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(52) US. Cl. (57) ABSTRACT 

A method for forming a uniform layered structure compris 
ing an ultra-thin layer of amorphous silicon and its thermal 
oxide is disclosed. In one aspect, a method for forming a 
nanolaminate of silicon oxide on a substrate is disclosed. In 
another aspect, a method for forming a patterned hard mask 
on a substrate is disclosed. The patterned hard mask includes 
a nanolaminate of silicon and silicon oxide. The methods are 
characterized by the oxidation of an amorphous silicon layer 
using atomic oxygen. 
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AMORPHOUS AND POLYCRYSTALLINE SILICON 
NANOLAMINATE 

FIELD OF THE INVENTION 

[0001] This invention relates generally to the manufacture 
of high speed semiconductor microprocessors, application 
speci?c integrated circuits (ASICs), and other high speed 
integrated circuit devices. More particularly, this invention 
relates to the art of creating layered ultra-thin amorphous 
structures. Speci?cally, this invention relates to a novel 
method of forming a uniform layered structure comprising 
an ultra-thin layer of amorphous silicon and its thermal 
oxide. Useful embodiments include a method of fabricating 
hard mask and a method of fabricating thin polycrystalline 
layer of silicon-on-insulator. 

BACKGROUND OF THE INVENTION 

[0002] Ultra thin layers of semiconductors are employed 
in a variety of electronic devices. For instance, various 
quantum Well and superlattice structures have found appli 
cations in High Electron Mobility Transistors (HEMTs), 
laser diodes, light emitting diodes, and photodetectors. Such 
structures include ultra thin layers (less than 200 of a 
crystalline semiconductor. The structures are fabricated With 
the Well knoWn lattice matching and epitaxial techniques. 

[0003] Metal-Insulator-Semiconductor (MIS) structures 
are used in most logic, memory, and display circuits due to 
the loW power consumption of MISFETs and the existence 
of mature process technology. The performance of MISFETs 
can be improved if they are formed on a Semiconductor 
on-Isolator (SOI) substrate. If the semiconductor layer of the 
SOI substrate is thinned to beloW 100 A, the performance of 
the short-channel MISFETs can be improved even further. 
Clearly, the insulator-semiconductor-insulator structure With 
an ultra thin layer of semiconductor is highly desirable. 

[0004] Amorphous and polycrystalline semiconductors 
are employed in Thin Film Transistors (TFTs). At the 
moment, TFTs are used in various display panels. TFTs also 
may be employed in three dimensional (3D) integrated 
circuits Where the active devices are stacked on top of each 
other. 

[0005] One possible Way to increase performance of TFT 
is similar to that of the crystalline MISFET: thinning doWn 
its channel to beloW 100 A. HoWever, no process is knoWn 
that can produce a uniform ultra thin layer of amorphous or 
polycrystalline semiconductor on insulator. Due to a differ 
ent lattice structure, the deposition of a polycrystalline ?lm 
onto an amorphous ?lm proceeds through an island groWth 
at the beginning of the process. For instance, in order to form 
a continuous ?lm of polycrystalline silicon, one must 
deposit at least 150-200 Deposition of an amorphous 
silicon ?lm may improve the situation someWhat but still 
limits the thickness of a uniform thin ?lm to above 100-150 
A. 

[0006] Thus, there is a need in the art for a method of 
forming uniform ultra thin layers of amorphous and poly 
crystalline silicon and related layered structures. 

[0007] Since its invention in 1960 the thermal oxidation of 
silicon is considered to be the enabling process for modern 
integrated circuits. After over more than four decades of 
extensive investigation there is a vast art on various aspects 
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of the thermal oxidation and its applications to the fabrica 
tion of integrated circuits and other microstructures. There 
are several key properties of thermal oxidation that distin 
guish it from other methods of forming dielectric on semi 
conductor. These properties are: (1) a nearly electrically 
perfect interface betWeen silicon and silicon oxide, (2) high 
dielectric strength of the oxide, and (3) excellent control of 
the uniformity of the oxide ?lm. Due to these properties the 
thermal oxide has been used as the gate dielectric, the 
isolator in various LOCOS (local isolation of silicon) struc 
tures, the isolator for various IT (isolation trench) structures, 
the gate sideWall isolator/spacer, the screen oxide for ion 
implantation, etc. 

[0008] Thermal oxidation of amorphous and polycrystal 
line silicon-containing materials also has been extensively 
used in IC manufacturing. Such applications include the 
poly buffered LOCOS, the gate sideWall isolator/spacer, the 
gate insulator for TFT, and other applications. 

[0009] The loW temperature oxidation of amorphous and 
polycrystalline silicon-containing materials is also knoWn in 
the art. The folloWing patents are related to loW temperature 
oxidation. 

