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FLASH MEMORY DEVICE HAVING A GRADED 
COMPOSITION, HIGH DIELECTRIC CONSTANT 

GATE INSULATOR 

TECHNICAL FIELD OF THE INVENTION 

0001. The present invention relates generally to memory 
devices and in particular the present invention relates to 
flash memory devices with graded composition gate insu 
lators. 

BACKGROUND OF THE INVENTION 

0002 Memory devices are typically provided as internal, 
Semiconductor, integrated circuits in computers or other 
electronic devices. There are many different types of 
memory including random-access memory (RAM), read 
only memory (ROM), dynamic random access memory 
(DRAM), Synchronous dynamic random access memory 
(SDRAM), and flash memory. 
0.003 Flash memory devices have developed into a popu 
lar Source of non-volatile memory for a wide range of 
electronic applications. Flash memory devices typically use 
a one-transistor memory cell that allows for high memory 
densities, high reliability, and low power consumption. 
Common uses for flash memory include personal computers, 
personal digital assistants (PDAS), digital cameras, and 
cellular telephones. Program code and System data Such as 
a basic input/output system (BIOS) are typically stored in 
flash memory devices for use in personal computer systems. 
0004 Flash memory cells are typically comprised of field 
effect transistors (FET) with floating gates. The gates are 
referred to as floating Since they are electrically isolated 
from other conductive areas of the transistor by layers of 
oxide insulation. The floating gate can be programmed or 
erased by Fowler-Nordheim tunneling in which electrons 
tunnel through a barrier in the presence of a high electric 
field in the oxide. 

0005 One drawback with floating gate FETs is the large 
amount of time needed to Store a charge on the floating gate 
during a write operation and the large amount of time 
necessary to remove the charge during an erase operation. 
One reason for the inordinate time requirements is the 
relatively large tunneling barrier between the Silicon Sub 
Strate and the Silicon dioxide insulator. Additionally, the high 
electric field required to cause electron injection in order to 
tunnel through the barrier typically contributes to reliability 
problems and premature gate insulator breakdowns. 
0006 Silicon dioxide (SiO) is an insulator with a rela 
tive dielectric constant of 3.9, an energy gap of approxi 
mately E=9 eV, and electron affinity of x=0.9 eV. By 
comparison, the energy gap and electron affinity for the 
semiconductor silicon are E=1.1 eV and X=4.1 eV, respec 
tively. In a conventional flash memory cell, electrons Stored 
on the polysilicon floating gate See a large tunneling barrier 
of about 3.2 eV. FIG. 1 illustrates the typical prior art large 
barrier, d=3.2 eV, for tunneling erase in flash memory 
devices. The large tunneling barrier d=3.2 eV is the differ 
ence between the electron affinities of silicon (i.e., x=4.1 eV) 
and SiO (i.e., X=0.9 eV). This is a relatively large barrier 
that requires a high applied electric field. 
0007. There is a resulting need in the art for an improved 
gate insulator that provides a low tunneling barrier in order 
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to decrease the time required for programming and erase 
operations in a flash memory cell. 

SUMMARY 

0008. The above-mentioned problems with gate insula 
tors in flash memory cells and other problems are addressed 
by the present invention and will be understood by reading 
and Studying the following specification. 
0009. The present invention encompasses a flash memory 
transistor comprising a Substrate with a plurality of Source/ 
drain regions. The Source/drain regions have a different 
conductivity than the remainder of the substrate. 
0010. A graded composition, high dielectric constant gate 
insulator is formed on top of the Substrate. The gate insulator 
is formed substantially between the plurality of source/drain 
regions over a channel region between the Source/drain 
regions. The gate insulator has a dielectric constant that is 
greater than 3.9. In one embodiment, the gate insulator is 
comprised of more of a high-k material closer to the Sub 
Strate. In another embodiment, the gate insulator is com 
prised of more of a high-k material closer to a floating gate 
that is formed on top of the gate insulator. 
0011. An oxide insulator is formed on top of the floating 
gate. A control gate is formed on top of the oxide insulator. 
0012 Further embodiments of the invention include 
methods and apparatus of varying Scope. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 shows a typical prior art electron energy 
diagram for a flash memory cell. 

