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Abstract

In order to structure p-type single-crystal 6H-SiC wafers for micro-electro-mechanical systems (MEMS) applications, electrochemical
etching at a constant current density is used. In this paper, first, a suitable mask with a RéBiS&€aheme is used for a long-time
electrochemical etching of p-type 6H-SIC in a dilute HF solution. Etching rates and etched profiles with different concentrations (1, 2, 4,
8%) of the HF solution and different current densities (50, 100, 150 m#/ane investigated in order to optimise the etching process. An
HF concentration between 2 and 4% and a current density between 50 and 100Pnaféasuggested to obtain a smooth etching surface
and a uniform etching profile. With these process parameters, the etching rate is found to be between 0.4Quanaini93 circular
structure with a depth of 2Q@m is demonstrated for further MEMS applications.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction carriers. For the electrochemical etching of this material, it
is not necessary to generate holes as in n-type ones.
Silicon carbide, a wide band gap semiconductor, is be- There are only a limited number of publications, in which
lieved to be the ideal material for the fabrication of elec- the application of electrochemical etching to p-type 6H-SiC
tronic devices that can operate at higher power levels andis discussed. Previous research investigated the porous struc-
operating temperatures than devices produced from Si. Notture [8] or the crystal morphology of the p-type 6H-SIiC
only does silicon carbide display superior electrical and me- [10,11] after electrochemical etching. Regarding microma-
chanical properties but processing technologies using siliconchining of p-type 6H-SIiC, only two works have been re-
carbide are compatible to silicon microfabrication technol- ported: one is by Shor and Kurf22], who demonstrated
ogy. Also, silicon carbide has many advantages comparedthe electrochemical etching of p-type 6H-SiC achieving an
with silicon for micro-electro-mechanical systems (MEMS) etching rate of 2.2m/min, and the other is by Rsys et al.
[1-3], such as its high toughness, and its capability to work [13], who also report about electrochemical etching of p-type
at high temperature and harsh environment. However, due6H-SiC showing an etched cavity abouta® deep. How-
to the lack of bulk micromachining techniques, it is difficult ever, because of lacking a suitable masking layer, these
to make three-dimensional structures in a SiC substrate. Toworks do not show any results for etching times longer than
date, there are publications that mention the use of high in- 1 h. In this paper, we will demonstrate a feasible etching
tensity plasma such as magnetron plag#jalCP [5] and method for the micromachining of p-type 6H-SiC and in-
helicon plasmd6] in order to achieve a high etching rate of vestigate etched profiles achieved by different etching pa-
6H-SIC. If we look for wet etching solutions for 6H-SIiC, rameters, such as the current density and the concentration
unfortunately, there is no etchant that can attack silicon car- of the electrolyte.
bide at room temperature. The only way to etch 6H-SIC
at room temperature is electrochemical etching in fluoride
based solutionfr]. For the electrochemical etching of SiC, 2. Experiments
electronic holes are required to make the electrochemical
oxidation happer9]. In p-type SiC, holes are the majority In this section, the preparation of p-type 6H-SiC sam-
ples for the etching experiments and the set up for the
* Tel.: +886-3-5731837: fax:-886-3-5724361. electrochemical etching that is used in our experiments are
E-mail addresswhchang.ee85g@nctu.edu.tw (W.-H. Chang). described, respectively.
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2.1. Sample preparation [0001] siface

p-type 6H-SiC

Before the electrochemical etching of p-type 6H-SIC, the
etching mask and the ohmic contact to p-type 6H-SIC as
a working electrode are considered. In the previous etching
studies, either a noble metal magk] or an O-ring[13]
were used for the definition of the region to be etched. How-
ever, with these techniques it is not possible to form precise sio
structures and to etch for a longer time. In our case, undoped (b)