[0010] US. Pat. No. 5,412,246 to DobuZinsky et al. 
describes a plasma assisted oxidation of silicon and silicon 
nitride performed at a loW plasma poWer. DobuZinsky et al. 
teach that a high poWer plasma oxidation may cause damage 
to the groWn oxide ?lm. Therefore, a loW plasma poWer 
process Was selected to produce high-quality oxide ?lms. 
DobuZinsky et al. also disclose useful embodiments such as 
a loW-temperature method of forming an oxide spacer on a 
doped gate. HoWever, DobuZinsky et al. do not teach any 
method of forming a nanolaminate With ultra-thin layer of 
amorphous or polycrystalline silicon-containing semicon 
ductor. 

[0011] US. Pat. No. 5,443,863 to Neely et al. describes a 
loW temperature plasma assisted oxidation process. The 
plasma is created up stream of the processing Zone With a 
microWave plasma electrical discharge. Neely et al. teach 
that such oxidation process can be conducted at a tempera 
ture beloW 300° C. Neely et al. describe a useful embodi 
ment Where a silicon carbide ?lm is oxidiZed at a loW 
temperature. HoWever, Neely et al. do not teach any method 
of forming a nanolaminate With ultra-thin layer of amor 
phous or polycrystalline silicon-containing semiconductor. 

[0012] US. Pat. No. 5,738,909 to Thakur et al. describes 
a method of forming thin oxides on a semiconductor sub 
strate. Thakur et al. teach a method Where a portion of the 
oxidation process is conducted in an oZone ambient in order 
to increase the oxide groWth rate. In addition, Thakur et al. 
teach that an ultraviolet radiation can speed up the oxidation 
process even further. HoWever, Thakur et al. do not teach 
any method of forming a nanolaminate With ultra-thin layer 
of amorphous or polycrystalline silicon-containing semicon 
ductor. 

[0013] US. Pat. No. 5,700,699 to Han et al. describes a 
method of forming gate oxide for thin ?lm transistor (TFT). 
The gate oxide is formed With plasma assisted oxidation. 
The plasma is created With the aid of electron cyclotron 
resonance (ECE) electrical discharge. The preferred range of 

the deposited polysilicon layer is from 2,000 to 4,000 Clearly, this range is far from the ultra thin regime. Conse 
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quently, Han et al. do not teach any method of forming a 
nanolaminate With ultra-thin layer of amorphous or poly 
crystalline silicon-containing semiconductor. 

[0014] US. Pat. No. 5,238,849 to Sato describes a method 
of fabricating bipolar transistor. Sato teaches a method of 
forming an oxide layer betWeen the crystalline base and 
polycrystalline emitter. The layer is formed With oxygen 
ions resulting in a substoichiometric silicon oxide. Sato 
neither teaches about the oxidation of the polycrystalline 
?lm nor provides any method of forming a nanolaminate 
With ultra-thin layer of amorphous or polycrystalline silicon 
containing semiconductor. 

[0015] Clearly, there remains a need in the art for a method 
of forming uniform ultra thin layers of amorphous and 
polycrystalline silicon and related layered structures. The 
present invention disclosure is directed toWard a method for 
fabricating such nanolaminates. 

SUMMARY OF THE INVENTION 

[0016] One objective of this invention is to provide a 
method of creating a nanolaminate With thin and uniform 
layer of amorphous or polycrystalline silicon. 

[0017] Another objective of this invention is to provide a 
method of forming a hard mask containing a nanolaminate 
With thin and uniform layer of amorphous or polycrystalline 
silicon. 

[0018] These and other objects of this invention are 
accomplished by use of the methods of the present inven 
tion. In one aspect, a method for forming a nanolaminate of 
a silicon-containing material and an oxide on a substrate is 
disclosed herein. The method comprises the steps of: depos 
iting a ?lm containing an amorphous silicon-containing 
material onto the substrate, the ?lm having an initial thick 
ness; oxidiZing the amorphous silicon-containing ?lm by 
exposing the substrate to a gaseous mixture comprising 
atomic oxygen and molecular oxygen, Wherein the ratio of 
atomic oxygen to molecular oxygen is about 0.00001 to 100, 
thereby forming a layer of oxide on the ?lm, Wherein after 
oxidation the ?lm has a ?nal thickness less than the initial 
thickness; and removing the oxide using, for example, a 
selective Wet chemistry stripping process. 

