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that behaves like three MOS transistors in series. The floating-gate MOS transistor is 
formed by the middle polysilicon structure, which is encapsulated with SiOz to enable 
high charge retention. While charge is still transferred to the floating gate by means of 
Fowler-Nordheim tunneling, tunneling takes place from one polysilicon structure to 
another rather than from the substrate to the floating gate. The interpoly oxides through 
which the tunneling takes place can be made significantly thicker than the tunneling 
oxides in FLOTOX devices (60-100 nm in textured poly devices, versus <12 nm in 
FLOTOX devices), since the electric field that promotes the tunneling is enhanced by 
the geometrical effects of the fine texture at the surface of tl1e polysilicon structures. 

Textured-poly cells arc programmed by causing electrons to tunnel from poly 1 to 
the floating poly. Erasure is accomplished by causing electrons to tunnel from the 
floating poly structure to poly 3. The voltage of poly 3 is taken high in both the 
programming and erase operations. The drain voltage, however, determines whether 
tunneling occurs from poly 1 to the floating gate, or from the floating gate to poly 3. 
As a result, the state of the drain voltage determines the final state of the memory cell. 
This provides an advantage, in that the cell represenL, a direct write cell - tl1ere is no 
need to charge all the cells and then remove the charge from selected cells, as with 
FLOTOX EEPROMs. 

Textured-poly EEPROMs depend on a tunneling process whose physical mechanisms 
are not as well understood as those of tunneling through thin oxides, and which appears 
to require tighter control of empirically determined process parameters. In addition, the 
three poly layers require a more complex (and therefore more costly) fabrication 
sequence. Furthermore, textured-poly EEPROMs require a higher operating voltage 
than FLOTOX devices (>20 V). Finally, an intrinsic endurance problem is caused by 
the very high electron trapping that occurs as a result of tunneling in the poly oxides. 
This eventually leads to a condition in which the memory can no longer be programmed 
or ef'<lSCd. 

For all of the above reasons, the textured-poly approach has been less widely pursued 
than the FLOTOX approach. Only one company, Xicor, is heavily involved in 
manufacturing these deviccs.97 However, because the poly cells can be made about 
one-half the size of FLOTOX cells, it is possible to fabricate them in high-density 
configurations. In 1989, the largest textured-poly EEPROMs being offered had a 
1-Mbit capacity. Although the cell-size advantage gives the textured-poly approach an 
edge over the FLOTOX EEPROMs for memories larger than 256 kbits, the flash­
EEPROM technology described in the next section, provides a way to achieve equally 
high-density EEPROMs without the need to develop a textured-poly process. 

8.8 FLASH EEPROMS 

The flash EEPROM device is so named because the contents of all of the memory's 
array cells can be erased simultaneously as with a UV-EPROM, but through the use of 
an electrical erase signal. The term flash refers to the fact that the cells c,m be erased 
much more rapidly (1 or 2 seconds, compared to the 20 minutes required to erase a UV· 
EPROM). Allhough it was not possible to erase only a single byte in the first 
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generation of flash EEPROMs, by 1989 parts had become available that offered a bytc­
by-byte erasable (and 64-byte erasable) feature in a 256-kbit memory.98 

Flash EEPROMs are attractive for the middle of the programmable semiconductor 
spectrum, where neither EPROMs nor EEPROMs are particularly cost effective. The 
applications in this range typically require more memory capacity than EEPROMs can 
provide, but they also need faster and more frequent reprogramming than can be 
accomplished with EPROMs. Examples include automotive and automated factory 
equipment applications. As an example, the average EPROM cost about $7 in 1989, 
and a flash memory about $25. But the differential is wiped out by the expense of 
single reprogramming. The in-system reprogramming of a flash device may cost as 
little as $1, whereas pulling an EPROM out of a system to erase it by exposure to 20 
minutes of UV light may cost over $80 when equipment, downtime and labor arc 
factored in. 

Meanwhile, EEPROMs are likely to remain popular wherever bytes will have to be 
erased selectively. But flash products, might do better for updating stored logic, when 
this must done more than once but less often than in main memory, cache memory, or 
registers. Reprogramming costs arc similar, but flash memories are less than half the 
price of EEPROMs. 