0014 FIG. 2 shows a cross-sectional view of one 
embodiment of a flash memory cell transistor of the present 
invention having a graded composition, high dielectric con 
Stant gate insulator. 
0.015 FIG. 3 shows one embodiment of an electron 
energy band diagram in accordance with the graded com 
position, high dielectric constant gate insulator transistor 
Structure of FIG. 2. 

0016 FIG. 4 shows another embodiment of an electron 
energy band diagram in accordance with the graded com 
position, high dielectric constant gate insulator transistor 
Structure of FIG. 2. 

0017 FIG. 5 shows a block diagram of an electronic 
System of the present invention. 

DETAILED DESCRIPTION 

0018. In the following detailed description of the inven 
tion, reference is made to the accompanying drawings that 
form a part hereof and in which is shown, by way of 
illustration, Specific embodiments in which the invention 
may be practiced. In the drawings, like numerals describe 
Substantially Similar components throughout the Several 
views. These embodiments are described in Sufficient detail 
to enable those skilled in the art to practice the invention. 
Other embodiments may be utilized and Structural, logical, 
and electrical changes may be made without departing from 
the Scope of the present invention. The following detailed 
description is, therefore, not to be taken in a limiting Sense, 
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and the Scope of the present invention is defined only by the 
appended claims and equivalents thereof. 
0.019 FIG. 2 illustrates a cross-sectional view of one 
embodiment of a flash memory cell transistor of the present 
invention. The transistor has a graded composition, high 
dielectric constant (i.e., high-k) gate dielectric. The transis 
tor is comprised of two source/drain regions 201 and 202 in 
a silicon Substrate 211. The direction of operation of the 
transistor determines which region 201 or 202 functions as 
a Source and which functions as a drain. A channel region 
203 exists between the source/drain regions 201 and 202. 
0020. In one embodiment, the source/drain regions 201 
and 202 are n+ doped regions in a p+ type Substrate 211. An 
alternate embodiment may use p-- doped Source/drain 
regions in an n+ type Substrate. The present invention is not 
limited to any one conductivity type for the Source/drain 
regions or the Substrate. 
0021. A high-permittivity (high-k), graded composition 
tunnel gate dielectric 206 is formed on top of the substrate 
211 substantially between the source/drain regions 201 and 
202 and over the channel region 203. A polysilicon floating 
gate layer 208 is formed on top of the tunnel gate dielectric 
layer 206. An interpoly oxide insulator layer 210 is formed 
on top of the floating gate 208. A polysilicon control gate 
212 is formed on top of the oxide insulator 210. 
0022. In one embodiment, a high dielectric constant is 
considered to be a dielectric constant that is greater than that 
of SiO. A wide variety of different high dielectric constant 
insulators can be realized using atomic layer deposition 
(ALD) or evaporation techniques. These dielectric materials 
and their characteristics are Summarized in the following 
table: 

Dielectric Band Gap Delta E, (eV) 
Material Constant (k) E (eV) to Si. 

SiO, 3.9 8.9 3.2 
SiN 7 5.1 2 
Al2O 9 8.7 2.8 
Y.O. 15 5.6 2.3 
La2O3 3O 4.3 2.3 
Ta2Os 26 4.5 1-1.5 
TiO, 8O 3.5 1.2 
HfO, 25 5.7 1.5 
ZrO. 25 7.8 1.4 

0023 Alternate embodiments use other dielectrics than 
those listed above that have other dielectric constants. The 
characteristics of these materials are well known to those 
skilled in the art and are not discussed further. 

0024. The high-k dielectric materials of the present 
invention can be used as graded composition in either the 
tunnel gate dielectric 206 or the interpoly oxide insulator 
layer 210. By varying the composition ratios of these high-k 
dielectrics, the barriers and/or tunnel barriers can either be 
reduced between the Silicon and the gate dielectric or 
between the floating gate and the gate insulating dielectric. 
This is illustrated in FIGS. 3 and 4 as discussed Subse 
quently. 