[0019] In another aspect, a method for forming a patterned 
hard mask on a substrate is disclosed, the patterned hard 
mask including a nanolaminate of a silicon-containing mate 
rial and an oxide. The method comprises the steps of: 
depositing a ?lm containing an amorphous silicon-contain 
ing material onto the substrate, the ?lm having an initial 
thickness; oxidiZing the amorphous silicon-containing ?lm 
by exposing the substrate to a gaseous mixture comprising 
atomic oxygen and molecular oxygen, Wherein the ratio of 
atomic oxygen to molecular oxygen is about 0.00001 to 100, 
thereby forming a layer of oxide on the ?lm, Wherein after 
oxidation the ?lm has a ?nal thickness less than the initial 
thickness; and patterning the layer of oxide using a lithog 
raphy process, thereby exposing preselected areas of the 
amorphous silicon-containing ?lm. 

[0020] In yet another aspect of the present invention, a 
semiconductor structure is disclosed. The structure com 
prises a substrate; and a silicon-containing ?lm on the 
substrate, the silicon-containing ?lm having a thickness of 
less than about 100 A, preferably less than about 80 A, more 

Jul. 8, 2004 

preferably about 50 A, and preferably With a uniformity of 
better than about 3 A at 1 sigma standard deviation. The 
silicon-containing ?lm may be either amorphous or poly 
crystalline. The semiconductor structure may further com 
prise a patterned thermal oxide ?lm on the silicon-contain 
ing ?lm, the patterned thermal oxide ?lm having a thickness 
of at least about 50 The structure may further comprise 
an insulating layer on the silicon-containing ?lm; and an 
electrode layer on the insulating layer, the electrode having 
an electrical bias With respect to the silicon-containing ?lm 
such that an electrical ?eld is created across the insulating 
layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The features of the invention believed to be novel 
and the elements characteristic of the invention are set forth 
With particularity in the appended claims. The draWings are 
for illustration purposes only and are not draWn to scale. 
Furthermore, like numbers represent like features in the 
draWings. The invention itself, hoWever, both as to organi 
Zation and method of operation, may best be understood by 
reference to the detailed description Which folloWs, taken in 
conjunction With the accompanying draWings, in Which: 

[0022] FIGS. 1(a)-1(b) illustrate a prior art method of 
forming a silicon/oxide nanolaminate; 

[0023] FIGS. 2(a)-2(b) illustrate the formation of a surface 
oxide on an amorphous silicon layer; 

[0024] FIGS. 3(a)-3(a') illustrate one embodiment of the 
method of the present invention in Which a uniform poly 
crystalline nanolaminate is formed; 

[0025] FIGS. 4(a)-4(b) illustrate another embodiment of 
the method of the present invention in Which a hard mask is 
formed; 
[0026] FIGS. 5(a)-5(b) illustrate yet another embodiment 
of the method of the present invention in Which a uniform 
amorphous nanolaminate is formed; and 

[0027] FIG. 6 illustrates a novel photodetector structure 
based on and incorporating the nanolaminate of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0028] The invention Will noW be described by reference 
to the accompanying ?gures. In the ?gures, various aspects 
of the structures have been shoWn and schematically repre 
sented in a simpli?ed manner to more clearly describe and 
illustrate the invention. For example, the ?gures are not 
intended to be to scale. In addition, the vertical cross 
sections of the various aspects of the structures are illus 
trated as being rectangular in shape. Those skilled in the art 
Will appreciate, hoWever, that With practical structures these 
aspects Will most likely incorporate more tapered features. 
Moreover, the invention is not limited to constructions of 
any particular shape. 

[0029] FIGS. 1(a)-1(b) demonstrate a challenge of creat 
ing a uniform silicon/oxide nanolaminate. In FIG. 1(a), a 
relatively thin layer of amorphous silicon 110 is deposited 
onto a substrate 100, such as a silicon or SOI substrate. In 
FIG. 1(b), the structure of FIG. 1(a) has undergone a 
thermal oxidation, causing a thermal oxide layer 130 to be 
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grown and transforming the a-Si layer 110 into a polycrys 
talline silicon layer 120 having grain boundaries 125. 

[0030] Even though a relatively thin layer of amorphous 
silicon 110 can be deposited onto a substrate 100, the 
high-temperature thermal oxidation of amorphous silicon 
causes its crystallization during temperature ramp-up. For 
silicon, a typical crystalliZation temperature range is about 
520 to 600° C. The crystalliZation process may cause the 
thin amorphous silicon 110 to build-up causing a large 
thickness variation in the polysilicon layer 120. Further 
more, since the polysilicon grains 125 are formed at the 
early stages of oxidation, the oxygen may freely move deep 
into the grain boundaries. Therefore, it is a challenge to form 
a thin and uniform silicon/oxide nanolaminate. 

[0031] FIGS. 2(a)-2(b) illustrate that any amorphous sili 
con layer has a thin layer of surface oxide. In FIG. 2(a), a 
relatively thin layer of amorphous silicon 110 is deposited 
onto a substrate 100, such as a silicon or SOI substrate. 
Exposure of amorphous silicon ?lm 110 to moisture at loW 
temperature may produce a very thin ?lm of native oxide 
140. The surface (native) oxide 140 is limited in thickness to 
about 20 In addition, the uniformity of the surface oxide 
140 is generally much Worse than that of thermal oxide. 