The erasing mechanism in flash EEPROMs is Fowler-Nordheim tunneling off the 
floating gate to the drain region. Programming of the floating gates, however, is carried 
out in most flash cells by hot-electron injection into the gate.* Unlike floating-gate 
EEPROMs (which incorporate a separate select transistor in each cell to allow 
individual byte erasure), flash memories forego the select transistor to obtain bulk 
erasure. Thus, flash-EEPROM cells are roughly two to three time, ,maller than 
floating-gate EEPROM cells fabricated with the same design rules.9'! Figure 8-40 
shows the cross-section of a CMOS llash-EEPROM cell implemented with triple 
polysilicon, and a SEM photo of a double-poly flash EEPROM cell. 

Most flash-EEPROM cells use a double-poly structure, as shown in Fig. 8-41 
(which also shows the Toshiba triple-poly cell, Fig. 8-4lb). The upper poly fonns the 
control gate and the word Jines of the structure, while the lower poly is the floating 
gate. The gate oxide is ~10 nm thick,lOO and the interpoly dielectric is an oxide/ 
nitride/oxide composite film -45 nm thick_99 In the structure shown in Fig. 8-40 and 
8-4 lc the control-gate poly overlaps the channel region adjacent IO the channel under the 
floating gate. This structure is needed because when the cell is erased, it leaves a 
positive charge on the floating gate. As a result, the channel under the floating gate 
becomes inverted. The series enhancement-mode transistor (formed by the control 
gate over the channel region), is needed in order to prevent current flow from source IO 
drain. A more recently reported flash-EEPROM cell (Fig. 8-41a) does not require the 
control gate to form a series enhancement-mode transistor, because it uses a special 
software-controlled erase procedure that prevents the floating gate from being over 
erascct.100 

* The 5~V.on1y flash memories from Texas Instruments and Amtel depend on tunneling for 
both write and erase mechanisms. 
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Fig. 8-40 Triple-poly flash-EEPROM cell from Toshiba: (a) Layout; (b) Cross section of 
the cell; (c) Section at right angles to the section shown in part (c);!O! (d) SEM pictures of 
double-poly flash-EEPROM and EPROM cclls.99 (© 1988 IEEE). 

Flash EEPROMs can be seen to combine the advantages of UV-erasable EPROMs and 
floating-gate EEPROMs. They offer the high density (Fig. 8-42), small-die size, 
lower cost, and hot-electron writability of EPROMs, together with the easy erasability, 
on-board rcprogrammability, and electron-tunneling erasure features of EEPROMs. 
High-density CMOS flash EEPROMs in 1-Mbit si1.es are commercially available. It is 
projected that by the year 2000, 256-Mbit flash EEPROMs will be fabricated with 0.25 
µm geometry. 

With a memory-cell size of about one-quarter the size of current EEPROM cells, the 
flash EEPROMs also achieve EPROM die sizes. In addition, there are two types of 
flash EEPROMs: (1) those that are more akin to the EEPROM (and thus require a 12-V 
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Flg. 8-41 Four approaches to flash memory technology: (a) Intel cell; (b) Toshiba triplc­
polysilicon cell; (c) SEEQ cell; (4) Texas Instrumcn!S 5-V-only cc!l.125 (© 1989 IEEE). 

external supply for programming and erasure); and (2) those that are closer to EPROMs, 
and hence need only a 5-V supply. Furthermore, the programming voltage can be 
applied during read operations, eliminating the need to switch it off when not erasing or 
programming. Byte-write times arc JOO µs, and erasure times are 200 ms. Access 
times of 110 ns at 30-mA active-current consumption arc provided by a 128-kBit 
CMOS flash EEPROM.100,IOI Endurance (Le., the number of times a device can be 
erased and written) is a minimum of 100 cycles, and can be as high as l000 cycles (note 
that this is lower than the endurance of EEPROMs, which is typically 1000 - 10,000 
cycles). 

