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ABSTRACT 

Contamination of silicon with trace amounts of copper during processing can 

adversely affect the gate oxide integrity of integrated circuits, resulting in substantial 

yield loss and reliability problems. Because of increased use of copper as interconnect 

material, cross-contamination during the production process must be avoided. 

Establishing adequate protocols for wafer handling and tool use requires understanding of 

the mechanisms by which copper affects the gate oxide and knowledge of acceptable 

contamination limits. The effect of copper contamination on thin gate oxide integrity was 

studied by purposely introducing small amounts of copper in controlled contamination 

experiments. 

Copper contamination causes gate oxide defects by precipitating near the Si/SiOi 

interface when the silicon is cooled from the processing temperature. The concentration 

at which defects start to appear on flat capacitors decreases with decreasing oxide 

thickness. When copper contamination from a contaminated ammonium hydroxide 

peroxide mixture cleaning solution occurs, deposition of more than 7 x 10'° atoms/cm" is 

required before the gate oxide integrity of 3 nm oxides is affected. Such levels are not 

readily exceeded in state of the art integrated circuit fabrication facilities using high-

grade chemicals. 

Copper deposition from contaminated hydrofluoric acid (HF) solutions results in 

oxide lifetime degradation for 3 nm oxides even when less than 1 x 10'° atoms/cm" is 

deposited. The copper catalyzes hydrogen evolution, which in turn causes dissolution. 
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and thus roughening, of the silicon surface. Roughening of the silicon is responsible for 

the reduced oxide quality. Thus, removal of the copper after contamination has occurred 

does not lead to recovery of the oxide quality. A copper contaminated silicon surface, 

which is immersed in uncontaminated HF, will also have reduced oxide lifetime. 

Precipitation occurs more readily at field overlap regions, since these regions have 

a large amount of mechanical stress, which getters contaminants and allows precipitates 

to nucleate and grow more easily. Field overlap precipitates result in a large field 

overlap-related defect density when copper contamination occurs. 

Copper contanunation from contaminated HF also results in bumps in an oxide 

that is subsequently grown on the surface. These local regions of thicker oxide can lead 

to threshold voltage non-uniformity. 
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I. INTRODUCTION 

Present semiconductor processing is donunated by Complementary Metal Oxide 

Semiconductor (CMOS) technology. In a Metal Oxide Semiconductor Field Effect 

Transistor (MOSFET), a gate dielectric is used to electrically insulate the gate from the 

channel region while still allowing control of that channel through its capacitance. 

Thermally grown silicon dioxide has traditionally been used as gate dielectric because of 

its excellent electrical and chemical properties (wide bandgap, high breakdown field, 

high thermodynamic stability and excellent interface with monocrystalline silicon). 

Scaling the MOSrcT to smaller channel lengths requires that the gate capacitance 

be increased (see section 1.1 for the reasons). Silicon dioxide's relative dielectric 

constant of only 3.9 means that extremely thin layers are required to achieve the desired 

capacitance. Oxide thickness is expected to scale linearly with the channel length by the 

authors of the National Technology Roadmap for Semiconductors (Table l.l). Industry 

representatives generally indicate that more aggressive scaling will be required. 

The drastic reduction in oxide thickness results in manufacturing and fundamental 

difficulties. Uniformity and reproducibility requirements become more difficult to meet. 

Boron penetration of the oxide becomes an issue. Yield targets become harder to meet 

and reliability of thin oxides is not well understood. Ultimately, the required oxide 

thickness (from a capacitance point of view) will become too small to restrict current 

flow between the gate and the chaimel of the MOSFET. However, because silicon 

dioxide has proved its use over the years, because it is easy and cheap to grow on a 
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silicon wafer and because is a well understood material, it is likely to remain in use as 

gate dielectric as long as possible. Change to an alternate gate dielectric is risky and is 

likely to be expensive. Therefore, identifying and resolving (where possible) the 

problems very thin oxides face in use as a gate dielectric is of great importance to the 

microelectronics industry. 

Table l.l. Projected gate oxide requirements [1]. Allowable defect densities are 

based on 10 critical steps at a 99% yield per critical step. 

Year of First Product Shipment 1997 1999 2001 2003 2006 2009 2012 

Technology Generation (nm) 250 180 150 130 100 70 50 

Equivalent oxide thickness (nm) 4-5 3-4 2-3 2-3 1.5-2 < 1.5 < 1.0 

Thickness control (% 3o) 4 i 4 4 

! i 

4-6 4-8 4-8 4-8 

DRAM GOI defect density (cm ") 0.6 0.3 0.26 0.14 0.06 0.03 0.01 

Logic GOI defect density (cm ') 1.5 1.5 1.1 0.8 0.5 0.4 0.3 

Chip area (MPU Year 1) (cm') 3.0 3.4 3.85 4.3 5.2 6.2 7.5 

1.1. Scaling: Why are thin oxides necessary 

CMOS device scaling is the result of a continuous drive to improved performance 

and increased circuit functionality. There are several reasons why the gate oxide 

thickness must be scaled down with the channel length. 