[0032] In accordance With one embodiment of the present 
invention, the method of fabricating a substantially uniform 
nanolaminate includes a step of depositing a relatively thick 
uniform amorphous silicon ?lm (thickness about 100 to 200 
A, preferably about 150 A), oxidiZing a substantial portion 
of the amorphous ?lm by employing atomic oxygen, strip 
ping the oxide in a highly selective etch, and forming a ?lm 
on top of the amorphous silicon. FIGS. 3(a)-3(a) illustrate 
this method. 

[0033] FIG. 3(a) shoWs a relatively thin layer of amor 
phous silicon 210 deposited onto a substrate 200, such as a 
silicon or SOI substrate. Alternatively, layer 210 may com 
prise a silicon-containing material such as SiGe or SiGeC. 
Amorphous silicon layer 210 has an initial thickness 55. In 
FIG. 3(b), the structure of FIG. 3(a) has been subjected to 
atomic oxidation to produce a thick thermal oxide 230 
having thickness 55 1 and a thinned-doWn amorphous silicon 
layer 210 having ?nal thickness 552, Where $2<$€, and 
55 1+ 55 2> $5 . 

[0034] For example, in order to produce an amorphous 
silicon ?lm having a ?nal thickness of 50 A, an amorphous 
silicon ?lm having an initial thickness of 150 A Was oxi 
diZed in atomic oxygen to form 200 A of silicon oxide. A 
typical uniformity of deposited 150 A amorphous silicon 
?lm is 3 A at 1 sigma standard deviation, While the unifor 
mity parameter for the 200 A oxide ?lm is about 1 A at 1 
sigma standard deviation. The resultant uniformity param 
eter of the 50 A amorphous silicon layer is only 3.16 A at 
1 sigma standard deviation. 

[0035] Amorphous silicon layer 210 may be oxidiZed by 
exposing the layer to an atomic oxygen-containing mixture, 
preferably at a temperature beloW the crystalliZation tem 
perature of amorphous silicon (i.e., beloW about 520° C.). 
The atomic oxygen-containing mixture is preferably gener 
ated in a chemical, photochemical or remote plasma process 
such that gates are not directly exposed to the plasma. For 
example, one can produce atomic oxygen in a plasma 
discharge. Ef?cient plasma discharges operate at a loW 
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pressure, typically 1-200 mTorr With a relatively high frac 
tion of dissociation of the order of 10%. In fact, one can 
easily dissociate almost all molecular oxygen in an opti 
miZed loW pressure discharge. 

[0036] Therefore, the fraction of dissociation can vary 
over many orders of magnitude from 0.0001 to 100 percent. 
The fraction of dissociation, 0t, is de?ned as the number of 
dissociated oxygen molecules or half of oxygen atoms to the 
original number of oxygen molecules or the resultant num 
ber of oxygen molecules plus half of oxygen atoms: 

[0] 
Zlozl + [O] 

[0037] The atomic oxygen to molecular oxygen ratio is 
related to the fraction of dissociation as folloWs: 

[0038] When alpha is small the atomic oxygen to molecu 
lar oxygen ratio is simply 2a. When the fraction of disso 
ciation approaches 1 or 100% the atomic oxygen to molecu 
lar oxygen ratio approaches in?nity. 

[0039] In practice, it is extremely hard to achieve a frac 
tion of dissociation above 98%, therefore one can put a limit 
of 100 on the ratio of atomic oxygen to molecular oxygen. 
Furthermore, there is no particular technical need of achiev 
ing such fraction of dissociation. In fact, a fraction of 
dissociation of 0.8 can be considered very high as compared 
to the typical range of 0.1-0.4 observed in high-electron 
density discharges. Therefore, the preferred range for the 
ratio of atomic oxygen to molecular oxygen is about 0.00001 
to 10. 

[0040] There are many Ways to measure the concentration 
of atomic oxygen. One indicator of atomic oxygen concen 
tration is the speed of a chemical reaction (the oxide groWth 
rate). The high chemical potential of atomic oxygen (~2 eV) 
can speed up the chemical reaction at a desired temperature 
range of 300-1500K by as much as 30 orders of magnitude. 
One can also use optical spectroscopy of plasma to deter 
mine ppm and ppb level of various species in the plasma. 