8.9 NONVOLATILE FERROELECTRIC MOS RAMS 

A novel type of nonvolatile MOSFET DRAM memory cell, introduced in late 1987, 
uses the electrical polarization of a ferroelectric capacitor to store information 
semipermanently_102,103 Since ferroelectric polarization retention is nearly perpetual 
Gust as in magnetic core memories), refresh is not needed. The reported write speed is 
200 ns in one design,102 and 60 ns in another,103 which is much faster than that 
exhibited by an EEPROM (I ms) or a UV-PROM (10 ms) without fatigue after 1012 

write cycles. It is predicted that by 1991 products will be available with operating 
lifetimes of ~75 years at a cycle time of JOO ns, and 1012 read/write cycles. A recent 
review article has described the latest advances in such nonvolatile RAMs.124 
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The cell contains a ferroelectric capacitor as the charge storage element and an MOS 
transistor for sensing and writing (Fig. 8-43b). The ferroelectric insulator of the 
capacitor may be polarized by either a positive or negative voltage, and its polarization 
state is retained after the voltage is removed (this characteristic is called a ferroelectric 
effect). This effect occurs because in some materials dipoles will align in parallel under 
the influence of an externally applied electric field, and they will remain aligned 
(polarized) after the field is removed. Reversal of the field causes polarization in the 
opposite direction. Thus, a ferroelectric is a material which can be permanently 
polarized by the application of an electric field. (Contrary to the name, the ferroelectric 
effect has nothing to do with iron.) 

A ferroelectric thin-film capacitor exhibits a characteristic hysteresis curve, which 
describes the amount of charge that the device can store as a function of the applied 
voltage (Fig. 8-42a). It has two stable polarization states and can be modeled as a 
bistable capacitor with two distinct polari1.ation thresholds. The coercive voltage is the 
digital switching threshold of the capacitor. For memory applications, it is desirable for 
the two coercive voltage points to be symmetrical and less than 2.5 V, so that the 
memory may operate from standard memory power-supply voltages. 

Memory arrays of such ferroelectric cells (FRAMs) have the potential to replace hard 
and floppy magnetic disks. Such memory arrays could provide increased reliability 
compared with the present magnetic disk drives, since the FRAM contains no moving 
parts. In addition, they could offer much shorter read, write, and access times than 
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Fig. 8-42 Size of flash-memory cell versus lithographic feature size.99 (© 1988 IEEE). 
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Fig. 8~43 (a) Thin.film ferroelectric capacitors exhibit a stable coercive voltage of less 
than 2.5 Vanda switched charge of more than 20 µcoulombs cm·2_125 (© 1989 IEEE). (b) 
Fcrroc1ectric.diclcctric film (lead zirconate titanate, PZT) sandwiched between two metal 
electrodes to form a non•linear capacitor built above existing circuitry. Reprinted with 
permission of Semiconductor International. 

current memory disks can. 
Fcrroclectrics are essentially compatible with conventional wafer processing and 

memory circuits. The manufacture of MOS transistors involves relatively mature 
technology, and only the fabrication of ferroelectric thin films on Si and SiO2 
substrates still needs to be further developed. In one reported design, a 256-bit 
demonstration chip uses capacitors fabricated with a thin film of lead zirconate titanate 
(PZT) ceramic as a dielectric sandwiched between two metal electrodes. This structure 
forms a "digital memory capacitor" built above existing semiconductor circuitry (Fig. 
8-44). Such PZT films remain ferroelectric from -80°C to 350°C, well beyond the 
operating temperature range of existing silicon circuits. Other ferroelectric materials 
being studied are lanthanum-doped PZT, and lithium niobate. 