LPCVD polycrystalline silicon is used as an etching mask
because it is not attacked by an HF solution. Before the
LPCVD process, the silicon carbide wafers are thermally ox-
idized to grow a thin insulation layer of SyOIt has been re-
ported by Johnson et 4lL4] that the etching rate of thermal (c)
oxide layers on 6H-SIC is similar to that on silicon. Since
the HF concentration of the electrolyte in our experiments is
lower than 10%, the etching rate of the oxide layer is below
70 nm/min and is much lower than the etching rate of p-type
6H-SIC we expect to achieve. So the undercutting of the (d)
poly-silicon etching mask during the electrochemical etch-
ing will not be serious. For the ohmic contact, aluminium is
used because it is the natural dopant of p-type 6H{85C

The whole sample preparation is illustratEdy. 1 and
is described as follows: 3:5off-oriented {0001} p-type (¢
6H-SiC wafers with a doping concentration of 208 were aluminium
purchased from Cre@ 6] (Fig. 19. After the modified RCA
clean process, the oxide layer is grown at 116Cfor 5h
(Fig. 1b. Then, an 890 nm thick poly-Si layer is deposited
at 590°C by LPCVD (Fig. 19. Using standard photolithog- ()
raphy, the areas to be etched are opened on the C-face of th%ig. 1. Process flow for the preparation of p-type 6H-SiC samples: (a)
silicon carbide waferKig. 1d. The poly-Si and oxide layer  p-type 6H-SIiC substrate; (b) wet thermal oxidation; (c) deposition of
on the Si-face are removed by RIE and a HF dip, respectively LPCVD poly-Si; (d) patterning and removing poly-Si by RIE; (e) etching
Fig. 1d and g Finally, a 1um thick Al/Si 99/01 is sputtered ~ SiCz by HF; and (f) sputtering and annealing Al.
on the Si-face of 6H-SiC by magnetron sputterfrig( 1f).

As-deposited, the contact between 6H-SIiC and Al behaves2.2. Etching environment
like an open-circuit. During annealing at 800 for 6 min
in an \b environment, an ohmic contact is formed and the  The setup for the electrochemical etching used in our ex-
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Fig. 2. Setup of the p-type 6H-SIC electrochemical etching.
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which serves as the working electrode, is sealed by wax 251
and attached to a Teflon holder. A platinum plate is used as
counter electrode and attached to the Teflon holder. There

is a platinum wire which serves as a quasi-reference elec-
trode near the working electrode. The working and counter
electrodes are connected to a current or voltage source de-g  '°7
pending on the experiments. A voltmeter and an ammeter
(Keithley 192) are connected to the etching cell and a per-
sonal computer to monitor the change of the voltage and
current during the etching. Nis bubbled through the elec-
trolyte during the electrochemical etching. The electrolyte
used is HF (50%) diluted by DI water. The concentration
of the electrolyte and the current density are varied to study 0 A
the anodization process of p-type 6H-SiC. 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 %

anodization time (min)

204

voltag

HF=8%
j=150mA/cm’

. . Fig. 4. V-t curve of an electrochemical etching of p-type 6H-SIiC at a
3. Results and discussion current density of 150 mA/cfin 8% HF. At 30 min, the current source
turns off, so the corresponding voltage is zero.

In this section, first, the electrical behavior of the system

(SIC sample, electrolyte, and electrode) showiig. 2 is current densities and electrolyte concentrations are measured

studied. Then, the phenomena observed during the electro-In order to optimise the process.

chemical etching at a constant current density are described.