When the channel leng± is reduced, the fraction of channel length that is pinched 
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off at the drain when the device is operating in saturation increases. This short channel 

effect results in devices with lower output resistance. In analog circuits, the reduction in 

output resistance reduces the circuit gain. In digital applications (inverter based circuits) 

the slope of the DC transfer fiinction is reduced, resulting in a longer period of time that 

both transistors are on during switching. This means that the power dissipation will be 

larger. A lowering of the threshold voltage (roll-off) due to the trapezoidal shape of the 

depletion layer charge under gate control and punch-through also become possible for 

very short channel devices. To reduce the short channel effects, the channel doping must 

be increased. This makes the depletion layer thinner and therefore decreases the two-

dimensional effects. To maintain gate control of the channel as its doping is increased, 

the gate capacitance must increase in a proportional way. 

A second benefit of reducing the gate oxide thickness is an improvement in 

subthreshold slope. This will improve the ratio of on current to off current, which is 

important for low power applications. When the device is operating in the subthreshold 

region, the surface potential (which determines the channel carrier density) is determined 

by the oxide-channel and the channel-substrate capacitance ratio (the gate modulates the 

channel potential through the gate-channel capacitance and the substrate voltage 

modulates the channel potential through the channel-substrate capacitance). Therefore a 

larger gate capacitance will result in a larger change in channel carrier density per unit 

gate, leading to a larger subthreshold slope. 

A third benefit of reducing the oxide thickness is that, under certain conditions, 

reducing the gate oxide thickness can improve circuit speed (reduced signal propagation 
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delay). The output voltage Vom of an inverter-based circuit can be calculated using 

dV r °"' = r n n 
J .  'dS' dt 

where CL is the load capacitance and IDS the drain-source current. This does not include 

intrinsic capacitive effects or non-linear capacitive effects. The load capacitance consists 

of oxide capacitance (the gates of the next stage in the logic) and other (junction and 

interconnect) capacitance. A first order (i.e. linear) solution to (1.1), assuming that the 

output voltage swing is equal to the supply voltage Vjii and that the transistor remains in 

saturation, results in a simple expression for the propagation delay tpj, useful for 

comparative purposes: 

(1-2) 
IDS. 'iai 

The saturation current of a short channel MOS transistor when neglecting source, drain 

and interconnect series resistance can be expressed as [2] 

_ W^iCo. (VGS - VT)-
2 L , . Vgs - VT  ̂ ' 

2 

where W is the transistor width, L its length, |X the effective mobility, Qx the gate oxide 

capacitance per unit area, VGS the gate-source voltage, VT the transistor threshold voltage 

and Vsat the charge carrier saturation velocity. The linear solution is only valid if the 

MOSFET remains in saturation, since the drain-source current becomes very dependent 

on the output voltage when the device starts to go out of saturation. 

If the gate-source voltage is much larger than the threshold voltage and the load 
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capacitance is dominated by oxide capacitance, then the delay time is largely 

independent of the oxide thickness (Cox) and therefore there is no increase in circuit speed 

to be had by decreasing only the oxide thickness. If, however, the gate-source voltage is 

only slightly larger than the threshold voltage, then reducing the oxide thickness will 

increase the drain current in a more than linear way. The reason for this is that a decrease 

in the oxide thickness with all other things remaining equal will reduce the threshold 

voltage (when Co* is larger, the charge on the gate for the same gate voltage is larger, 

therefore there is more compensating charge in the channel since the depletion width is at 

its maximum). For low supply voltage applications, reducing the oxide thickness can 

increase speed because the reduction in threshold voltage will be important for the drain 

current when the gate-source voltage Is small (Figure 1.1). Experimental data for ring 

oscillator propagation delays confirms the increase in speed for low supply voltages [3]. 

This increase in speed comes at the price of a larger off current, and thus increased 

standby power dissipation. For low power applications (meaning a low supply voltage 

must be used to reduce switching power dissipation), a compromise between speed and 

standby power dissipation must be made. This compromise will depend on the expected 

ratio of switching frequency to transistor off time. 

A ring oscillator is a very dense circuit, and therefore the gate oxide capacitance 

of the next stage can be expected to be a large part of the total load capacitance. In a 

more realistic circuit, interconnect capacitance will play an increasingly larger role as the 

circuit becomes more complex. In future technology generations, interconnect 

capacitance will become more important than gate capacitance [4]. When the total load 
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capacitance becomes relatively independent of the oxide capacitance, an increase in 

speed is also obtained by reducing the oxide thickness (IDS increases but CL does not). 

Therefore, as power dissipation becomes more important (resulting ultimately in lower 

supply voltages) and as circuits become much more complex (resulting in more important 

interconnect capacitance), a decrease in oxide thickness results in an increase in circuit 

speed. It is therefore to be expected that the oxide thickness will be scaled more 

aggressively in the future than has been the case in the past. 

1000  ̂

S 100 * • i 
I •VDD = 5V 

cu >•••••••••" 

1 

0 5 10 15 20 25 30 

Oxide thickness (nm) 

Figure 1.1. Propagation delay versus oxide thickness for selected supply voltages 
(VDD), calculated using equations (1.2) and (1.3) with the load capacitance equal to the 
gate capacitance. Substrate doping = 2 x lO'' atoms/cm^, gate-substrate work hinction = 
OV, L = W= 0.1 ^im, ^ = 30 cm'A'^s and Vsai = 1.07 x 10^ cm/s. 

