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(57) ABSTRACT 

A thin ?lm structure includes a substantially single-phase, 
c-aXis PGO ?lm on an insulator for use in metal ferroelectric 
insulator semiconductor single transistor nonvolatile 
memory applications. The PGO on insulator structure can 
also be used in capacitors, pyroelectric infrared sensors, 
optical displays, optical sWitches, piezoelectric transducers, 
and surface acoustic Wave devices. In a preferred embodi 
ment, the PGO ?lm is deposited on a Zirconium Oxide 
insulator layer. 
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Figure 2._XRD spectrum of P60 thin ?lm on Zr02 substrate 
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Figure 3. High frequency CV measurement of a MFlS ( =PtfPGO/ZrO2/Si} capacitor. 
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Figure 4. CV measurement of a PtIPGO (180nm) llr capacitor structure. 



Patent Application Publication Oct. 3, 2002 Sheet 3 0f 4 US 2002/0142536 A1 

Figure 5. Leakage current of PGO/ZrOZfiIm. 
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METHOD OF MAKING SINGLE C-AXIS PGO 
THIN FILM ON ZRO2 FOR NON-VOLATILE 

MEMORY APPLICATIONS 

FIELD OF THE INVENTION 

[0001] This invention relates to a single c-axis Lead 
Germanium Oxide (PGO) thin ?lm on an insulator layer for 
non-volatile memory applications and methods of making 
the same and, more particularly, to a PGO thin ?lm on a 
Zirconium Oxide (ZrO2) insulator for ferroelectric random 
access memory (FeRAM) and dynamic random access 
memory (DRAM) applications. 

BACKGROUND OF THE INVENTION 

[0002] Lead Germanium Oxide (PGO or Pb5Ge3O11) is a 
Well-knoWn ferroelectric material. Pure c-axis oriented PGO 
thin ?lms have been successfully groWn on Iridium (Ir), 
Platinum (Pt), Platinum/Iridium (Pt/Ir) and Iridium-Tanta 
lum-Oxygen (Ir—Ta—O) conductive electrodes. These 
structures can be used for metal ferroelectric metal oxide 
semiconductor (MFMOS) single transistor memory appli 
cations. 

[0003] Ferroelectric devices have also been manufactured 
With SrBi2Ta2O9 (SBT). Unlike the ferroelectric material 
SBT, Which exhibits ferroelectric properties With a poly 
crystalline structure, PGO only exhibits ferroelectric prop 
erties When it is c-axis oriented. HoWever, it is rather dif?cult 
to groW single-phase c-axis PGO ?lms on insulators because 
PGO ?lms usually exhibit amorphous or polycrystalline 
structure. 

[0004] Metal ferroelectric semiconductor ?eld effect tran 
sistors (MFSFET) are an attractive alternative to MFMOS. 
HoWever, a strong interaction betWeen the PGO ?lm and the 
Silicon precludes the fabrication of such devices using a 
PGO ferroelectric layer. Metal ferroelectric insulator semi 
conductor ?eld effect transistors (MFISFET) have also been 
investigated because their structure is simpler than that of 
MFMOS structures. HoWever, heretofore, good insulator 
?lms for fabrication of MFISFET devices, Which include a 
PGO ferroelectric layer, have not been found. Accordingly, 
there is a need for ?nding a good insulator ?lm that alloWs 
for the fabrication of MFISFET devices having a PGO 
ferroelectric layer. 

SUMMARY OF THE INVENTION 

[0005] The invention comprises a neW thin ?lm structure, 
including a single-phase c-axis PGO ?lm on an insulator, 
such as ZrO2, for metal ferroelectric insulator semiconduc 
tor single transistor non-volatile memory applications. This 
PGO-on-insulator structure can also be used in capacitors, 
pyroelectric infrared sensors, optical displays, optical 
sWitches, pieZoelectric transducers, and surface acoustic 
Wave devices. 

[0006] Accordingly, an object of the invention is to pro 
vide a MFIS transistor structure including a PGO ferroelec 
tric ?lm. 

[0007] Another object of the invention is to provide a 
MFIS transistor structure including a ZrO2 insulator ?lm. 

[0008] A further object of the invention is to provide a 
MFIS transistor structure including a PGO ferroelectric 
layer on an insulator layer. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a schematic of the inventive PGO ferro 
electric ?lm on an insulator ?lm. 

[0010] FIG. 2 is a graph of an X-ray diffraction spectrum 
of a PGO ?lm on a ZrO2 insulator ?lm. 

[0011] FIG. 3 is a graph of a high frequency Capacitance 
Voltage (CV) measurement of a metal ferroelectric insulator 
semiconductor (MFIS) capacitor comprising Pt/PGO/ZrO2/ 
Si. 