Finally, etch depths and profiles achieved with different 3.1. Linear voltage sweep diagram

The current density depending on the applied voltage,

240.0 the J-V curve, is first measured to evaluate the anodization
. 22004 mechanism. As illustrated ifrig. 33 the J-V curve of a
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3 Table 1
L HF=2% p-Type 6H-SiC anodic etching rate (unitm/min) with respect to different
HF concentration and current density
r 1
5 25 HF current density (mA/cR) 1% 2% 4% 8%
b voltage (V) 50 024 040  0.49
100 0.43 0.67 0.95 0.96

Fig. 3. -V curve of the p-type 6H-SIC: (a) without stirring and (b) with 150

= 0.88 1.31 1.48
stirring.
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Fig. 6. Anodic etched profiles with different conditions: (a) 8% HF, 100 m&ic(n) 4% HF, 100 mA/cr; (e) 2% HF, 100 mA/crh and (g) 1% HF,
100 mA/cnt are the etched annular structures; (b), (d), (f) and (h) are the enlarged pictures from the etched bottom, respectively.
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p-type 6H-SIC in a 2% HF electrolyte behaves like a diode by time-controlled etching. In order to obtain a linear re-
because of the junction between p-type 6H-SIC and HF lationship between the etching time and the etching depth,
electrolyte. When the electrolyte is stirred using the same the samples are anodised at a constant current density. A
sample and concentration of electrolyte, the current density typical diagram of the anodic voltage changing with time,
increases compared with the value without stirring, as il-

lustrated inFig. 3h This may suggest that the reaction is L R

controlled by the transport of ions as the concentration of :

HF is low. Fig. 3b shows the flat band voltage, at which o

the current begins to flow, is about 1.5V. When the cur-
rent density exceeds about 750 mAfrfiuctuations in the

J-V curve are observed which means the anodization pro-
cess is not stable. A situation like this has also been reported
in [11] which was explained by extreme gas formation at
the surface. Since the anodization process just starts when
the applied voltage is larger than the flat-band voltage, the
current density at that voltage is very small. In order to ;5
increase the reaction rate, the current density must be in-
creased. Therefore, as one can see from the curlvigyirBg

the voltage ought to be higher than 25V, when no stirring is  -as}
applied.

3.2. Constant current electrochemical etching

As Faraday'’s law statg47], the mass of an element dis-
charged at an electrode is directly proportional to the amount
of electrical charges passed through the electrode. So if the
p-type 6H-SIC sample is electrochemically etched at a con-
stant current over a certain time, the amount of the etched
mass should be proportional to the etching time. If this hy-
pothesis is true, the etching depth would be proportional to
the etching time. So the etching depth could be obtained

Spm ———————— Z0kV amm "." 1 L 4 -
P BH-SiC Tu-Berlin (c) 58 [T 150
Fig. 7. Surface of the etched bottom at current density 100 mA/&% Fig. 8. Profiles measured by a profile meter: (a) an anodic etched annular

HF. The white part in the picture is a particle, which is used to adjust structure with a 20Q.m deep annular cavity; (b) the roughness of the
the focus. structure before anodic etching and (c) after anodic etching.
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the so-calledv—t curve, in 8% HF is illustrated ifrig. 4. depths for different etching times, current densities, and
The average working voltage is about 22 V. This voltage re- electrolyte concentrations are illustratedHig. 5. The etch-
mains constant and does not show any evident climb or droping rates, which are shown ifable 1 are evaluated by a
during the anodization process. This means the anodizationlinear-curve fitting of the results frofffig. 5. There are some
process will continue as long as electrical charges are con-interesting points that we can find Fig. 5and (Table 1.
stantly supplied. Firstly, the relation between etching depth and etching time
When an electrolyte with a lower concentration of HF at the same current density and electrolyte concentration is
is used, the working voltage increases at the same currentinear. With this linear dependence, we can obtain the de-
density due to the low conductivity of the electrolyte. In sired etching depth by controlling the etching time carefully.
our experiments, when a 1% HF was used as electrolyte,Secondly, the etching rate is proportional to the current den-
the voltage was over the voltage-limit protection of the cur- sity for the same HF concentration. This means that we can
rent source at a current density of 100 mAfcrwvhen the control the etching rate by the current density. However, a
corresponding voltage is higher than this limit, the supplied higher current density will result in a violent reaction, which
current will be reduced in order to protect the equipment. will introduce a large number of bubbles making the etched
In this situation, the total transferred charged per time unit surface not uniform but rough. Thirdly, at the same current
is not uniform, so the etching rate will also not be uniform. density, the etching rates are similar for HF concentrations
This situation must be avoided if a constant etching rate is of 4 and 8%. But it decreases for HF concentrations lower