FRAMs can be operated and programmed from a single 5 V power supply. In 
addition, because ferroelectric materials typically exhibit dielectric constants much larger 
than that of SiO2 (e.g., 1000-1500 versus the 3.8 to 7.0 of current DRAM capacitors), 

 
 

Dell Ex. 1008B
Page 257



638 SILICON PROCESSING FOR THE VLSI ERA - VOLUME II 

llR1VE n--­
Ll~E 

DIELtCT1HC I 

tnEl.Lt11HC2 

11ElJJOX 

Fig. 8-44 Cross sectional view of a ferroelectric memory cen.102 (© I 987 IEEE). 

a larger charge can be stored on a capacitor of the same size (for example, if a capacitor 
using a PZT film could store 10 µC/cm2 of charge, one of the same size using Si02 
could store only 0.1 µC/cm 2). If the smaller ferroelectric capacitor could be used, 
DRAM manufacturing could thus revert to the simpler planar process. 
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PROBLEMS 

8.1 Determine the width to length ratios for the static NMOS static RAM cell layout shown 
in Fig. 8~4a. Assume tlrnt the source and drain diffuse 0.5 µm into the channel, so that the 
electrical channel length is 1 µm less than the channel length measured in Fig. 8.4a. Use the 
above device data to calculate the nominal power consumption at standby, the readout current 
when the column lines are biased at +3.0 V, and the column voltage needed to change the 
state of the selected cell. 
8.2 For the cell of the previous problem, calculate the row and column capacitances and 
resistances per memory cell. Assuming that a read operation requires that the column voltage 
change from 3.0 to 2.5 V. Calculate the row and column delay times for a 4096 bit (64x64) 
array of these cells. 
8.3 A DRAM is required to operate with a minimum refresh time of 4 ms. The storage 
capacitor in each cell is 10 µm square, has a capacitance of 50 pF (50xJ0· 15 F), and is fully 
charged at 5 V. (a) Calculate the number of electrons stored in each cell. (b) Estimate the 
worst~case leakage current that the dynamic capacitor node can tolerate. 
8.4 Calculate tl1e area needed to make a trench-capacitor DRAM cell with the same 
capacitance as tltc capacitor in problem 8.3, assuming that the trench depth is (a) 1 µm deep, 
and (b) 5 µm deep, and the trench in both cases is 1 µm wide. Assume that the capacitance per 
silicon surface area is the same as in problem 8.3. 
8.5 Draw the layout for a NOR ROM implemented in silicon.gate NMOS technology with a 
level of detail similar to that shown in Fig. 8-31c. Calculate row (gate) and column 
capacitances per bit, assuming the gate oxide thickness is 100 nm, substrate doping is 
lxt015 cm~3. source/drain doping is lxt020 cm·3, the S/D junction depths and lateral 
diffusions are 1 µm, and the minimum feature size (i.e., polysilicon gate width and length) ""' 
10 µm. This ROM uses a load transistor formed with a depletion implant. (Do not neglect the 
capacitance from this imp1ant to substrate.) In addition, calculate the nominal current 
available when reading a stored zero (low column voltage). 
8.6 Given an EPROM cell as shown in Fig. 8~33b, assuming that the transistor 
characteristics if Gate 1 could be used as an input are those given above. (Of course, Gate 1 is 
not directly accessible in the EPROM device.) The oxide under Gate 1 is 100 nm thick, and 
that under Gate 2 is 120 run thick. The drawn channel dimensions arc W; L ~ JO /Lm. (a) 
Calculate the saturated drain current for this device with source grounded and 5 V applied to 
drain and Gate 2, assuming that the potential on Gate 1 is zero with O V on all other 
electrodes. (b) Assume that during writing a current of 10·11 A flows from Gate 1 to drain, 
induced by the high field in the drain depletion region. How long will it take for the 
potential on Gate 1 to change by 5 V due to this current? 
8.7 Calculate the threshold voltage seen from Gate 2 for the EPROM cell of the previous 
example, assuming the potential on Gate 1 is -5 V with O V applied to all other electrodes. 
8.8 For a floating-gate EPROM, the lower gate oxide has a dielectric constant = 4, and a 
thickness of 100 nm. The insulator above the floating gate has a dielectric constant of 10 
and is 100 run thick. If the current density Jin the lower insulators ls given by J :::: oE, where 

cr = 10·7 (0.-cm)'1, and the current in tltc other insulator is negligibly small, find the 
threshold voltage shift of the device caused by a voltage of 10 V applied to the control gate 
(Gate 2) for (a) 0.25 µsec, and (b) a sufficiently long time that J in the lower insulator 
becomes negligibly small. 
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