of
source (Plasma-Therm Inc., model HFS 500 E), Gas flows are
controlled with a 2% sccuracy by a mass flow controller system
(Vacoum General, Model UC2-225801, (-10 scem). Pressure
in the reactor 15 controlled by throttling the diffusion pump with
the high vacuum gate valve. The rf power is applicd through
an impedance-matching network 50 as (o always minimize the
reflecied power during the entire process.

Erch depths are measured at steps in the semiconductor sur-
face or the photoresist by a Dektak mechanical profilemeter,
Steps in the GaAs were created by etching through holes ina
Shipley 1400-33 positive photoresist mask applied in the man-
ufacturer’s recommended fashion and patterned photolitho-
graphically, Small cleaved pieces of silicon wafers were used
to mask the photoresist to create eich steps in it. Etch rates are
calculated as the ratio of the mean measured etch depth at a
step divided by the total etch time. The crystals of GaAs used
were liguid-encapsulated Czochralski (LEC) wafers oriented at
{100} and doped-n (N, = 1.5 x 10" ¢cm 7). Samples to be
etched were attached either directly to the stainless steel cath-
ode, or 10 a quartz disk covering the cathode, depending on the
degree of contamination observad.

3. Results and discussion

3.4. Erch rare as a funcrion of power

Figure | shows the etch rate (A/min) of the resist and the
GaAs as a function of power (W) for fixed total pressure (20
mTorr) and a fixed geometry (samples lying directly on a bare
stainless cathode). The uppermost line shows the eteh rate of
the resist in an inert atmosphere of pure Ar. The two remaining
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Fici. 1, Eieh rte in A/min os o function of power in watts for the

resist (®) and GaAs using two different gas mixiures {100% Ar (#) and
0% Ar— W% CF, (&) The totnl pressare is 20 m Torr and the total
flow rate is 10 seem. The cathode is stainless steel

200

100 -

Etch Rate (& /min)

0 | | | | |
] 1o 20 o 40

Pressure  (mTorr)

Fic. 2. Etch rate in A& fmin as a function of Ar pressure for the resist
() and GaAs (®) with a power of 100 W and a wotal flow rate of 10
scem. The cathode is stainless steel,

lines show the elch rates of GaAs exposed to an mert Ar
atmosphere (upper line) and GaAs exposed to a reactive
atmosphere of B0% Ar and 20% CF,. In the case of the GaAs,
a power threshold of approximately 30 W is cbserved for both
etching atmospheres. No such power threshold is observed for
the resist,

We also note in Fig. | that the resist and GaAs etch rates for
100% Ar increase linearly, with approximately the same slope
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Fii, 3. Erch rate in A/min as a function of the percentage of CF,
in Ar for the resist (W) and GaAs (8) with a power of 100 W, a total

pressure of 200 mTorr, and a total flow rate of 10 seem, The cathode
15 5i0,

above the threshold power. This dependence can be explained
by noting that as the power increases so do both the plasma ion
density and the average lon kinetic energy, leading to a higher
surface sputtening rate. The similar slopes of these 100% Ar
lings are an indication of the common mechanical erosion
mechamism by which inert gas sputtering occurs and the
similarity of the binding energies of the atoms to the film surface
{e.g., 2.17 eV in the case of the Ga—As bond (3)). That the
resist etch rate is always higher than that of GaAs at a fixed
power is a consequence of the 30 W power threshold. Finally,
we notice from Fig. | that the GaAs etch rate for the 80% Ar
~ 20% CF, mixture is lower than that for the [00% Ar
atmosphere. The reason for this is explained in Sect. 3.3. below,

3.2, Etch rate as a function of pressure

Figure 2 shows the etch rate in dngstroms per minute as a
function of argon pressure in milliTorr for the resist and the
GaAs ar a fixed applied of power, and using an uncovered stain-
less steel electrode, The pressure range studied, 5-35 mTorr
was limited by the performance of the MRC sputter—etcher
itself. We note a decrease in the etch rate with increasing pres-
sure for both the resist and the GaAs, Thiz decrease is due to
a decrease in the average ion energy impinging on the samples,
that in turn is attributable to a decrease in both the mean free
path and the observed self-bias voltage as the pressure increases.
Itis tobe expected that at low pressure the etch rate will decrease
becanse of the Tack of ions.
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TanLk 1. Surface roughness for Gads samples etched at 100 W and

20 mTorr
Sample  ®CF, Etch rate
number  In AT Cathode (A /min) Roughness
I i Stainless steel 300 Rough
2 2¥ Staminless steel 40 Smooth with spots
L 2% K, 175 Smooih