desired. than 4%. This situation may indicate that a different number
of charges are consumed or that other reactions are taking
3.3. Etching profile place, such as electrolysis of water, and consume the applied

charges as a different concentration of electrolyte is used.
During the anodization, the p-type 6H-SIiC begins to dis-  The etched profiles resulted from different etching condi-
solve. The anodic etching process of SiC is believed to con-tions are observed by scanning electron microscopy (SEM)
sists of two stepg18]: first, electrochemical oxidation of  and illustrated irFig. 6. When the electrolyte concentration
silicon carbide occurs at the interface between the SiC sam-is 8%, the etched surface looks rough as be se&ign6a
ple and electrolyte. The as-formed oxidation layer is then Moreover, the etched surface contains conical |pitg.(6b),
removed by HF in the second step. The observed etchingwhich have also been reported by other researfhied 3]
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zZopm——————————————————1 Z0kUV
P—tvyPa GH-5IC TUu-BarlLin

1lmmr———— 20KV Z2mm
P—trvyrPe BH-SIC TU—Berlin

Fig. 9. An electrochemical etched p-type 6H-SIiC annular structure. In the right-up window, the membrane gbouthik is magnified from the
annular structure.
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Although with the conical pits and non-uniform etched pro- Microsensor and Actuator Technology Center (MAT) at

file, the etched surface is very smooth as illustratefgign 7 TU-Berlin for technology supports. Special thanks go to
due to a so-called electropolishing effect. When a 1% HF so- Prof. Yu-Chung Huang in National Chiao Tung University
lution is used, the etched surface, showRign 6g and Iy, is for his continuous advice.

covered with pores having diameters of aboupb In ad-
dition, the surface is very rough. Only when the electrolyte
concentrations are 4 or 8%, more uniform and smooth etchedreferences
surfaces are obtained as illustratedrig. 6¢—f.With 4% HF,
the etched Wa” |S Steepel‘ than W|th 2% HF HOWGVEI’, the [1] G. Mu“er’ G. Krotz, E. Niemann’ SiC for sensors and h|gh_
etched profile and surface at 4% HF is more non-uniform temperature electronics, Sens. Actuators A 43 (1994) 259-268.
and rougher. [2] M. Mehregany,_ CA Z(_)rman, SiC MEMS: oppor_tunitie_s a_nd chal-

An etch profile obtained with 2% HE electrolyte and a lenges for applications in harsh environments, Thin Solid Films 355—
50 mA/cn? current density measured with a Teneostep 356 (1999) 518-524.

) T a . [3] P.M. Sarro, Silicon carbide as a new MEMS technology, Sens. Ac-

profile meter is illustrated ifrig. 8 In Fig. 83 an etch depth tuators A 82 (2000) 210-218.
of 200wm is obtained by time-controlled etching. The aver-  [4] G.F. McLane, J.R. Flemish, High etch rates of SiC in magnetron
age roughness of the surface of the p-type 6H-SiC sample enhanced Sfplasmas, Appl. Phys. Lett. 68 (1996) 3755-3757.
before the etching, which is shown Fig. 8h is 116 nm, [5] J.J. Wang, E.S. Lambers, S.J. Pearton, M. Ostling, C.-M. Zetter-

. . ling, J.M. Grow, F. Ren, R.J. Shul, ICP etching of SiC, Solid-State
while the roughness of the etched surface is only 83nm after i onics 42 (1998) 2283-2288.

the et.Ching Eig. 89. Fig- 9dem0n5trates an etched p-type [6] p. Chabert, Deep etching of silicon carbide for micromachining
6H-SIC substrate with an circular structure, or so-called applications: etching rates and etch mechanisms, J. Vac. Scil. Technol.