[0041] The atomic oxygen content in the mixture can be 
speci?ed in terms of (a) impinging ?ux of atomic oxygen 
onto the substrate; or (b) partial pressure of atomic 
oxygen in the close proximity of the substrate; or (c) 
concentration of atomic oxygen (n) in the close proximity of 
the substrate. Parameters (b) and (c) are related through the 
perfect gas (BoltZmann) relationship: 

[0042] Where T is the gas temperature, and k is the 
BoltZmann constant. They can be used as a measure of 
atomic oxygen content When the oxygen atom mean free 
pass is much smaller than the characteristic chamber dimen 
sion. In addition, the parameter (a) is related to (c) through 
the Well-knoWn relationship: 
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[0043] Where v is the average speed of oxygen atom. In 
molecular beam chambers, the mean free pass is larger than 
the characteristic chamber dimension. In these chambers, the 
atomic oxygen is delivered in forms of atomic/molecular 
beams Where the concept of pressure is not adequate. In this 
case, the parameter (a) can be used to describe the atomic 
oxygen content. It has been found that the exposure of a 
silicon-containing layer to atomic oxygen at a pressure of 
about 0.5 to 2 mTorr and at a temperature of about 400 to 
450° C. results in a differential oxide groWth rate of approxi 
mately 0.5 to 1 A/sec. 

[0044] In FIG. 3(a), a method of forming a thin polycrys 
talline silicon layer and associated nanolaminate is shoWn. 
The structure of FIG. 3(b) undergoes a crystalline anneal 
resulting in a thin polycrystalline layer 220 having grain 
boundaries 225. The polycrystalline layer 220 is sliced in 
betWeen rigid layers, i.e., substrate 200 and thermal oxide 
230. Because of the presence of encapsulating rigid layers, 
the polysilicon cannot build-up. The siZe of the polycrys 
talline grains are directly proportional to the temperature and 
the duration of the anneal. Higher temperature and longer 
anneal time result in larger grains. Large grains are useful for 
building fast transistors With reduced grain-boundary scat 
tering or leakage effects. The temperature and duration of 
the crystalliZation anneal can be varied from about 600° C. 
to about 1050° C. and from about 1 second to about 4 hours, 
respectively. 

[0045] In FIG. 3(a'), thick thermal oxide layer 230 has 
been removed, leaving thin polycrystalline silicon layer 220 
and associated nanolaminate. A highly selective HF-based 
Wet strip may be used to remove thermal oxide layer 230. 
While this strip is optional, it is preferable to include the 
strip to create a structure other than silicon/oxide nanolami 
nate. The strip is typically folloWed With a loW temperature 
deposition of a material. This top material may be a thin 
layer of silicon oxynitride (SiOXNy), silicon nitride (Si3N4), 
silicon-rich silicon nitride (SiNX, Where x<0.75), and/or 
metal-based oxide (e.g., HfO2, ZrO2, A1203) and their close 
derivative compounds such as oxynitrides and silicates. 

[0046] FIGS. 4(a)-4(b) illustrate a process of creating a 
hard mask. In FIG. 4(a), the structure of FIG. 3(b) is 
patterned using standard lithography techniques. For 
example, a photoresist layer 240 is deposited on thermal 
oxide layer 230, and photoresist layer 240 is patterned. In 
FIG. 4(b), preselected exposed areas of thermal oxide 230 
are etched stopping on amorphous silicon layer 210. After 
the oxide etch, resist 240 is typically stripped. The resultant 
amorphous silicon/oxide hardmask structure can be used to 
protect or select other materials of the substrate. An impor 
tant advantage of the silicon/silicon oxide hardmask is that 
is can be made very thin. 

[0047] In another embodiment shoWn in FIGS. 5(a)-5(b), 
the crystalliZation anneal shoWn in FIG. 3(a) is omitted, 
resulting in a uniform thin amorphous layer. Speci?cally, 
FIG. 5(a) shoWs the structure of FIG. 3(b) Which includes 
thick thermal oxide 230 having thickness $51 and thinned 
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doWn amorphous silicon layer 210 having thickness 552, 
Where $2<$€, and $1+$€2>$£ In FIG. 5(b), thick thermal 
oxide layer 230 has been stripped aWay using the same 
methods as may be used in the stripping step illustrated in 
FIG. 3(LD, leaving thin amorphous silicon layer 210 and 
associated nanolaminate. 

[0048] Thin silicon nanolaminates are particularly useful 
When they exhibit substantial quantum effects, that is, the 
thin silicon layers 210 or 220 produce a quantum Well With 
substantial separation of discrete quantum levels. Since most 
of useful electrical and optical devices operate at or around 
room temperature (about 275 K to 350 K), the quantum 
levels should be separated by more than the characteristic 
energy, kT, associated With this temperature range. The 
separation of quantum levels is related to the quantum Well 
Width (thickness of layers 210 or 220) via a Well-knoWn 
relation: 

[0049] Where ED is the nth energy level, h is the Planck 
constant, m* is the effective electron/hole mass, and L is the 
quantum Well Width in the case of an in?nitely deep quantum 
Well, or the effective quantum Well Width in the case of a 
?nite-depth quantum Well. For a typical quantum Well of 
about 1 eV and typical electron masses in conduction band 
of silicon of 0.2 m0 and 0.92 m0, Where m0 is the mass of free 
electrons, L is close to the thickness of layer 210 or 220. By 
letting n=1, m*=0.2 m0, and E1>kT=0.03 eV, one may 

achieve a useful range of quantum Well Width of L<80 With the method of this invention, such amorphous or 

polycrystalline silicon layers may be fabricated. 