0.025 The composition of the film can be changed by 
varying the ratio of the metals in the film as described 
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Subsequently. FIG. 3 illustrates that if the composition is 
closer to La O. near the Substrate, the electron barrier for hot 
electron injection will only be 2.3 eV. The tunnel barrier 
from the floating gate can be kept higher (i.e., approximately 
2.8 eV) by making the insulator composition close to Al2O 
at the floating gate. 
0026 FIG. 4 illustrates that if the composition is closer 
to Al-O near the Substrate, the electron barrier for hot 
electron injection will be 2.8 eV. The tunnel barrier from the 
floating gate can be kept lower (i.e., approximately 2.3 eV) 
by making the insulator composition close to La O at the 
floating gate. Other realizations of graded composition, 
high-k dielectric gate insulators are also discussed Subse 
quently. 
0027. One embodiment of the graded composition, 
high-k dielectric gate insulator of the present invention is 
comprised of a lanthanum aluminate (LaAlO) film. These 
films may be deposited on Silicon Substrates by evaporating 
Single-crystal pellets in a vacuum using an electron-beam 
gun. In another embodiment, the films can Sue a dry pellet 
of Al-O and La-O using two electron guns with two rate 
monitors that are set to control the composition. The com 
position of the film can be shifted toward Al-O or La O. 
Side by depending upon the choice of electron affinity. After 
deposition, the wafer can be annealed eX situ in an electric 
furnace at 700° C. for ten minutes in N. ambience or 
800-900° C. in RTA for ten to fifteen seconds in an N 
ambience. Alternate embodiments may use other deposition 
and/or annealing methods. 
0028. In another embodiment, the graded composition, 
high-k dielectric gate insulator of the present invention is 
comprised of Hfor Zr films. These films can be deposited by 
Simple thermal evaporation that, in one embodiment, uses 
twin electron-beam evaporation with ultra-high purity Hf 
and Zr metal slugs (e.g., 99.9999%) at a low substrate 
temperature (e.g., 150-200°C). The second step is oxida 
tion to form the desired HfO or ZrO. 
0029. In yet another embodiment, very thin films of TiO, 
can be fabricated with electron-gun evaporation from a high 
purity TiO slug (e.g., 99.9999%) in a vacuum evaporator in 
the presence of anion beam. In this embodiment, an electron 
gun is centrally located toward the bottom of the chamber. 
A heat reflector and a heater Surround the Substrate holder. 
Under the Substrate holder is an OZonizer ring with many 
Small holes directed to the wafer for uniform distribution of 
oZone that is needed to compensate for the loss of oxygen in 
the evaporated TiO2 film. An ion gun with a fairly large 
diameter (3-4 in. in diameter) is located above the electron 
gun and argon gas is used to generate Arions to bombard the 
Substrate Surface uniformly during the film deposition to 
compact the growing TiO2 film. 
0030. In still another embodiment, a thin Zr film is 
deposited by Simple thermal evaporation. In one embodi 
ment, this is accomplished by electron beam evaporation 
using an ultra-high purity Zr metal slug (e.g., 99.9999%) at 
a low substrate temperature (e.g., 150-200° C). Since there 
is no plasma and ion bombardment of the Substrate, the 
original atomically Smooth Surface of the Silicon Substrate is 
maintained. The Second Step is the oxidation to form the 
desired ZrO. 
0031. The above-described evaporation techniques avoid 
the damage to the Silicon Surface by Arion bombardment, 
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Such as that encountered during Hf or Zr metal deposition 
using dc Sputtering. Since there is no plasma and ion 
bombardment of the Substrate (as in the case of Sputtering), 
the original atomically Smooth Surface of the Silicon Sub 
Strate is maintained. 

0.032 The fabrication of YO and Gd-O films for use as 
graded composition, high-k dielectric gate insulators may be 
accomplished with a two step process. In one embodiment, 
an electron gun provides evaporation of high purity (e.g., 
99.9999%) Y or Gd metal followed by low-temperature 
oxidation technology by microwave excitation in a Kr/O 
mixed high-density plasma at 400 C. The method of the 
present invention avoids damage to the Silicon Surface by Ar 
ion bombardment such as that encountered during Y or Gd 
metal deposition Sputtering. 
0033) A thin film of Y or Gd is deposited by thermal 
evaporation. In one embodiment, an electron-beam evapo 
ration technique is used with an ultra-high purity Y or Gd 
metal slug at a low substrate temperature (e.g., 150-200 
C.). Since there is no plasma or ion bombardment of the 
Substrate, the original atomically Smooth Surface of the 
Silicon Substrate is maintained. The Second Step is the 
oxidation to form the desired Y.O. or GdC). 
0034. The use of the gate insulators described above 
allows for two different barriers. The lower height of the 
tunneling barriers with high-k dielectric gate insulators can 
provide larger tunneling currents out of the floating gate with 
Smaller control gate Voltages. The lower barrier between the 
Silicon Substrate makes the write operation easier and write 
currents by channel hot electron injection larger at lower 
Voltages. Both tunneling currents and hot electron injection 
currents are exponential functions of the barrier heights and 
electric fields. 