[0012] FIG. 4 is a graph of a Capacitance-Voltage (CV) 
measurement of a Pt/PGO(180 nm)/Ir capacitor structure. 

[0013] FIG. 5 is a graph of a leakage current (I-V) of a 

PGO/ZrOz?lm. 
[0014] FIG. 6 is a schematic of a metal ferroelectric 
insulator semiconductor ?eld effect transistor including a 
PGO layer on an insulator structure. 

[0015] FIG. 7 is a ?oWchart of the method of making the 
PGO-on-insulator structure of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0016] Turning noW to the draWings, FIG. 1 shoWs a 
schematic of the inventive device. Device 10 includes a 
Semiconductor substrate 12 such as a Silicon substrate. An 
Insulator ?lm 14, such as ZrO2, is positioned on substrate 
12. A ferroelectric layer 16, namely, a substantially single 
phase, c-axis Pb5Ge3O11 (PGO) ?lm, is positioned on insu 
lator ?lm 14. Ametal top electrode 18 is positioned on PGO 
?lm 16. 

[0017] A typical method for preparing such a structure 
may include the folloWing steps. First, the semiconductor 
substrate is prepared using any state of the art process 
including isolation and Well formation. Second, the insulator 
?lm, such as ZrO2, is deposited by any of the folloWing 
means: physical vapor deposition (PVD); evaporation and 
oxidation; chemical vapor deposition (CVD); and atomic 
layer deposition. Any necessary post deposition anneal may 
include annealing in forming gas or Oxygen ambient at a 
temperature up to 800 degrees Celsius. Third, the PGO ?lm 
is deposited by any of the folloWing methods: spin-on; 
physical vapor deposition; CVD; metal organic CVD 
(MOCVD); chemical solution deposition (CSD); and laser 
ablation. Fourth, the metal gate electrode is deposited on the 
PGO layer by any means knoWn in the art. Fifth, the contact 
and interconnect formations are made. 

[0018] As an example, the folloWing device Was manu 
factured. ZrO2 Was sputtereddeposited onto a clean Silicon 
Wafer by reactive sputtering of a Zirconium target in an 
Oxygen ambient. The ?lm thickness 20, as measured by 
spectroscopic ellipsometry, Was 135 Angstroms. The thick 
ness of the insulator layer typically Will be greater than at 
least 20 Angstroms. The PGO thin ?lm 16 Was spin coated 
using lead acetate (Pb(OAc)2 ~3H2O) and germanium iso 
propoxide (Ge(OPr‘)4) in 2-(2-ethoxyethoxy) ethanol solu 
tion (H(OC2H4OC2H4OC2H5), heated With an air exposure 
until a deep red broWn color. The Lead to Germanium ratio 
(Pb/Ge) Was 5.25/3. The baking temperature Was approxi 
mately 50 to 350 degrees Celsius for 30 seconds to 3600 
seconds. The annealing temperature after each spin-on layer 
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was approximately 400 to 550 degrees Celsius for 30 
seconds to 3600 seconds. The ?nal annealing temperature 
Was approximately 450 to 600 degrees Celsius for ?ve 
minutes to three hours. The thickness 22 of the PGO layer 
16 Was approximately 1600 Angstroms and typically Will be 
in a range of 100 Angstroms to 5000 Angstroms. The phases 
of the deposited PGO layer Were examined by X-ray dif 
fraction. 

[0019] FIG. 2 is a graph of an X-ray diffraction spectrum 
of a PGO ?lm on a ZrO2 substrate, as manufactured by the 
steps listed above. The x-axis represents tWo-times-theta 
(degrees) and the y-axis represents counts per second. The 
graph shoWs that substantially pure c-axis PGO Was 
obtained on the ZrO2 substrate, as shoWn by the peaks 
labeled (001), (002), (003), (004), (005) and (006). No other 
peaks are observed (except for minimal peaks at 29 degrees), 
Which indicates that no reaction, or only a minimal reaction 
(as shoWn by the secondary phases at 29 degrees), occurred 
at the interface of the PGO and ZrO2 layers. 

[0020] FIG. 3 is a graph of a high frequency Capacitance 
Voltage (CV) measurement of a metal ferroelectric insulator 
semiconductor (MFIS) capacitor comprising Pt/PGO/ZrO2/ 
Si. The x-axis shoWs voltage and the y-axis shoWs Capaci 
tance. In order to measure the memory WindoWs of a PGO 

thin ?lm on a ZrO2 substrate, a Platinum (Pt) top electrode 
Was deposited on the PGO surface With a shalloW mask. The 
area of the top electrode Was approximately 4><10_4 cm2. 
The PGO ?lm had a thickness of approximately 1600 
Angstroms and the ZrO2 layer had a thickness of approxi 
mately 130 Angstroms. The hysteresis in the C-V curve 
indicates a memory WindoW of approximately 0.7 volts. The 
memory WindoW typically Will be betWeen 0.1 to 3.0 volts. 
This is less than the 1.3 volt memory WindoW for an 1800 
Angstrom PGO ?lm in a metal ferroelectric metal (MFM) 
structure. 

