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(57) ABSTRACT 
Silicon-germanium-based compositions comprising silicon, 
germanium, and carbon (i.e., Si—Ge—C), methods for 
growing Si—Ge—C epitaxial layer(s) on a substrate, 
etchants especially suitable for Si—Ge—C etch-stops, and 
novel methods of use for Si—Ge—C compositions are 
provided. In particular, the invention relates to Si—Ge—C 
compositions, especially for use as etch-stops and related 
processes and etchants useful for microelectronic and nano 
technology fabrication. 
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SILICON-GERMANIUM-CARBON 
COMPOSITIONS AND PROCESSES THEREOF 

BACKGROUND 

[0001] The present invention relates to silicon-germa 
nium-based compositions comprising silicon, germanium 
and carbon (Si—Ge—C), methods for growing Si—Ge—C 
epitaxial layer(s) on a substrate, etchants especially suitable 
for Si—Ge—C etch-stops, and novel methods of use for 
Si—Ge—C compositions. In particular, the present inven 
tion relates to Si—Ge—C compositions, especially for use 
as etch-stops, related processes and etchants useful for 
microelectronic and nanotechnology fabrication. 

[0002] The invention Was made With US. Government 
support under Phase I SBIR N00014-93-C-0114 aWarded 
by the Of?ce of Naval Research (BMDO), (ii) F49620-93 
C-0018 aWarded by AFOSR (DARPA), and (iii) DMR 
9115680 aWarded by the National Science Foundation, and 
the Government has certain rights in the invention. 

[0003] In etching We remove a ?lm or layer from a 
substrate, in some instances de?ning the layer to be removed 
by photolithography. One Way to etch is to immerse the 
substrate in a bath of some chemical that attacks the ?lm. 
Preferably, the chemical should react With and etch the ?lm 
or layer in a smooth and reproducible manner, producing 
soluble products that can be carried aWay from the substrate. 
In particular, an ideal etchant Will not attack any layer 
underneath the ?lm being etched, so that the etch process 
Will be self-limiting. Unfortunately, the etching is often not 
self-limiting and therefore goes beloW the desired depth. 
Etch-stops are designed to address this problem. 

[0004] Semiconductors have the interesting property that 
When they are alloyed With certain elements, the rate of Wet 
chemical etch in the alloy Will vary from that of the 
unalloyed semiconductor. Alloys With different etch rates 
can be used to cause etching to sloW at a pre-de?ned 
interface. Typically, a layer With a particular composition 
etches at a knoWn rate in an etchantA second adjacent layer 
may etch at a different rate because it has a different 
composition. The layer With the loWer etch rate is often 
referred to as the etch-stop layer. 

[0005] Etch-stops are used to fabricate devices for a Wide 
variety of applications. Membranes and diaphragms formed 
via etch-stops are used in sensors such as pressure trans 
ducers, as elements in experimental x-ray lithography sys 
tems, as WindoWs for high energy radiation, and as loW 
thermal mass supports for microcalorimeter and bolometric 
radiation detectors. Additional uses for selective etch-stops 
are in micromachining applications such as accelerometers, 
gears, micro-beams, miniature ?uid lines, pumps and valves, 
and in How sensors. Another application With a potentially 
large commercial market is in fabricating silicon-on-insula 
tor (SOI) substrates by the bond-and-etch-back silicon-on 
insulator (BESOI) process. 

[0006] Silicon-based selective chemical etch-stop layers 
such as Si—B, Si—Ge, Si—Ge—B, Si—P, and Si—As have 
major problems and disadvantages Which are overcome by 
the present invention. The disadvantages can be illustrated 
by examining examples pertaining to the commonly used 
Si—Ge—B etch-stops. First, the specially doped layer (e.g., 
Si—Ge—B) and the lightly doped silicon have limited 
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selectivity. Selectivity is de?ned as the etch rate of lightly 
doped silicon divided by the etch rate of the etch-stop layer, 
or in some cases its reciprocal as discussed beloW. Limited 
selectivity increases the manufacturing cost by creating a 
need for tightly controlled, and sometimes labor-intensive 
processing to prevent the etch from going beyond the 
intended depth. This problem is exacerbated When fabricat 
ing the thin layers that are required for submicron electronic 
devices. Certain chemical solutions etch a lightly doped 
silicon layer more rapidly than a heavily doped layer. For 
this purpose lightly doped means less than approximately 
1E17 dopant atoms per cm3, and heavily doped means more 
than approximately 1E19 dopant atoms per cm3. For 
example, 21 Weight percent (Wt %) potassium hydroxide in 
H2O (KOH—H2O) at about 70° C. etches the (100) plane of 
lightly doped silicon rapidly (approximately 1 micrometer 
per minute), but the etch rate becomes sloW (less than 0.01 
micrometer per minute), making possible selective etching, 
as the boron concentration in the silicon increases to more 
than about SE19 atoms per cm3. 