3.3, Eich rate as a function of CF, conceniration

We have already noted that etch rates of GaAs samples
attached to a stainless steel cathode show a sharp decrease as
one adds CF, 1o the gas (8). This is due to a simultaneous dep-
osition of o low velatility fuorocarbon laver on the top of the
etched surface that prevents the elching process continuing. To
avoid the formation of such a layer, a quartz disk is used to
cover the stainless steel cathode (1, 5). Figure 3 shows the etch
rale in dngstrdms per minute as a function of the percentage of
CF, in Ar Tor the resist and GaAs at a fixed wotal pressure and
using # Si0,-covered cathode, Comparing Figs. | and 3 the
GiaAs etch rate has increased from 4010 170 A/min by covering
the cathode with Si0, and using a B0%Ar- 20%CF, mixture,
ab 100 W fem?. This is because all the reaction products of CF,
with a 50, cathode are volatile and therefore the backscatiering
o these products on the substrates s aveided . Reactive fluorine
ions reach the GaAs surface directly and the combination of
the effects of sputtering and chemical etching produces higher
eteh rates. We observe in Fig. 3 that the GaAs etch rate increases
rapidly with the CF, percentage showing the positive effect of
chemical etching. However, the elch rate resches o maximum
value ground 40% CF, probably owing to the relative decrease
of Ar and its sputtering, Similar behavior has been reported in
the literature (1, 5),

The resist efch rate 15 always higher than that of the GaAs;
however, the form of the resist curve s inverted relative (o the
curve of GaAs, The rae decreases rapidly as CF, is added,
reaches a mimmum value around 209 CFE,, and nises above
204 CF,. This behavior can be explained if we recall that the
photoresist is a polymer that can be easily decomposed i an
oxygen plasma. Indeed, in o 100% Ar plasma, the silicon and
oxygen of the 5i0), cathode can be found in the plasma and can
cause high erch rates. However, as CF, melecules are intro-
duced, the oxygen is consumed by the CF, to produce CO and
CO,, thus decreasing the etch rate. The increase above 20%
CF, could be associaied with the increased presence of both
fluoring ions, generated from the CF,, and oxygen ions, pro-
duced by the eiched Si0,; cathode.

Finally, it is interesting to mention that the vanation in self-
hias voltage cannot explain the resist etch rale variations. For
0, 10, 20, 40, and 60% of CF,. the negative self-bias voltages
were respectively 610, 630, 670, 675, and 630 V, The GaAs
cteh rates better reflect this varation. This suggests that the
etching of GaAs is controlled mostly by the sputiering com-
ponent of the mechanism (following the self-bias voltage) while
the etching of the resist 1s more of a chemical process (inde-
pendant of the self-bias voltage).

3.4, Surface damage

By damage we refer for the purposes of this publication only
to surface roughening and to the modification of the electrical
propertics of the surface. Table | shows the results of surface
roughening measured by optical and scanning electron micro-
scopes on GaAs samples etched at 100 W and 20 mTorr, for

three typical sets of etching parameters. Although pure argon
{sample 1) produces a high etch rate, rough surfaces are
observed, thereby excluding this process from the fabrication
of good devices, Sample 2 shows a smooth surface with dark
spots, probably assoctated with the thin fluorocarbon layer dep-
osition described earlier, This could also explain the slower eteh
rate that is measured when the cathode is not covered with Si0,,
For sample 3, produced with a 5i0, cathode covering, the
etched surface is very smooth, The introduction of CF, modi-
fies the etching mechanism such that the sputtering-induced
roughness is avoided, while the use of the 5i0, cathode creates
volatile products that prevent the deposition of a fluorocarbon
layer. The best surface uniformity and vertical etch ratio for our
system is obtained with 0.55 W /em” of power density, 20 mTorr
total pressure with 20% CF,, and a $i0, covering cathode.

To explore the extent of electrical damage induced by RIE,
Schottky diodes in the through-water sandwich geometry were
fabricated. The ohmic back contacts were made by depositing
Au-Ge — Ni films followed by an Au layer directly on the waler
and then performing a rapid thermal anneal. Prior to the elec-
tron beam evaporator deposition through o shadow mask of the
large-area (2.5 mm) Ti— Au Schottky contacts, half of the sam-
ples were etched by RIE and half were etched using sulphuric
and peroxide acids. The RIE conditions selected were those
producing the least surface roughness: 20 mTorr, [0 W, 20%
CF, for 45 min for a total etch depth of 7TH00 A. Following the
stlfuric a¢id eteh processes on the front face of the four sam-
ples, Ti—Au Schottky contacts were deposited.

The diodes were all found to have the same ideality factor
of 1.2 and the same barrier height of 0.7 eV o within 3%. The
only detectable difference among the diodes was that the mean
capacitance of the RIE diodes was lower by 30% than that of
the acid-ctched diodes. This 1s statistically significant as the
standard deviation of the capacitance measurements performed
here was 10%. The lower capacitance can be seen as being due
to the contribution of a series resistance of extra surlface states
created by the ion bombardment dunng sputtering or by the
presence of compounds at the surface such as gallium fluoride,
A more detailed electronic state spectroscopy of the diodes
resulting from these two etching processes is the subject of
another study.

4, Conclusion

We have performed a systematic study of the GaAs etch rates
as a function of power, pressure, CF, concentration, and the
type of cathode. We have shown that a threshold power of 30
W exists for the GaAs etch independently of the gas mixture,
The study of the CF,—Ar gas mixture shows the necessity of
using a 510, disk to cover the cathode, Good vertical etch rates
and smooth surfaces could be obtained for GaAs by using the
following condition: 0.55 W/cm®, 20 mTorr, 20% CF,. and a
50, cathode covering.
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