• VDD = 1.5V 

• VDD = 2V A 

AVDD = 3V 

• VDD = 5V ^ 

A fourth benefit of reducing the oxide thickness is a decreased body effect. When 

a substrate bias is applied, the threshold voltage increases. This happens because the 

channel-bulk depletion region becomes wider, therefore the gate charge necessary to 
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cause inversion also becomes larger (the gate charge must image a larger charge when a 

substrate bias is present). Decreasing the oxide thickness increases the gate capacitance 

and therefore less gate voltage is necessary to image this extra substrate charge. A 

reduced bulk effect will therefore result in a substantial gain in speed (Figure 1.2). A 

substrate bias will be present in NAND-NOR logic when series transistors are placed in 

the same well (which is usually done to reduce chip area. A thinner oxide may allow a 

greater number of series MOSFETS to be placed in the same well (Figure 1.3). 
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Figure 1.2. Propagation delay versus oxide thickness for selected substrate voltages 
(Vsub), calculated using equations (1.2) and (1.3) with the load capacitance equal to the 
gate capacitance. L = W= 0.1 ^im, ^ = 30 cmWs, supply voltage = 3 V and Vsat = 1.07 x 
lO' cm/s. 
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Figure 1.3. Oxide thickness versus substrate voltage for a fixed propagation delay (30 ps) 
calculated using the method used to obtain Figure 1.2. 

1.2. Tunneling current in thin oxides 

The barrier height <I>b for electron injection from Si into SiOo is 3.15 eV. When 

the voltage across the oxide Vox is larger than 3.15 V, electrons can tunnel into the 

conduction band of the oxide through a triangular barrier (Figure 1.1.a). Assuming 

degenerate accumulation in the silicon, the relationship between tunnel current and 

applied oxide field Eo* can be detemnined using the Wentzel Kramers Brillouin (WKB) 

approximation. The resulting expression for Fowler-Nordheim tunnel current JFN is [5] 

f-C) JFN = exp — (1.3) 

where 

16jt/i<I> 
(1.4) 
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C = (1.5) 
3 qh 

and q is the electron charge, ft is Plank's constant divided by lit and m*jj is the electron 

effective mass in silicon oxide. The theoretical value of B is 4.9 x 10"' A/Y". A best-fit 

value for C for oxides with a thickness of about 3 nm is 210 MV/cm [6]. This means that 

the electron effective mass in thin silicon oxide layers is about 0.3. 

If the applied voltage is less than 3.15 V, electrons can tunnel directly through the 

trapezoidal oxide barrier (Figure 1.1.b). The direct tunnel current JDT derived using the 

same approximations as used to derive the Fowler-Nordheim equation, is given by [6]: 

-(pB-qVo,)^ r  _  BEOX 
~ aV / >< -0* V <DB/: 

(1.6) 

Direct tunneling occurs when the oxide voltage is smaller than the barrier height 

while Fowler-Nordheim tunneling occurs when larger oxide voltages are present. Figure 

1.2 shows measured tunnel current curves for some thin oxides. The change in slope 

indicates the change in tunneling mechanism. 
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Figure 1.1. Band structure for (a) Fowler-Nordheim tunneling and (b) direct tunneling. 
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Figure 1.2. Measured tunnel current in capacitors with a thin oxide on p-type substrate. 
Samples were prepared and measured following the procedures outlined in chapter 2. 
Direct tunneling (DT) is observed when the applied voltage is less than 4.6 V and 
Fowler-Nordheim tunneling (FNT) is observed when the applied voltage is greater than 
4.6 V. 

A fit of analytic current-voltage relationships with measured data shows a good fit 

for voltages above 1.5 V [7]. The analytic direct tunneling current equation results does 

not fit the measured direct tunnel current well for low voltages because the condition of 

degenerate accumulation is not satisfied for low voltages. The calculated current can be 

several orders of magnitude too large. A more careful approach which treats the 

inversion or accumulation layer as a narrow potential well and solves the complete 

Schrodinger equation results in a much better fit to measured data [8]. Unfortunately this 

solution can not be expressed analytically. This quantum mechanical correction also has 

tox = 3.0 nm 

tox = 4.0 nm nW \ 
FNT DT 

tox = 4.2 nm 

tox = 7 nm 
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been shown to explain deviations in the capacitor-voltage characteristics for very thin 

oxides [8]. The effect of the quantum mechanical corrections is to shift the inversion or 

accumulation charge away from the interface model (resulting in an apparent increase in 

oxide thickness). The corrections therefore predict a reduction in tunnel current versus 

the analytical model. These effects are the result of the large value of the gate 

capacitance and are therefore not limited to an SiOi gate dielectric. Treatment of high-K 

dielectric materials must deal with these issues too. For very thin oxides, it is essential 

that polysilicon depletion, degenerate carrier statistics and confinement effects be 

considered simultaneously for accurate simulation of the MOS structure, particularly at 

low gate voltages. 

1.3. Processing issues for thin oxides 

1.3.1. Manufacturing issues 

The capability to manufacture very thin oxides in a mass production process 

environment could be called into question. A 3.0 nm oxide is only about 10 atomic 

layers thick and the required three standard deviation control of 4 % (Table 1.1) means 

that thickness control of less than a single atomic layer is required. Growing the gate 

oxide to these specifications therefore requires extreme control of the oxidation rate. 