0035 FIG. 5 illustrates a functional block diagram of a 
memory device 500 that can incorporate the flash memory 
cells of the present invention. The memory device 500 is 
coupled to a processor 510. The processor 510 may be a 
microprocessor or Some other type of controlling circuitry. 
The memory device 500 and the processor 510 form part of 
an electronic system 520. The memory device 500 has been 
Simplified to focus on features of the memory that are 
helpful in understanding the present invention. 
0.036 The memory device includes an array of flash 
memory cells 530. The memory array 530 is arranged in 
banks of rows and columns. The control gates of each row 
of memory cells is coupled with a wordline while the drain 
and Source connections of the memory cells are coupled to 
bitlines. AS is well known in the art, the connection of the 
cells to the bitlines depends on whether the array is a NAND 
architecture or a NOR architecture. 

0037. An address buffer circuit 540 is provided to latch 
address signals provided on address input connections 
A0-AX 542. Address signals are received and decoded by a 
row decoder 544 and a column decoder 546 to access the 
memory array 530. It will be appreciated by those skilled in 
the art, with the benefit of the present description, that the 
number of address input connections depends on the density 
and architecture of the memory array 530. That is, the 
number of addresses increases with both increased memory 
cell counts and increased bank and block counts. 

0038. The memory device 500 reads data in the memory 
array 530 by Sensing Voltage or current changes in the 
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memory array columns using sense/buffer circuitry 550. The 
Sense/buffer circuitry, in one embodiment, is coupled to read 
and latch a row of data from the memory array 530. Data 
input and output buffer circuitry 560 is included for bi 
directional data communication over a plurality of data 
connections 562 with the controller 510). Write circuitry 555 
is provided to write data to the memory array. 
0039) Control circuitry 570 decodes signals provided on 
control connections 572 from the processor 510. These 
Signals are used to control the operations on the memory 
array 530, including data read, data write, and erase opera 
tions. The control circuitry 570 may be a state machine, a 
Sequencer, or Some other type of controller. 
0040. The flash memory device illustrated in FIG. 5 has 
been Simplified to facilitate a basic understanding of the 
features of the memory. A more detailed understanding of 
internal circuitry and functions of flash memories are known 
to those skilled in the art. 

CONCLUSION 

0041. In summary, the flash memory transistors of the 
present invention with graded composition, high-k gate 
dielectrics reduce the electron barrier between the Substrate 
and gate insulator and the tunnel barrier between the poly 
Silicon floating gate and gate insulator. This is accomplished 
by using a graded composition, high-k dielectric gate insu 
lator instead of the prior art's Silicon dioxide. 
0042. The higher dielectric constant gate insulators of the 
present invention also allow for better Scaling of flash 
memory devices to Smaller dimensions. The effective gate 
length of high-k gate tunneling dielectric flash memory 
transistors can be Scaled below 50 nm. High-k gate dielec 
trics reduce or eliminate drain turn-on problems, short 
channel effects and punchthrough in flash memory transis 
tors. Smaller write and erase Voltages provide another 
advantage in that the thickness of the SiO2 layer between the 
control gate and the floating gate can be reduced. 
0043. The flash memory cells of the present invention 
may be NAND-type cells, NOR-type cells, or any other type 
of flash memory array architecture. 
0044 Although specific embodiments have been illus 
trated and described herein, it will be appreciated by those 
of ordinary skill in the art that any arrangement that is 
calculated to achieve the same purpose may be Substituted 
for the Specific embodiments shown. Many adaptations of 
the invention will be apparent to those of ordinary skill in the 
art. Accordingly, this application is intended to cover any 
adaptations or variations of the invention. It is manifestly 
intended that this invention be limited only by the following 
claims and equivalents thereof. 
What is claimed is: 