[0050] Quantum Well based devices are sensitive to the 
variation of quantum Well Width because the varying Width 
results in a shift of quantum Well energy levels and, conse 
quently, unpredictable device characteristics. Acceptable 
variation of quantum levels, AEn, for practical optical and 
electron quantum Well based devices is of the order of 
thermal energy, kT. This de?nes an alloWed variation AL for 
the thickness of layer 210 or 220 as folloWs: 

AL AEn 
T < 2E” 

[0051] For the loWest energy level (n=1, m*=0.92 m0) and 
a AL of 10 A (achievable With the method of this invention), 
the condition of AEt<0.03 eV puts a restriction on L of L>30 
A. 

[0052] One useful and novel device based on the quantum 
Well nanolaminate is the silicon-based photodetector that 
ef?ciently absorbs light at an energy beloW that of the silicon 
bandgap. In general, optical processes such as light absorp 
tion and emission are not very ef?cient in silicon-based 
crystals due to their indirect bandgap. For this reason, most 
optical devices are made from III-v compound semiconduc 
tors With direct bandgap. Intersubband optical transitions, 
that is, transitions that happen Within either conduction or 
valence bands, do not depend on the type of bandgap and can 
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be employed for the fabrication of optical devices from 
indirect bandgap semiconductors. A typical intersubband 
optical device uses quantum Wells to increase ef?ciency of 
light processes. Furthermore, the light Wavelength or energy 
of intersubband processes can be adjusted by shifting the 
energy levels Within the quantum Well by changing the 
quantum Well Width, for example. Intersubband optical 
devices can operate at a light energy that is loWer than the 
bandgap of active material. Subsequently, intersubband opti 
cal transitions circumvent tWo major problems of silicon 
based optical devices: (1) presence of indirect bandgap, and 
(2) restriction to the energy (Wavelength) of emitted and/or 
absorbed light. For pure silicon, this Wavelength restriction 
prohibits any practical optical devices operating at a Wave 
length of longer than about 1 pm, While for pure germanium 
the operating range is limited to the Wavelength beloW about 
1.5 pm. Because 1.3 pm and 1.55 pm light is Widely used for 
long distance optical data transmission via optical ?bers, 
there is a continuous need for silicon-based optical devices 
that can operate in the Wavelength range. 

[0053] Further teaching on silicon-based optical devices 
and, more speci?cally, on intersubband heteroepitaxial sili 
con germanium (SiGe) photodetectors is provided in: Horst 
Zimmerman, Integrated Silicon Optoelectronics (Springer 
Verlag, 2000), pp. 145-159. 

[0054] In contrast to the Well knoWn heteroepitaxial quan 
tum Well structure, the structure of this invention employs an 
ultra-thin, uniform amorphous or polycrystalline nanolami 
nate. Because of its amorphous nature, the nanolaminate can 
be prepared on any substrate. For example, the substrate 200 
may include an integrated circuit With multiple layers of 
interconnects. 

[0055] FIG. 6 shoWs a novel photodetector structure 
based on and incorporating the nanolaminate of this inven 
tion. The photodetector structure comprises substrate 200, 
absorbing conductive quantum Well 210/220, a thin insulat 
ing layer 250, and electrode layer 260. The absorbing 
conductive quantum Well 210/220 may be either amorphous 
(210) or polycrystalline (220). In operation, the electrode 
layer 260 is biased to some potential With respect to the 
conductive layer 210/220, creating an electrical ?eld across 
insulating layer 250. In the absence of light, the dark current 
betWeen layers 210/220 and 260 is due to the tunneling 
and/or thermal emission of charged carriers (typically elec 
trons) through the insulating layer 250. The dark current is 
relatively small due to a large conduction band discontinuity 
betWeen layers 250 and 210/220 as compared to the thermal 
energy, kT. In the presence of light, the carriers are excited 
from the loWer quantum level Within layer 210/220 either to 
above the conduction band edge of insulating layer 250 or to 
an upper quantum level Which is close to the conduction 
band edge of insulating layer 250. The excited carriers are 
then sWept aWay by the electric ?eld of insulating layer 250, 
resulting in a photo-generated current betWeen layers 210/ 
220 and 260. 