Reductions in oxide thickness have been achieved in the past by lowering the oxidation 

temperature while maintaining a relatively constant oxidation time (order of magnitude 2 

hours). This is done to ensure that uncontrolled oxidation during the beginning and 

ending of the oxidation cycle, which can lead to wafer, boat and run-to-run non-
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uniformity, is only a minor contribution to the total thickness. Because the oxidation 

rate decreases as the thickness increases (because it becomes diffusion limited), oxidation 

is a self-limiting process and therefore a relatively constant oxide thickness is obtained 

across the wafers and throughout the boat (thinner regions will tend to oxidize faster and 

therefore catch up to thicker regions). This self limiting benefit is lost as oxides become 

extremely thin, because a larger portion of the oxidation cycle is now rate limited 

oxidation, and in this regime the rate is independent of the oxide thickness already 

present [9]. Despite these difficulties, it has been demonstrated [10] that controllable 

furnace oxidation Is still possible for oxides down to 1.7 nm thickness. A lower 

temperature is used in combination with short oxidation time and reduced partial pressure 

of oxygen (10 % O2 in N2) in an advanced oxidation tool (a cluster tool in which the 

wafer is not exposed to any ambient gases between cleaning and oxidation and between 

oxidation and polysilicon deposition). The wafer uniformity, measured by monitoring 

tunnel current at a fixed voltage across the wafers (tunnel current is exponentially 

dependent on thickness and is therefore a good measure for thickness uniformity), is 

found to be within the NTRS uniformity specifications shown in Table l.l. No data on 

reproducibility has been published, however, one might speculate that this is mostly 

determined by the equipment and by the oxidation recipe. 

Accurate measurement of the oxide thickness is still a concern. Ellipsometry 

produces a number for very thin oxides, although the meaning of this number becomes 

somewhat speculative. The refractive index can no longer be determined independently 

from thickness, and therefore a bulk silicon oxide value is assumed (typically a value of 
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1.46 is chosen). It is questionable that this assumption is valid for oxides that are just a 

few atomic layers thick, since the stressed interface region becomes a larger part of the 

oxide and it is likely to have different optical properties than bulk silicon oxide. 

Ellipsometry will probably remain useful as a process monitoring technique, but there 

may be a substantial offset with the electrical thickness. Other techniques for oxide 

thickness measurement are available (TEM, XPS), but they are time consuming and 

destructive and they too have some problems with accuracy. In addition, electrical 

thickness (the thickness which determines the device properties) no longer corresponds to 

the physical oxide thickness. Gate depletion, confinement effects and degenerate carrier 

statistics as well as a possibly different dielectric constant in the interface region result in 

an offset between the electrical and physical oxide thickness. Even though electrical 

thickness is the important parameter from a standpoint of device operation, it is still 

important to know the physical thickness, since tunnel current and certain processing 

issues (such as boron penetration and the gate etch stop) are dependent on physical 

thickness. Since identification and correction of problems requires knowing where they 

originate, accurately being able to measure the physical oxide thickness remains 

essential. 

1.3.2 Boron penetration 

pMOS Uransistors fabricated using an n-type polysilicon gate require large 

threshold voltage (VT) adjust implants, since the gate-substrate work function (^MS) IS 

large and tends to accumulate the surface. A large gate voltage is therefore needed to 

invert the surface (turn the device on). Rather than apply a larger voltage, a negatively 
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charged impurity is implanted at the Si-SiOi interface to adjust the threshold voltage. As 

the oxide diickness is reduced, ever larger doses of threshold voltage adjust are required 

because the oxide capacitance increases and the threshold voltage shift per unit charge Q 

is reduced (AQ = COX AVT). If the threshold voltage adjust implant could be fabricated as 

a sheet of charge, this would not be a major issue (although large impurity implants still 

result in mobility degradation), however implantation and dopant activation always 

results in a layer with a finite thickness. The net result is that a buried channel device is 

formed which behaves as if the device had a thicker gate oxide. Therefore the gate has 

less control over what happens in the channel. By changing the gate material to p-type 

polysilicon for the pMOS device, the work function of the gate is decreased by about 1.1 

eV (the bandgap width of silicon), which partially depletes the channel at zero gate bias 

and therefore substantially reduces the threshold voltage. 

One of the problems facing the use of p-type polysilicon as gate material is that 

boron (which is used as gate dopant) has a tendency to diffuse through a thin oxide. This 

can cause uncontrolled threshold voltage shifts. Boron diffusion actually becomes worse 

as the oxide becomes very thin because boron diffusion through the strained layer at the 

Si-SiOi interface is easier [11]. Since the strained layer becomes a larger fraction of the 

oxide as the oxide thickness is reduced, this results in a higher effective diffusion 

coefficient of boron in the oxide. 

The effect of boron diffusion is exacerbated by the presence of fluorine, since 

boron diffuses faster through silicon oxide in the presence of fluorine. This is a problem 

since BFj is commonly used as boron source during implantation (in order to obtain 
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reproducible shallow junctions). Since junctions and polysilicon are doped at the same 

time in a self-aligned CMOS process, the BF2 implant results in the presence of fluorine 

in the gate that causes the boron to diffuse more easily through the gate oxide. 

Polysilicon grain size disuibution also affects boron diffusion [12]. Boron 

diffuses rapidly along grain boundaries, causing a non-uniform boron distribution at the 

polysilicon-SiOi interface. This in turn will cause non-uniform boron diffusion through 

the gate oxide and therefore a non-uniform threshold voltage along the channel. 