[0021] FIG. 4 is a graph of a Capacitance-Voltage (CV) 
measurement of a Pt/PGO(180 nm)/Ir capacitor structure. 
The memory WindoW shoWn is about 1.8 volts. 

[0022] FIG. 5 is a graph of a leakage current (I-V) of a 
PGO ?lm on a ZrO2 ?lm. As shoWn by the graph, the 
leakage current though the PGO/ZrO2 structure is very 
small, indicating that a good interface is maintained betWeen 
the PGO, the ZrO2 and the Silicon substrate. In particular, 
the leakage current typically is less than 1><10_6 A/cm2 at 
100 KV/cm. 

[0023] FIG. 6 is a schematic of a preferred embodiment of 
the composite PGO/insulator layered structure, namely, a 
metal ferroelectric insulator semiconductor ?eld effect tran 
sistor (MFISFET) including a PGO ?lm on an insulator 
layer. Device 30 includes a Semiconductor substrate 32 such 
as a Silicon substrate, including a source region 34 and a 
drain region 36. An Insulator ?lm 38 is positioned on 
substrate 32. Insulator ?lm 38 may comprise Zirconium 
Oxide (ZrO2), Hafnium Oxide (HfOZ), silicates of Zirco 
nium or Hafnium, or mixtures of the above. The insulator 
?lm 38 may also comprise Aluminum Oxide, Yttrium Oxide, 
Calcium Oxide, Lanthanum Oxide, Titanium Oxide (TiO2), 
Tantalum Oxide (Ta2O5), doped ZrO2 or doped HfO2, 
Zr—Al—O, Hf—Al—O, Zr—Ti—O, Hf—Ti—O, and 
La—Al—O, and combinations thereof. The ferroelectric 
layer 40 comprises a single phase, c-axis Pb5Ge3O11 (PGO) 
?lm, positioned on insulator ?lm 38. The ferroelectric PGO 
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layer may be deposited by the method set forth in US. Pat. 
Registration No. 6,190,925, issued on Feb. 20, 2001, 
assigned to Sharp Laboratories of America, Inc., and entitled 
Epitaxially GroWn Lead Germanate Film and Deposition 
Method, Wherein said patent is incorporated herein by 
reference. By use of the disclosed PGO deposition method 
as set forth in the above listed patent, a PGO layer can be 
deposited With a substantially c-axis crystalline orientation, 
i.e., more than a 70% c-axis orientation, but may be as high 
as 80%. In a preferred embodiment, the PGO layer Will have 
approximately a 90% c-axis orientation or better. Ametal top 
electrode 42 is positioned on PGO ?lm 40. The metal top 
electrode may comprise Platinum (Pt), Iridium (Ir), Tanta 
lum (Ta), Ruthenium (Ru) or conductive oxides or alloys. 

[0024] FIG. 7 is a ?oWchart of the method of making the 
PGO-on-insulator structure of the present invention. Step 50 
comprises preparing the semiconductor substrate using any 
state of the art process including isolation and Well forma 
tion. Step 52 comprises depositing the insulator ?lm by any 
of the folloWing means: physical vapor deposition (PVD); 
evaporation and oxidation; chemical vapor deposition 
(CVD); and atomic layer deposition. Step 54, if required, 
comprises post deposition annealing of the insulator ?lm in 
forming gas or Oxygen ambient at a temperature up to 800 
degrees Celsius. Step 56 comprises depositing the PGO ?lm 
by any of the folloWing methods: spin-on; physical vapor 
deposition; CVD; metal organic CVD (MOCVD); chemical 
solution deposition (CSD); and laser ablation. Step 58 
comprises depositing the metal gate electrode on the PGO 
layer by any means knoWn in the art. Step 60 comprises 
making any required contact and interconnect formations. 

[0025] Thus, a single-phase, c-axis PGO thin ?lm on an 
insulator for non-volatile memory applications, and a 
method for making the same, has been disclosed. Although 
preferred structures and methods of manufacturing the 
device have been disclosed, it should be appreciated that 
further variations and modi?cations may be made thereto 
Without departing from the scope of the invention as de?ned 
in the appended claims. 