[0007] The conventional formulations of these etchants 
have serious problems When used With the above-mentioned 
etch-stop layers. For example, KOH—H2O, an inexpensive 
etchant, is prone to producing a rough surface When it etches 
silicon. Ethylenediamine pyrocatechol in Water (EDP— 
H2O) provides someWhat better etch selectivity and is less 
prone to developing surface roughness than KOH—H2O, 
but has limited application in that it emits extremely toxic 
vapors and is relatively expensive. Another etchant, cesium 
hydroxide in Water (CsOH—H2O), can provide smoother 
surfaces than KOH—H2O for conventional etch-stop layers 
but is even more expensive than EDP—H2O. 

[0008] Surface roughness arises from the anisotropic etch 
properties of the solutions that preferentially etch lightly 
doped silicon. These solutions etch certain crystallographic 
directions in the material faster than other directions. For 
example, a chemical solution consisting of 21 Wt % KOH— 
H2O at 70° C. Will rapidly etch the (100) plane of lightly 
doped silicon, but only sloWly etch the (111) plane. This 
leads to the etched surface being rough as illustrated in 
FIGS. 1A-B. As shoWn in FIG. 1A, a solution of KOH— 
H20 (11) Will rapidly etch lightly doped silicon (12). If a 
small particle such as particle (13) adheres to the surface of 
the lightly doped silicon (12), the etch rate Will be locally 
retarded under the particle (13). SloW etching planes (14) on 
the (111) plane Will form as the particle (13) is undercut by 
the etch solution. This leads to the formation of a sloW 
etching pyramid under the particle (13). 

[0009] If the etch selectivity is not suf?ciently high, these 
pyramids Will propagate into the etch-stop layer (15), shoWn 
in FIG. 1A as peaks (16), resulting in a rough surface. 

[0010] Another problem With conventional etch-stop com 
positions, especially those containing a high boron concen 
tration, is they leave an insoluble staining residue on the 
surface of the substrate. This residue both roughens and 
contaminates the substrate surface. Increasing the KOH 
concentration of the etch solution, for example, from 21 Wt 
% to 40 Wt % Will eliminate the surface staining, but Will 
also substantially decrease the etch selectivity. 

[0011] In contrast to the above etchants, conventional 
formulations of 1:3:8 and 1:3:12 parts by volume of 
HF—HNO3—CH3COOH (HNA) etch lightly doped silicon 
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somewhat less rapidly than heavily doped silicon and are 
therefore used preferentially to remove etch-stop layers. In 
this case, selectivity is de?ned as the etch rate of the 
etch-stop layer divided by the etch rate of the lightly doped 
silicon. The above formulations of HNA have major draW 
backs, including relatively loW selectivity, and selectivity 
decreasing rapidly With time during etching due to reduction 
of the HNO3 to HNO2. 

[0012] Still another problem With conventional etch-stop 
compositions is that the impurity Which provides the etch 
selectivity is also a donor or acceptor dopant in the silicon. 
Thus, for example, When a Si—Ge—B etch-stop is used to 
fabricate a BESOI substrate, boron diffusing out from the 
etch-stop layer during a bonding anneal causes unWanted 
electrically active dopant in the device layer. This problem 
is illustrated in FIGS. 2A-B Which shoW concentration 
pro?les of boron and germanium as a function of depth in a 
substrate layer, an etch-stop layer, and a device layer, before 
a bonding anneal (FIG. 2A) and after the anneal (FIG. 2B). 
FIG. 2A illustrates the boron (21) and germanium (22) 
concentration pro?les in the substrate (23), the etch-stop 
layer (24), and in the device layer (25) after epitaXial layer 
groWth and before the bonding anneal. FIG. 2B shoWs the 
changed boron (26) and germanium (27) concentration 
pro?les after the bonding anneal. Because boron diffuses 
through the material faster than germanium during the 
bonding anneal, its pro?le is broadened such that signi?cant 
“diffusion tails” eXtend from the etch-stop layer into the 
substrate (23) and the device layer (25). In a BESOI struc 
ture, the boron diffusion tail causes an unacceptable level of 
electrically active dopant to eXist in the device layer (25). 