Additionally, flatband shifts are very sensitive to post implant anneal conditions [13]. 

Boron diffusion from a p-type gate can be reduced by reducing the thermal budged after 

polysilicon doping, by using a capping layer or by using a more diffusion resistant gate 

dielectric. 

1.3.3 Yield and reliability 

The gate oxide thickness used in mass production of silicon devices was reduced 

from 70 nm to 13.5 nm as devices have been scaled from 3 |xm channel length to 0.6 ^im 

between 1977 and 1991 [10]. This has been possible even with a constant supply voltage 

of 3 V because improvements in processing have dramatically increased the yield and 

reliability of oxides. When oxides of different thickness are grown using the same basic 

technology (i.e. only the oxidation time is changed), it is found that the defect density 

decreases with decreasing oxide thickness until it reaches some critical thickness, 

whereupon the defect density starts to increase again (Figure 1.3) [14]. Also, when the 

oxide thickness is larger than the critical thickness, the defect density is found to decrease 

when the bulk silicon quality is improved. No significant difference in defect density is 
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observed between wafers of different bulk silicon quality when the oxide thickness is 

smaller than the critical thickness [14]. The presence of two types of defects can explain 

these results: bulk defects and surface defects. As the oxide thickness is decreased, the 

volume of silicon consumed during the oxidation also decreases, resulting in a lower 

probability that a silicon defect is included in the oxide. This means that a reduced defect 

density is expected for thinner oxides and for oxides grown on higher quality silicon. 

However, at some thickness (which is technology, mostly cleaning, dependent) the 

surface defects become more important and the defect density rises again as the oxide 

thickness is reduced further. 
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Figure 1.3. Oxide defect density versus thickness for Czochralski (Cz) silicon and 
epitaxial (epi) silicon (data from [7] and our own data). Trends are consistent with 
relative defect densities shown in [14]. Epi silicon has better bulk properties. 

Current processing technology is such that the minimum in oxide defect density 

occurs between 3.0 nm to 5.0 nm and the value of the defect density (around 0.3 
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defects/cm") satisfies mass production requirements (Table 1.1). However, an increase 

in the defect density is still observed for thinner oxides (Figure 1.3). Since chip size 

tends to increase with each generation, the defect density goal becomes much more 

stringent with each generation (Table 1.1). Therefore, the defect density must improve 

substantially for these very thin oxides (< 3.0 nm) to become process viable. 

In order to be useful as gate dielectric, a thin oxide must also have a long enough 

lifetime under device operation voltages. Because supply voltages have not tended to 

scale down to the same extent as the oxide thickness, the oxide field has increased with 

each generation, placing additional reliability demands on the oxide [15]. 

There is conflicting evidence whether or not reliability issues become more or less 

important for very thin oxides. Very thin oxides exhibit substantially reduced stress-

induced leakage current (SILC) and have much higher charge to breakdown (Qbd) values 

[7]. Thin oxides have larger Qbd values because the charge carriers tunneling through 

the oxide are no longer energized sufficiently in the conduction band of the oxide to 

cause damage [16]. This suggests that lifetime reliability issues are not a major concern 

for thin oxides (although hot carrier injection could still be a problem because this is 

related to hole injection). Very thin oxides are also much less sensitive to charging 

during processing, because the charge can tunnel through the oxide easily without 

causing a lot of damage [17] (not a lot of voltage is built up across the oxide). There is, 

however, considerable uncertainty as to the role and importance of electric field and 

injected current density in the degradation of gate oxides. Models to extrapolate time to 

breakdown using electric field (Eox)< the inverse of electric field (1/Eox) iuid oxide voltage 
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(Vox) have all been proposed. For thin oxides, time to breakdown (or charge to 

breakdown) using constant voltage stress results in the most reliable data [18]. This is so 

because degradation and breakdown of oxides is related to the electron energy at the 

anode [19,20]. When transport of the electron through the oxide is ballistic, the voltage 

across the oxide is a measure for the anode electron energy. This contrasts with thicker 

oxides (oxide thickness greater than 7 nm), where electrons interact with the oxide and 

therefore the oxide field determines the anode electron energy. For thicker oxides 

therefore, constant current stress is appropriate since there is a unique relationship 

between the current density and the oxide field [ 18]. 

1.3.4. Copper as a contaminant 

Micro contamination is one of the fundamental limitations to integrated circuit 

production yield [21]. Metallic contaminants present on a silicon wafer surface may 

cause irreversible damage to semiconductor devices fabricated on them, and copper is no 

exception to this rule. It will reduce the minority carrier lifetime, decreasing the refresh 

time for DRAM's [22] and increasing the reverse bias junction leakage current [23]. It 

will cause increased gate oxide leakage current and reduce the breakdown voltage of the 

gate oxide. The copper concentration threshold at which these effects start to have an 

influence on devices is in the neighborhood of 10'2 atoms/cm^ for semiconductor 

processes with an oxide thickness of 15-25 nm [23,24,25]. This threshold can be 

expected to decrease in the future as device dimensions are scaled down. The presence of 

copper contamination on a hydrophobic silicon surface significantly increases the re-

oxidation rate [26,27], which may cause process control problems. 
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Copper contamination is a critical issue since it is increasingly being used as 

interconnect material. The increase in performance this brings (about 25%) comes with a 

requirement for improved contamination control [28]. To help determine what 

precautions are necessary, the effect of copper contamination on devices must be 

quantified as a function of concentration. Better understanding of how copper affects 

microelectronic devices and at what levels it does so should lead to more cost effective 

contamination monitoring and control strategies. 
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2. EQUIPMENT AND EXPEJUMENTAL PROCEDURES 

A reproducible, low defect density gate oxide capability as well as electrical 

evaluation capability for these oxides was developed. 