We claim: 
1. A metal ferroelectric insulator semiconductor ?eld 

effect transistor comprising: 

a semiconductor; 

a layer of insulator material positioned on said semicon 
ductor; and 

a layer of PGO positioned on said layer of insulator 
material. 

2. The transistor of claim 1 Wherein said insulator material 
is chosen from the group consisting of: Zirconium Oxide 
(ZrO2), Hafnium Oxide (HfOZ), silicates of Zirconium, 
silicates of Hafnium, Aluminum Oxide, Yttrium Oxide, 
Calcium Oxide, Lanthanum Oxide, Titanium Oxide (TiO2), 
Tantalum Oxide (Ta2O5), doped ZrO2, doped HfO2, 
Zr—Al—O, Hf—Al—O, Zr—Ti—O, Hf—Ti—O, 
La—Al—O, and combinations thereof. 

3. The transistor of claim 1 further comprising a top 
electrode layer positioned on said layer of PGO, Wherein 
said top electrode layer is manufactured of a material chosen 
from the group consisting of: Platinum (Pt); Iridium (Ir); 
Tantalum (Ta); Ruthenium (Ru); a conductive oxide; and a 
conductive alloy. 
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4. The transistor of claim 1 wherein said layer of PGO 
comprises a single phase having a c-axis orientation 
throughout at least 70% of said layer of PGO. 

5. The transistor of claim 3 Wherein said transistor has a 
memory WindoW in a range of 0.1 to 3.0 volts. 

6. The transistor of claim 3 Wherein said semiconductor 
includes a source region and a drain region. 

7. The transistor of claim 1 Wherein said layer of PGO has 
an at least 80% single-phase, c-axis orientation. 

8. A thin ?lm semiconductor structure comprising: 

a substrate; 

a layer of Zirconium Oxide positioned on said substrate; 
and 

a ferroelectric layer of substantially single phase, c-axis 
oriented PGO positioned on said Zirconium Oxide 
layer. 

9. The structure of claim 8 Wherein said semiconductor 
structure is chosen from the group consisting of: a transistor; 
a capacitor; a pyroelectric infrared sensor; an optical dis 
play; an optical sWitch; a pieZoelectric transducer; and a 
surface acoustic Wave device. 

10. The structure of claim 8 Wherein said substrate 
comprises Silicon. 

11. The structure of claim 8 Wherein said semiconductor 
structure is a non-volatile memory device. 

12. The structure of claim 8 further comprising an elec 
trode positioned on said ferroelectric layer. 

13. The structure of claim 8 Wherein said ferroelectric 
layer has a thickness of at least 100 Angstroms. 

14. The structure of claim 12 Wherein said layer of 
Zirconium Oxide and said ferroelectric layer de?ne a leak 
age current, and Wherein said leakage current is less than 
1><10 A/cm2 at 100 KV/cm. 

15. A method of making a substantially single phase, 
c-axis PGO thin ?lm on an insulator for use in a non-volatile 

memory device, comprising the steps of: 
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providing a semiconductor substrate; 

depositing an insulator ?lm on said semiconductor sub 

strate; and 

depositing a PGO ?lm on said insulator ?lm, Wherein said 
PGO ?lm comprises a substantially single phase, c-axis 
oriented ?lm. 

16. The method of claim 15 further comprising depositing 
a metal gate electrode on said PGO ?lm. 

17. The method of claim 15 Wherein said semiconductor 
substrate comprises silicon and said insulator ?lm is chosen 
from the group consisting of: Zirconium Oxide (ZrOZ), 
Hafnium Oxide (HfOZ), silicates of Zirconium, silicates of 
Hafnium, Aluminum Oxide, Yttrium Oxide, Calcium Oxide, 
Lanthanum Oxide, Titanium Oxide (TiOZ), Tantalum Oxide 
(TaZOS), doped ZrO2, doped HfO2, Zr—Al—O, Hf—Al— 
O, Zr—Ti—O, Hf—Ti—O, La—Al—O, and combinations 
thereof. 

18. The method of claim 15 Wherein said step of depos 
iting said insulator ?lm comprises a deposition method 
chosen from the group consisting of: physical vapor depo 
sition (PVD); evaporation and oxidation; chemical vapor 
deposition (CVD); and atomic layer deposition. 

19. The method of claim 15 Wherein said step of depos 
iting said PGO ?lm comprises a deposition method chosen 
from the group consisting of: spin-on; physical vapor depo 
sition; CVD; metal organic CVD (MOCVD); chemical 
solution deposition (CSD); and laser ablation. 

20. The method of claim 16 Wherein said metal gate 
electrode comprises a material chosen from the group con 
sisting of: Platinum (Pt); Iridium (Ir); Tantalum (Ta); Ruthe 
nium (Ru); a conductive oxide; and a conductive alloy. 