[0056] The substrate 200 has an insulating surface (typi 
cally silicon oxide) beneath the absorbing layer of the 
photodetector. The silicon-based (e.g., Si, SiGe or SiGeC) 
absorbing layer 210/220 is produced With the method of this 
invention. The thickness of layer 210/220 may be from 
about 30 A to about 80 A to create a Well-de?ned quantum 
level Within the layer. The layer 210/220 may be made 

Jul. 8, 2004 

conductive by, for example, doping during the deposition 
process. The n-type doping With either P or As of 1><1018 to 
1><1021 cm'3 in volume concentration is preferred. Alterna 
tively, the electrical conduction of layer 210/220 may be 
achieved by creating an inversion charge With substantial 
electrical bias of electrode 260. Positive bias of electrode 
260 is preferred. In the case of n-type doping of layer 
210/220, the voltage across the insulating layer 250 may be 
relatively small (e.g., about 1 V or less). In this case, the 
device operates in accumulation. The insulating layer 250 is 
selected such that the conduction band discontinuity With 
respect to the layer 210/220 is roughly equal to the energy 
of absorbed light. This requirement may pose a challenge for 
longer Wavelength devices, because typical insulating mate 
rials such as silicon nitride (Si3N4) and silicon dioxide 
(SiO2) have a large conduction band discontinuity With 
silicon (typically 2 to 3 eV). Nevertheless, there are insu 
lating materials With smaller conduction band discontinuity 
With silicon. They include silicon-rich silicon nitride and 
certain transitional metal oxides such as hafnium, Zirconium, 
tungsten, tantalum oxides, and their close compounds sili 
cates and oxynitrides. The preferred thickness of the insu 
lating layer 250 is from about 10 A to about 100 

[0057] For clarity, the electrical contacts to layers 210/220 
and 260, isolation structures betWeen the electrode 260 and 
the contacts to layers 210/220, and the light coupling struc 
tures are not shoWn in FIG. 6. Nevertheless, these structures 
are meant to be present in the ?nal photodetector structure. 
The preferred propagation direction of the coupled light is 
parallel to the quantum Well, in the (x,y) plane. The preferred 
length of the photodetector is from about 1 pm to about 100 
pm. The preferred Width of the photodetector is from about 
10 pm to about 0.1 pm. The contacts to the layer 210/220 
may be located along the longer sides of the electrode 260 
to minimiZe the distance betWeen the contacts on the oppo 
site sides of the electrode. The narroWer the electrode 260, 
the shorter the distance betWeen the contacts, and the faster 
the detector. The output current of the photodetector is 
typically coupled to an ampli?er and a detection circuit. 

[0058] The basic photodetector structure shoWn in FIG. 6 
may also be used for light generation. In this embodiment, 
a negative bias is applied to electrode 260 to align its Fermi 
level With an upper quantum level of layer 210/220. The 
electrons from electrode 260 are ef?ciently coupled by 
tunneling through layer 250 into the upper quantum level 
and then relax into a loWer quantum level by emitting a 
photon. Since the number of emitted photons is proportional 
to the tunneling current through layer 250, the layer should 
be substantially thin to alloW for ef?cient tunneling. In the 
case of a light emitting device, the preferred thickness of 
insulating layer 250 is from about 6 A to about 25 

[0059] Aportion of charge carriers (electrons) in the layer 
210/220 may also tunnel into the substrate 200. The tunnel 
ing ef?ciency into substrate 200 depends on the thickness of 
the insulating layer on the surface of substrate 200 and the 
number of available empty electronic states beneath that 
insulating layer. One may preferentially maximiZe the tun 
neling current into the substrate 200 for the electrons located 
at loWer quantum Well levels of layer 210/220. This may be 
accomplished by preferentially increasing the number of 
available electronic states in the substrate at the energy close 
to that of the loWer quantum Well level of layer 210/220 and 
by thinning doWn the substrate surface insulating ?lm to 
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below about 20 A, and preferably to about 8-10 521 . One 
possible structure that may provide such substrate property 
coupled With the optical device structure on top of it is tWo 
nanolaminates stacked on top of each other. In this embodi 
ment, the loWer nanolaminate becomes a portion of substrate 
200. The thickness and material of its layer 210/220 is 
selected to provide an empty resonant quantum level to the 
loWer quantum level of the device nanolaminate on top of it. 
The resonant level of the substrate nanolaminate is posi 
tioned at the same energy as the loWer quantum level of the 
device nanolaminate When biased for operation. Since the 
upper quantum level of device nanolaminate does not have 
a resonant level, the preferential tunneling for electrons from 
the loWer quantum level may be achieved. Efficient removal 
of electrons from the loWer quantum level of the light 
emitting layer creates an optical gain and associated stimu 
lated emission. When coupled With loW loss optical feed 
back, it results into a laser. 