2.1. Environment 

Particles present on the silicon surface can result in oxide breakdown. They can 

therefore reduce the gate oxide yield. To ensure a high baseline oxide yield, it is 

therefore necessary to form the gate stack in as good (particle-free) an environment as is 

available. The highest level of clean room protocol must be observed. For this reason, 

all the equipment required for the growth of thin oxides was installed in the Center for 

Microcontamination Control (CMC) class 10 clean room at the University of Arizona. A 

complete bunny suit, a mouth cover and particle-free gloves were always worn when 

handling wafers or equipment. 

2.2. Consumables 

2.2.1. Wafers and wafer handling 

For all experiments, six inch diameter p-type wafers with (100) orientation were 

used. Both Czochralski (Cz) (resistivity 1-16 Q cm) and p on p+ epitaxy (epi) wafers 

were used (3 |im epi layer with doping of 1.8-2.2 x lO'^ atoms/cm^). 
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Wafers were bandied using vacuum wands with polyether-ether-ketone (PEEK) 

tips (from RECIF Handling Systems). Dedicated perfluoroalkoxy copolymer (PFA) 

wafer carriers (from Fluoroware, Inc.) were used in the cleaning solutions. 

2.2.2. Chemicals and chemicals handling 

Semiconductor grade chemicals (from Olin Microelectronic Materials 

Corporation) were used for sulfuric peroxide mixture (SPM) cleans, for hydrochloric 

peroxide mixture (HPM) cleans and for buffered hydrofluoric acid (BHF) contamination 

experiments. Part per billion (ppb) grade chemicals (also from Olin Microelectronic 

Materials Corporation) were used for all Anmionia Peroxide Mixture (APM) cleans and 

Dilute Hydrofluoric Acid (HP) cleans. High grade chemicals were used for APM and HP 

cleans because these solutions are known to readily deposit certain trace contaminants 

onto a silicon surface. Dedicated graduated cylinders were used to measure chemicals 

quantities where necessary. 

Copper atomic absorption (AA) and inductively-coupled argon plasma (ICP) 

spectrophotometer (AA/ICP) calibration standard solution in 1.2% nitric acid (HNO3) 

(from Aldrich Chemical Company) was used as a copper contamination source except 

where stated otherwise. A pipette (from Finpipette Corporation) with contamination free 

(metal certified) tips was used to introduce accurately known amounts of copper 

contamination into cleaning solutions. 



39 

2.2.3. Gases 

All gases are supplied to the oxidation fiimace using high-purity stainless steel 

tubing and regulators. Research grade oxygen from a cylinder (99.998%) (from Air 

Products and Chemicals, Inc.) was used for oxidation. Usually, diluted oxygen is used to 

reproducibly grow very thin oxides. Nitrogen or argon can be used as carrier gas. Boil-

off nitrogen that has been purified in a 7000 XL nitrogen gas purifier (from Ultra Pure 

Systems, Inc.) was used unless otherwise specified. Research grade argon from a 

cylinder (99.9995%) was used in other cases. 

2.3. Wet Bench 

A Bold Technologies manual wet bench was used for all wet chemical treatments 

of silicon wafers. The wet bench contains two fused silica constant temperature baths, 

one polyvlnylidene fluoride polymer (PVDFO etch bath and one PVDF automatic dump 

rinse unit. One of the fused silica constant temperature baths was used as a dedicated 

SPM bath. The SPM always consisted of 4 parts sulfuric acid (96% H2SO4) with I part 

hydrogen peroxide (31% H2O2) at 95 °C unless stated otherwise. The second fused silica 

constant temperature bath was used for both APM and HPM cleans. APM cleans always 

consisted of I part ammonium hydroxide (29% NH4OH), I part hydrogen peroxide and 5 

parts de-ionized water (DI) at 75 °C. HPM cleans always consisted of I part 

hydrochloric acid (37% HCl), I part hydrogen peroxide and 5 parts de-ionized water at 

75 °C. The PVDF etch bath was used as a dedicated dilute 1% hydrofluoric acid (HF) 

bath at room temperature. HF was continuously recirculated over a filter (see section 
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3.1). BHF was made up of 30 parts ammonium fluoride (40% NH4F) and I part HF 

(49%). Rinsing was done in the dump rinse unit with de-ionized water in overflow 

setting for ten minutes. The volume of the rinse tank is 10.75 liters and the flow rate is 

21.5 liters/minute. Wafers were dried manually using a nitrogen gun. 

2.4. Furnace 

A Silicon Valley Group (SVG) Thermco Systems vertical thermal reactor VTR-

6000 was used to grow thin gate oxides. The VTR-6000 is an atmospheric pressure 

vertical thermal reactor, that functions as a fully free standing processing unit. Wafer 

handling (loading and unloading) and boat motion is fully automated, as is temperature 

and gas control. A complete system overview can be found in reference [29]. 