1. A flash memory transistor comprising: 
a Substrate having a plurality of Source/drain regions, the 

Source/drain regions having a different conductivity 
than the remainder of the Substrate; 

a graded composition, high dielectric constant gate insu 
lator formed on top of the Substrate and substantially 
between the plurality of Source/drain regions, the gate 
insulator having a dielectric constant that is greater than 
3.9; 
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a floating gate formed on top of the gate insulator; 
an oxide insulator formed on top of the floating gate; and 
a control gate formed on top of the oxide insulator. 
2. The transistor of claim 1 wherein the gate insulator is 

formed by an evaporation technique. 
3. The transistor of claim 1 wherein the gate insulator is 

formed by an atomic layer deposition technique. 
4. The transistor of claim 1 wherein the graded compo 

Sition of the gate insulator layer is a film of one of SiN., 
Al-O, YO, La O, Ta-Os, TiO2, HfO2, ZrO2, Gd2O, 
La Al-O, or La AlO. 

5. The transistor of claim 1 wherein the gate insulator 
composition adjacent to the Substrate is closer to one of 
SiN, Al2O, YO, La-O, Ta-Os, TiO2, HfO2, ZrO2, 
Gd2O, La Al-O, or LaAlO than the film composition 
adjacent to the floating gate. 

6. The transistor of claim 1 wherein the gate insulator 
composition adjacent to the floating gate is closer to one of 
SiN, Al2O, YO, La-O, Ta-Os, TiO2, HfO2, ZrO2, 
Gd2O, La Al-O, or LaAlO than the film composition 
adjacent to the Substrate. 

7. The transistor of claim 1 wherein the Source/drain 
regions are n+ conductivity and the Substrate is p+ conduc 
tivity. 

8. The transistor of claim 1 wherein the floating gate and 
control gate are comprised of a polysilicon material. 

9. The transistor of claim 1 wherein a direction of 
operation of the transistor determines which Source/drain 
region is a Source and which is a drain. 

10. The transistor of claim 1 wherein the gate insulator is 
fabricated using electron-gun evaporation. 

11. The transistor of claim 1 wherein the gate insulator is 
fabricated using thermal evaporation. 

12. A flash memory transistor comprising: 
a Substrate having a plurality of Source/drain regions, the 

Source/drain regions having a different conductivity 
than the remainder of the Substrate, a channel region 
formed between each pair of Source/drain regions, 

a graded composition, high dielectric constant gate insu 
lator formed on top of the substrate and substantially 
adjacent to the channel region, the gate insulator having 
a dielectric constant that is greater than 3.9 and an 
electron barrier between the Substrate and the gate 
insulator is in a range of 1.0-2.8 eV; 

a floating gate formed on top of the gate insulator; 
an oxide insulator formed on top of the floating gate; and 
a control gate formed on top of the oxide insulator. 
13. The transistor of claim 12 wherein the Source/drain 

regions are p+ conductivity and the Substrate is n+ conduc 
tivity. 

14. A flash memory transistor comprising: 
a Substrate having a plurality of Source/drain regions, the 

Source/drain regions having a different conductivity 
than the remainder of the Substrate, a channel region 
formed between each pair of Source/drain regions, 

a graded composition, high dielectric constant gate insu 
lator formed on top of the substrate and substantially 
adjacent to the channel region, the gate insulator having 
a dielectric constant that is greater than 3.9; 
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a floating gate formed on top of the gate insulator; 
an oxide insulator formed on top of the floating gate; and 
a control gate formed on top of the oxide insulator 

wherein there is an electron barrier between the gate 
insulator and the floating gate in a range of 1.0-2.8 eV. 

15. A method for fabricating a flash memory cell transis 
tor, the method comprising: creating a plurality of Source/ 
drain regions by doping portions of a Substrate; 

depositing a graded composition, high-kgate insulator on 
the Substrate by an evaporation technique Substantially 
between the plurality of Source/drain regions, the gate 
insulator having a dielectric constant that is greater than 
3.9; 

depositing a floating gate on the gate insulator; 
depositing an oxide insulator material on the floating gate; 

and 

forming a control gate on the oxide insulator material. 
16. The method of claim 15 wherein the evaporation 

technique comprises evaporation from a high purity TiO, 
Slug in a vacuum evaporator with an ion beam. 