[0013] There are reports in the literature of Si—Ge—C 
layer fabrication. HoWever, to the best of applicants’ knoWl 
edge, none of the eXisting processes for forming Si—Ge—C 
are suitable for producing Si—Ge—C layers as part of a 
large scale manufacturing process. Feijoo et al., Etch Stop 
Barriers in Silicon Produced by Ion Implantation of Elec 
trically Non-Active Species, Journal of the Electrochemical 
Society (1992) describe silicon layers implanted With sili 
con, germanium, and carbon at doses betWeen 1E14 and 
3E16 ions/cm2 and energies betWeen 35 and 200 keV and 
testing them as etch-stop barriers in an EDP—H2O based 
solution (p. 2309, Abstract). When ions are implanted in this 
range of dose and energies, the lattice structure is damaged. 
Feijoo states the results obtained indicate that the effective 
ness of the etch-stop is in?uenced (i.e., improved) by both 
the implantation damage and the chemical interaction 
betWeen the implanted ions and the defective crystal 
(Abstract). The resulting damage greatly restricts the num 
ber of useful commercial applications for Feijoo’s etch-stop 
barriers. Accordingly, Feijoo’s methods and results are sub 
stantially different from the present invention. 

[0014] US. Pat. No. 4,885,614 to FurukaWa et al., Semi 
conductor Device with Crystalline Silicon-Germanium-Car 
bonAlloy, describes another process of producing a silicon 
germanium-carbon alloy ?lm principally by molecular beam 
epitaXy, but also by plasma enhanced chemical vapor depo 
sition (CVD), photoenhanced CVD, microWave-eXcited 
CVD, thermal CVD and metal-organic CVD methods. 
Molecular beam epitaXy (MBE) might provide good crys 
talline quality, but it is a sloW and expensive process. With 
regard to a description of the thermal CVD process (col. 10, 
lines 37-43) FurukaWa describes that the surface of a silicon 
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substrate Was cleaned and the temperature thereof adjusted 
to 650° C. Gaseous SiH4, GeH4 and CH4 Were allegedly 
introduced into a reactor so as to give a total pressure of 100 
torr. Thus, a Si—Ge—C alloy ?lm Was purportedly formed 
on the substrate by a thermal CVD method. HoWever, 
applicants believe methane at the stated process temperature 
is far too stable to function as a carbon source for thermal 
CVD formation of the silicon-germanium-carbon ?lm. Fur 
ther, FurukaWa et al. do not recogniZe or discuss the use of 
Si—Ge—C as an etch-stop. 

[0015] Regolini et al., Growth and characterization of 
strain compensated Si1_X_yGeXCy epitaxial layers, Materials 
Letters (1993) describe metal-organic chemical vapor depo 
sition (MOCVD) for fabricating epitaXial Si—Ge—C layers 
With less than 1 atomic percent carbon, Which is far less than 
desirable for etch-stops. Further, there is no mention in the 
Regolini et al. publication of using Si—Ge—C as an etch 
stop. 

SUMMARY OF THE INVENTION 

[0016] This invention describes a silicon-based etch-stop 
Which is composed of an alloy containing silicon, germa 
nium and carbon (Si—Ge—C). In one embodiment, this 
alloy demonstrates etch selectivity of 8000 to 1 compared 
With lightly doped silicon. High etch selectivity is demon 
strated for both the case in Which the Si—Ge—C epitaXial 
layer acts as the etch-stop, and for the opposite case in Which 
the Si—Ge—C layer is preferentially removed. 