The furnace was purged with 8 standard liters per minute (SLM) of nitrogen for at 

least one hour prior to any oxidation cycle. Between cycles, the flow was kept at 1 SLM 

when the door was open and 2 SLM when the door was closed. Quartz seals were purged 

with nitrogen during all oxidation cycles. The furnace was always loaded at 650 "C. 

Tube loading was done with a gas flow of 20 SLM. Loading, initial temperature 

stabilization (15 minutes), ramp up to oxidation temperature (at 10 °C/minute) and 

oxidation temperature stabilization (15 minutes) was done in diluted oxygen in nitrogen 

(except where otherwise specified) with a total gas flow of 8 SLM as specified in ramp 

up ambient column of Table 2.1. Oxidation was done according to the specifications in 

Table 2.1. Total gas flow during oxidation was 8 SLM when diluted oxygen was used 

and 4 SLM when pure oxygen was used. Ramp down to 650 °C was done at 10 °C/min 
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in 8 SLM of nitrogen (no oxygen flow). Wafers were pulled from the fiimace at 650 °C 

with a flow of 8 SLM of nitrogen. 

Table 2.1. Oxidation conditions. 

oxide thickness ramp up ambient j temperature 

1 

ambient time 

3 nm 1% OT in N2 800 C 10% O2 in N2 45 minutes 

4.5 nm 1% O2 in N2 850 C 10% O2 in N2 45 minutes 

7.0 nm 5% O2 in NT 900 C 100% O2 45 minutes 

30 nm 5% O2 in NT 1000 C 100 % O2 60 minutes 

VTR quartzware was cleaned periodically using dilute HF. A bubbler with trans-

dichloroethylene (£)CE) was installed as an organic chlorine precursors to make possible 

hydrochloric acid (HCl)-based oxidation and gas-phase furnace cleanup. HCl-based gas-

phase cleanups of the furnace were also performed periodically. 

2.5. Gate formation 

Aluminum gate capacitors were formed in an evaporation system using a shadow 

mask (circular capacitors with an area of 7.85 x 10'^ cm" and 0.196 cm"). An evaporation 

system has the advantage over a sputtering system for gate formation because the residual 

energy of the impacting metal is substantially lower. It is therefore much less likely that 

the gate oxide will be damaged during the gate deposition [30]. 
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2.6. Metrology 

2.6.1. Particle detection 

A SURFSCAN 5500 (from Tencor Instruments) was used for particle 

measurements on silicon wafers. It measures the size, number and location of wafer 

particles using laser light scattering. It is sensitive to particles with a scattering cross-

section between 0.003 |j,m~ and 1024 ^.m". 

2.6.2. Mass Spectrometer 

A quadrupole mass spectrometer QMG 421-4 (from Balzers Instruments) was 

used to determine gaseous impurity concentrations in the furnace. The mass 

spectrometer has detection limits of 30 ppb of O2 and 600 ppb of H2O in an inert carrier 

gas (nitrogen or argon). Gas sampling was done using a fused silica probe connected at 

the reference thermocouple port. Its inlet was positioned at the side of the oxidation tube 

halfway up to the top. 

2.6.3. Ellipsometry 

A dual-mode automatic L116A ellipsometer (from Gaertner Scientific 

Corporation) was used to measure the oxide thickness. Oxide refractive index was set to 

1.46. Nine points were measured on each wafer. 

2.6.4. TXRF 

Total-reflection X-ray Fluorescence (TXRF) was used to determine surface 

concentrations of metals on silicon. Measurements were performed at Charles Evans & 
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Associates using a Technos TREX 610 instrument. The practical detection limit for 

copper is 1 x 10'° atoms/cm^ 

2.6.4. Electrical measurements 

Electrical measurements were made with an HP 4062C Parametric Test System 

with an Electroglas I034X automatic wafer probe station and with an HP 4142B Modular 

DC Source/Monitor with a manual probe station. The breakdown field of MOS 

capacitors was measured by forcing a voltage ramp and measuring the tunnel current. 

The breakdown field (Ebd) is the point at which a sharp increase in tunneling current is 

observed. The algorithm to determine the breakdown point from the current voltage 

measurement is described in Appendix A. Constant current charge to breakdown (Qbd) 

measurements of MOS capacitors were performed by forcing a fixed current density 

through the oxide and determining the time at which a sharp voltage drop occurs. The 

Qbd value is the breakdown time multiplied by the current density. Time dependent 

dielectric breakdown (TDDB) was measured by applying a constant voltage and 

determining the time at which a sharp increase in tunneling current occurs. 

2.7. Oxide breakdown modeling 

2.7.1. Defect density modeling 

A capacitor can be viewed as a large number of imaginary small capacitors in 

parallel. A failure in any one of these will cause the capacitor to fail. The probability of 

failure of one of these small capacitors p is small and the number of small capacitors N is 
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large. The product of the failure probability and the number of small capacitors is the 

expected (average) number of failures per capacitor X (= p N). 