17. The method of claim 15 wherein a portion of the gate 
insulator adjacent the Substrate comprises more of the high-k 
dielectric material than remaining portions of the gate insu 
lator. 

18. The method of claim 15 wherein a portion of the gate 
insulator adjacent the floating gate comprises more of the 
high-k dielectric material than remaining portions of the gate 
insulator. 

19. The method of claim 15 wherein the evaporation 
technique comprises electron-beam evaporation from a high 
purity Hf metal Slug with a Substrate temperature less than 
200 C. and Subsequent oxidizing. 

20. The method of claim 15 wherein the evaporation 
technique on the high-k dielectric material is performed by 
electron-beam evaporation. 

21. The method of claim 15 wherein the evaporation 
technique comprises depositing a Zr film on the Substrate by 
thermal evaporation and Subsequently oxidizing the Zr film. 

22. The method of claim 15 wherein the evaporation 
technique comprises depositing one of a Y or a Gd film on 
the Substrate by thermal evaporation and Subsequently oxi 
dizing the film. 

23. The method of claim 22 wherein the depositing one of 
the Y or the Gd film comprises electron-beam evaporation of 
a high purity Y or Gd metal Slug at a Substrate temperature 
less than 200 C. 

24. The method of claim 15 wherein the evaporation 
technique comprises depositing a LaAlO film on the Sub 
Strate and Subsequently annealing. 

25. The method of claim 24 wherein depositing the 
LaAIO, film comprises evaporation of Al-O, and La-O, 
using an electron gun for each material and the annealing is 
performed at 700° C. in an N. ambience. 

26. The method of claim 24 wherein the annealing is 
performed at 800-900 C. in RTA for a time in a range of 
10-15 seconds in an Nambience. 

27. A flash memory transistor comprising: 
a Substrate having a plurality of Source/drain regions, the 

Source/drain regions having a different conductivity 
than the remainder of the Substrate; 
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depositing a graded composition, high-kgate insulator on 
the Substrate by an atomic layer deposition (ALD) 
technique used on a high-k material, the gate insulator 
deposited Substantially between the plurality of Source/ 
drain regions and having a dielectric constant that is 
greater than 3.9; 

a floating gate layer formed on top of the gate insulator; 
an oxide insulator formed on top of the floating gate layer; 

and 

a control gate formed on top of the oxide insulator. 
28. The transistor of claim 27 wherein the high-k material 

is comprised of one of AlO, LaAlO, Zr-Ti-O films, or 
HfO/Hf. 

29. An electronic System comprising: 
a processor that generates control signals, and 
a memory array coupled to the processor, the array 

comprising a plurality of flash memory cells, each flash 
memory cell comprising: 
creating a plurality of Source/drain regions by doping 

portions of a Substrate, 
depositing a graded composition, high-kgate insulator 
on the Substrate by an evaporation technique Sub 
Stantially between the plurality of Source/drain 
regions, the gate insulator having a dielectric con 
Stant that is greater than 3.9; 

depositing a floating gate on the gate insulator; 
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depositing an oxide insulator material on the floating 
gate; and 

forming a control gate on the oxide insulator material. 
30. The method of claim 29 wherein the plurality of 

Source/drain regions are created with an n+ conductivity in 
a p+ Substrate. 

31. An electronic System comprising: 
a processor that generates control Signals, and 
a memory array coupled to the processor, the array 

comprising a plurality of flash memory cells, each flash 
memory cell comprising: 
a Substrate having a plurality of Source/drain regions, 

the Source/drain regions having a different conduc 
tivity than the remainder of the substrate; 

depositing a graded composition, high-kgate insulator 
on the Substrate by an atomic layer deposition (ALD) 
technique used on a high-k material, the gate insu 
lator deposited substantially between the plurality of 
Source/drain regions and having a dielectric constant 
that is greater than 3.9; 

a floating gate layer formed on top of the gate insulator; 
an oxide insulator formed on top of the floating gate 

layer; and 
a control gate formed on top of the oxide insulator. 

k k k k k 