[0017] This invention further describes a method by Which 
the etch-stop layer is groWn epitaXially and With eXcellent 
crystal quality by CVD onto a silicon substrate. One or more 
high quality, undoped or deliberately doped epitaXial sili 
con-based layers can be groWn before and/or after the 
etch-stop layer. 
[0018] This invention further describes an innovative 
range of etch solution compositions Which, combined With 
the unique composition of the etch-stop layer, enhance the 
selectivity for a removal of the etch-stop layer by more than 
tWo orders of magnitude over previous processes for etch 
stop layer removal, and compared With previous formula 
tions, provide an etch rate Which varies far less With time. 
Further advantages Will be apparent from the folloWing 
description of the preferred embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIGS. 1A-B are cross-sections illustrating surface 
roughness of conventional etch-stop layers. 

[0020] FIGS. 2A-B are graphs illustrating the dopant 
diffusion tail that is common With conventional etch-stop 
layers. 
[0021] FIG. 3 is a perspective vieW illustrating a SOI 
substrate. 

[0022] FIGS. 4A-F are cross-sections illustrating a BESOI 
process using an etch-stop layer. 

[0023] FIGS. 5A-B are cross-sections illustrating reduced 
surface roughness With a Si—Ge—C etch-stop layer. 

[0024] FIGS. 6A-B are graphs illustrating the absence of 
an electrically active dopant tail With a Si—Ge—C etch-stop 
layer. 
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[0025] FIGS. 7A-F are ball-and-stick representations of 
crystal structure illustrating the effect of carbon and germa 
nium atoms on stress in silicon alloys. 

[0026] FIG. 8 is a graph illustrating the superior etch 
selectivity of Si—Ge—C in KOH—H2O compared With 
Si—Ge—B. 

[0027] FIG. 9 is a graph illustrating the superior etch 
selectivity of Si—Ge—C in HNA compared With Si—Ge— 
B. 

[0028] FIGS. 10A-C are cross-sections illustrating a pro 
cess for making a membrane using an etch-stop layer. 

[0029] FIGS. 11A-C are cross-sections illustrating a pro 
cess for making a cantilever beam using an etch-stop layer. 

[0030] FIG. 11D is a perspective vieW illustrating the 
cantilever beam formed using the process of FIGS. 11A-C. 

[0031] FIGS. 12A-B illustrate 2.0 MeV He2+RBS random 
and (100) channeled spectra for: (a) sample A-6; (b) sample 
B-6. The dechanneling observed close to the Si—Ge—C/Si 
interface suggested the presence of mis?t dislocations. 

[0032] FIG. 13 illustrates 2.0 MeV He2+RBS random and 
(100) channeled spectra for: (a) sample C-6. The Si—Ge—C 
Was not even groWn epitaxially on the (100)Si substrate. 

[0033] FIG. 14 illustrates 2.0 MeV He2+RBS random and 
(100) channeled spectra for sample D-6. The Si—Ge—C 
Was initially groWn epitaxially. A subsequent c-a (crystal 
line-to-amorphous) phase transformation occurred. 

[0034] FIG. 15 illustrates cross-sectional TEM micro 
graph and corresponding calibrated carbon SIMS pro?le of 
sample D-6. The Si—Ge—C can be roughly divided into 
three regions: crystalline, highly defective, and amorphous 
region. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Example: BESOI Fabrication 

[0035] One important application of the present invention 
is in fabricating BESOI substrates. BESOI is used for 
advanced integrated circuit applications in Which the device 
semiconductor layer (31) shoWn in FIG. 3 is isolated from 
the base Wafer (32) by an insulating layer (33). The folloW 
ing description illustrates advantages of the invention. 