[0060] The nanolaminate-based photodetectors, light 
emitters, and conventional optical Waveguides can be com 
bined into the on-chip optical netWork. The construction of 
such optical netWork is mainly decoupled from the material 
and fabrication process of underlying substrate 200. 

[0061] While the present invention has been particularly 
described in conjunction With a speci?c preferred embodi 
ment and other alternative embodiments, it is evident that 
numerous alternatives, modi?cations and variations Will be 
apparent to those skilled in the art in light of the foregoing 
description. It is therefore intended that the appended claims 
embrace all such alternatives, modi?cations and variations 
as falling Within the true scope and spirit of the present 
invention. 

We claim: 
1. A method for forming a nanolaminate of a silicon 

containing material and an oxide on a substrate, the method 
comprising the steps of: 

depositing a ?lm containing amorphous silicon onto the 
substrate, the ?lm having an initial thickness; 

oxidiZing the amorphous silicon-containing ?lm by 
exposing the substrate to a gaseous mixture comprising 
atomic oxygen and molecular oxygen, Wherein the ratio 
of atomic oxygen to molecular oxygen is about 0.00001 
to 100, thereby forming a layer of oxide on the ?lm, 
Wherein after oxidation the ?lm has a ?nal thickness 
less than the initial thickness; and 

removing the oxide. 
2. The method of claim 1, Wherein the initial thickness of 

the ?lm is about 100 to 200 
3. The method of claim 1, Wherein the ?nal thickness of 

the ?lm is less than 100 
4. The method of claim 1, Wherein the initial thickness of 

the ?lm is about 150 A and the ?nal thickness of the ?lm is 
about 50 

5. The method of claim 1 further comprising, after oxi 
dation of the amorphous silicon-containing ?lm, the step of 
annealing the amorphous silicon-containing ?lm to form a 
?lm containing polycrystalline silicon. 

6. The method of claim 1, Wherein the oxide is removed 
using a selective Wet chemistry stripping process. 
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7. The method of claim 6, Wherein the oxide is removed 
using hydro?uoric acid 

8. A method for forming a patterned hard mask on a 
substrate, the patterned hard mask including a nanolaminate 
of a silicon-containing material and an oxide, the method 
comprising the steps of: 

depositing a ?lm containing amorphous silicon onto the 
substrate, the ?lm having an initial thickness; 

oxidiZing the amorphous silicon-containing ?lm by 
exposing the substrate to a gaseous mixture comprising 
atomic oxygen and molecular oxygen, Wherein the ratio 
of atomic oxygen to molecular oxygen is about 0.00001 
to 100, thereby forming a layer of oxide on the ?lm, 
Wherein after oxidation the ?lm has a ?nal thickness 
less than the initial thickness; and 

patterning the layer of oxide using a lithography process, 
thereby exposing preselected areas of the amorphous 
silicon-containing ?lm. 

9. A semiconductor structure comprising: 

a substrate; and 

a polycrystalline silicon-containing ?lm on said substrate, 
the silicon-containing ?lm having a thickness of less 
than about 100 A and a thickness variation of less than 
about 30%. 

10. The structure of claim 9, Wherein said silicon-con 
taining ?lm has a thickness of about 50 

11. The structure of claim 9, further comprising a pat 
terned thermal oxide ?lm on said silicon-containing ?lm, the 
patterned thermal oxide ?lm having a thickness of at least 
about 200 

12. The structure of claim 9, further comprising: 

an insulating layer on said silicon-containing ?lm; and 

an electrode layer on said insulating layer, said electrode 
having an electrical bias With respect to said silicon 
containing ?lm such that an electrical ?eld is created 
across said insulating layer. 

13. The structure of claim 12, Wherein said silicon 
containing ?lm has a thickness of about 30 A to about 80 

14. The structure of claim 12, Wherein said silicon 
containing ?lm is doped. 

15. The structure of claim 12, Wherein said insulating 
layer comprises a material selected from the group consist 
ing of silicon-rich silicon nitride, hafnium oxide, Zirconium 
oxide, tungsten oxide, tantalum oxide, hafnium silicate, 
Zirconium silicate, tungsten silicate, tantalum silicate, 
hafnium oxynitride, Zirconium oxynitride, tungsten oxyni 
tride, and tantalum oxynitride. 

16. The structure of claim 12, Wherein the electrical bias 
of said electrode is positive With respect to said silicon 
containing ?lm. 

17. The structure of claim 16, Wherein said insulating 
layer has a thickness of about 10 A to about 100 

18. The structure of claim 12, Wherein the electrical bias 
of said electrode is negative With respect to said silicon 
containing ?lm. 

19. The structure of claim 18, Wherein said insulating 
layer has a thickness of about 6 A to about 25 

* * * * * 