center-boss structure, which could have applications to pres- B 19 (2001) 1339-1345.
sure sensors [7] V.J. Jennings, The etching of silicon carbide, Mat. Res. Bull. 4

(1969) S199-S210.
[8] J.S. Shor, L. Bemis, A.D. Kurtz, I. Grimberg, B.Z. Weiss, M.F.
) MacMillian, W.J. Choykej, Characterization of nanocrystallites in
4. Conclusion porous p-type 6H-SIC, J. Appl. Phys. 76 (7) (1994) 4045-
4049.
Electrochemical etching at a constant current density is [9] W. Faust, Jr., H.M. Liaw, Tables of Etchants for SiC, Silicon Carbide,

. - . . . R.C. Marshall, J.W. Faust, C.E. Ryan (Eds.), University of South
used to fabricate three-dimensional structures in 6H-SIC. Carolina Press, Columbia, South Carolina, 1974.

With a poly-Si/SiQ/6H-SIC passivating scheme, 20t [10] R.A. Stein, R. Rupp, Electrolytic etching of silicon carbide, in:

deep structures with smooth surfaces are achieved. Differ-  Proceedings of the Fifth SiC and Related Materials Conference,

ent current densities and HF concentrations are used to ob-  Washington, D.C., 1-3 November 1993, pp. 561-563.

tain a high etching rate with uniform etch depth and smooth [11] M. Kayambaki, K. Tsagaraki, V. Cimalla, K. Zekentes, R. Yakimova,

surface. The results show. with an 8% HF solution. elec- Crystal quallty evaluation by electrochemical preferential etching of
al . " ’ ! p-type SiC crystals, J. Electrochem. Soc. 147 (2000) 2744-2748.

tropolishing is achieved. It makes defects of the crystal [12] 3.s. shor, AD. Kurtz, Photoelectrochemical etching of 6H-SIC, J.

to reveal and results in a non-uniform etch depth. As a Electrochem. Soc. 141 (1994) 778-781.

1% HF is used, the lower conductivity of the electrolyte [13] S. Rsys, H. Sadowski, R. Helbig, Electrochemical etching of silicon

causes a higher voltage, which is not suitable for the elec- _ carbide, J. Solid State Electrochem. 3 (1999) 437-445. _

h ical etching. Moreover. the etching rate is low and [14] M.B.. Johnson, M.E. Zvangt, 0. Richardson, HF chemical etching
trochemica 9 Over, th gr of Si0, on 4H and 6H-SIC, J. Electron. Mater. 29 (2000) 368—
causes a rough surface filled with larger diameter pores. 371
With a higher current density, 150 mA/épa violet reaction [15] J. Crofton, J.M. Ferrero, P.A. Barnes, J.R. Williams, M.J. Bozack,
and therefore, larger bubbles will be created that make the  C.C. Tin, C.D. Ellis, J.A. Spitznagel, P.G. McMullin, Metallization
etched profile non-uniform. A current density between 50 studies on epitaxial 6H-SIC, in: Proceeding of the Fourth Inter-

. : ; tional Conf , Santa Clara, CA, USA, 9-11 October 1991,
and 100 mA/crf results in more uniform profile but lower ;Z 'ig%_lg; erence, sama tara clover

etching rate. _ _ [16] Cree Inc., Durhan, NC, USA.
The suggested method for the anodic etching of p-type [17] C.H. Hamann, W. Vielstich, Elektrochemie 1, VCH Verlagsge-

6H-SIC is to use an HF concentration between 2 and 4% and  sellschaft, Weinheim, Germany, 1985.

a current density between 50 and 100 mAZciwith these [18] I. Lauermann, Die Photoelektrochemie von Siliciumcarbid, Ph.D.
. Dissertation Fachbereich Chemie der Universitat Hamburg, Germany,

parameters, a uniform etch depth, a smooth surface and an 1991

acceptable etching rate can be obtained.
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