[0036] An embodiment of a BESOI process is illustrated 
in FIGS. 4A-F. As shoWn in FIG. 4A, BESOI fabrication 
starts With tWo substrates, a base Wafer (32) of a silicon 
Wafer Which can be either a lightly or heavily doped silicon 
Wafer doped With either P-type or N-type dopant, such as 
boron or phosphorous, and a device Wafer (41) of lightly 
doped silicon Wafer of either of the same P-type or N-type 
dopants, and preferably a P-type dopant, such as boron. A 
Si—Ge—C layer (42) is groWn epitaxially onto the device 
Wafer (41), and a device epitaxial silicon layer (31) is groWn 
epitaxially onto the Si—Ge—C layer. The Si—Ge—C layer 
(42) is 50-500 nm thick, is preferably 75-200 nm thick, and 
is most preferably about 100 nm thick. The Si—Ge—C layer 
(42) includes 2-6 atomic percent carbon, preferably 4-5 
atomic percent carbon, and most preferably about 4.5 atomic 
percent carbon, and includes 18-65 atomic percent germa 
nium, preferably 35-50 atomic percent germanium, and most 
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preferably about 40 atomic percent germanium. The device 
silicon epitaxial layer (31) is 500-2000 nm thick, is prefer 
ably 100-150 nm thick, and is most preferably about 120 nm 
thick, and contains electrically active dopant of the P-type or 
N-type in the range of 1E13-1E19 atoms per cm3, preferably 
1E14-1E18 atoms per cm3, and most preferably about 1E15 
atoms per cm3. 

[0037] In the next step, thermal oxide layers (43, 44) 
shoWn in FIG. 4B are groWn by a conventional technique 
such as exposing the surface of either one or preferably both 
of the Wafers (32, 41) to Water vapor at 800-1000° C. for 
about 5 -300 minutes. W. S. Ruska, Microelectronic Process 
ing (1987) describes such conventional techniques and is 
hereby incorporated by reference in its entirety. The base 
Wafer oxide layer (43) thickness is 50-1000 nm, preferably 
100-500 nm, and most preferably about 200-300 nm. The 
device Wafer oxide (44) thickness is 20-100 nm, preferably 
40-70 nm, and most preferably about 50-60 nm. The oxide 
layer thickness is preferably less on the device Wafer (41) 
than on the base Wafer (32) so that the thermal oxidation step 
Will not diffuse or precipitate the carbon out of the 
Si—Ge—C layer. 

[0038] The next step is to invert the device Wafer (41) and 
to bond it to the base Wafer (32) by contacting the respective 
oxide surfaces (44, 43) ?rmly together to form an oxide 
layer (33) as shoWn in FIG. 4C. 

[0039] FIG. 4D illustrates that in the next step most of the 
device Wafer (41) is removed by lapping or grinding, and 
optionally polished by a conventional technique to form a 
sacri?cial silicon layer (47). The thinning is preferably 
stopped When approximately 10 to 50 micrometers of the 
sacri?cial layer (47) remains over the etch-stop layer (42). 

[0040] FIG. 4E illustrates the structure after the ?rst 
selective etch step in Which the ?nal 10 to 50 micrometers 
of the sacri?cial layer (47) (shoWn in FIG. 4D) is removed 
using a chemical solution such as 10 to 45 Wt % and 
preferably 21 Wt % KOH—H2O, and in a temperature range 
of from 50 to 100° C., and preferably at about 70° C., Which 
Will etch the sacri?cial layer (47) (shoWn in FIG. 4D), but 
Will substantially stop etching When it reaches the etch-stop 
layer (42). 
[0041] FIG. 4F illustrates the result of the ?nal etch step 
in Which the etch-stop layer (42) shoWn in FIG. 4E is 
removed using a chemical solution such as HNA at room 
temperature Which etches the Si—Ge—C layer rapidly, but 
essentially stops etching When it reaches the lightly doped 
epitaxial device layer (31). The ?nal structure, shoWn also in 
FIG. 3, is the lightly doped epitaxial device layer (31) 
separated from the substrate (32) by the insulating oxide 
(33). FIGS. 5A-B illustrate hoW the present invention solves 
the surface roughness problem involved in BESOI process 
ing by the conventional method shoWn in FIG. 1B. FIG. 5A 
again shoWs a solution of KOH—H2O (11) Will rapidly etch 
lightly doped silicon (12). Again, if a small particle (13) 
adheres to the surface of the lightly doped silicon (12), the 
etch rate is locally retarded under the particle (13), and the 
sloW etching planes (14) on the (111) plane form as the 
particle (13) is undercut by the etch solution. HoWever, in 
the present invention, the resulting pyramidal defect Will no 
longer propagate into the etch-stop layer (15) because of the 
improved selectivity of the etch-stop layer. As shoWn in 
FIG. 5B, the surface roughness (51) is substantially reduced 