If there is no clustering of defects, then the failures in the small capacitors are 

randomly distributed. That is, the probability of failure in one small capacitor is 

independent of failures in other small capacitors. If the size of a failure region is small 

relative to the capacitor area, then the number of small capacitors into which a capacitor 

can be divided is large. If a small number of failures occur randomly in a large number 

of regions, then the probability of tinding exactly n failures p(n) is given by the Poisson 

approximation to the binomial distribution [31]: 

p(n) = -^e~^ (2.1) 
n! 

The average number of failures per capacitor X is equal to the product of the 

capacitor area A (units: cm") and the defect density D (units: defects/cm"). The yield Y, 

which is the fraction of capacitors with no failures (n = 0), can therefore be expressed as 

Y = p(0) = e-^ =6"^'^ (2.2) 

The yield of a set of test capacitors with known area can be measured, and from this yield 

the defect density can be determined: 

D = (2.3) 
A 

2.7.2. Extreme value distribution functions 

The actual breakdown spot of a capacitor is usually extremely small compared to 

the capacitor size. Breakdown therefore takes place at the weakest of a very large 



45 

number of spots. If time to breakdown at various spots is independent, so-called 

extreme value distributions can be used to describe breakdown distributions [15]. The 

extreme value disuibution of exponentially-distributed values that are limited on one side 

(time to breakdown can not be negative) can be expressed by the double exponential 

function 

Ln(-Ln( 1 - F)) = (2.4) 
O/On 

F is the cumulative failure distribution and tm is the modal lifetime, which can be 

calculated from the mean time to failure Ln(t) and the standard deviation of the time to 

failure a: 

Ln(t^)  =  Ln(t)  +  YNa/aN (2.5)  

YN and ON are theoretical values which approach y and V6 / 7i respectively for large 

sample sizes [32]. From equation 2.4, it is clear that a plot of Log(-Ln( 1-F) or Ln(-Ln( 1-

F)) versus the logarithm of the breakdown time results in a straight line (such a plot is 

sometimes called a Weibull plot). 

2.7.3 Limitations of the parallel capacitor model 

The parallel capacitor model is limited to modeling lateral Held variations with 

wavelengths larger than the size of the elementary capacitors. Non uniform electric fields 

will result in a defect not being detected (or the reverse) only when the defect does not 

alter the strength of the oxide to a great extent (that is, defects causing electrical shorts or 

low field breakdown will be detected irrespective of lateral field variations). Current 
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understanding of the phenomenon of oxide breakdown holds that a percolation of traps 

in the oxide generated by electrical stress is responsible for intrinsic oxide breakdown 

[33]. Such a mechanism will have a lateral spread of the order of the oxide thickness. It 

is likely that a defect, which affects the oxide strength in a minor (but still important) 

way, is one that enhances the normal (intrinsic) degradation of the oxide. This suggests 

that the minimum small capacitor size is of the order of the oxide thickness. 

Fringing fields, present at the edge of a capacitor, limit the modeling of a 

capacitor as a one-dimensional structure to devices substantially larger than the extent of 

the propagation of the lateral field. To determine the range of this spill-out, the two-

dimensional field at the edge a MOS capacitor in accumulation was modeled. The oxide 

thickness was set to 3 nm, the gate potential to -3.5 V and the silicon surface potential 

under the gate was set to -0.3 V. The one-dimensional Poisson equation was solved for a 

p-type substrate (doping 2 x lO'"* atoms/cm") in accumulation using a Gauss-Kronrod 

integration algorithm. The silicon surface potential away from the gate was assumed to 

increase towards 0 V in the same way. Reflecting boundary conditions were used at 

boundaries that are oxide. The Laplace equation in the oxide regions was solved 

numerically using the five point finite difference method. A square grid with 0.15 nm 

spacing was used. 

Calculated potential contours are shown in Figure 2.1. Since the potential contour 

lines are squeezed together near the sharp edge of the gate, the electric field, which is the 

gradient of the potential, is large in this region. However, the field decreases quickly as 

the distance from the edge increases. Figure 2.2 shows the vertical component of the 
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electric field along the gate (vertical coordinate = 0) as a function of horizontal distance 

from the gate edge. It reaches a peak (for a perfectly sharp edge this is a singularity) at 

the edge, but falls off quickly with distance. Under the capacitor gate at a distance of 6 

nm from the edge, the field is less than 0.15% different from the value obtained using the 

one-dimensional model. Lateral field non-uniformity can therefore be neglected for 

practical devices. 

Oxide boundary 

silicon surface with decreasing accumulation silicon surface in accumulation 

Figure 2.1. Schematic drawing of the capacitor edge with calculated potential contour 
lines. Dimensions are in nm. 

The shape of the oxide barrier strongly influences the tunnel current that flows 

between the gate and silicon substrate. Under the capacitor gate at a distance of 6 nm 

from the edge, the barrier is essentially equal to the one-dimensional barrier. At the edge, 

there is a dip in the barrier (Figure 2.3), which will lead to excess current at the edge. 
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Figure 2.2. Vertical component of the electric field at the capacitor gate edge (vertical 
coordinate = 0) as a function of horizontal distance from the gate edge. 
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Figure 2.3. Potential between the gate and silicon substrate at the capacitor gate edge and 
6 nm from the edge. The solid line is the potential obtained using a one-dimensional 
model. 
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3. BASELINE GATE OXIDE QUALITY 

Because the effect on gate oxide yield of any process parameter to be studied may 

be small (yet still of critical importance for advanced IC processes), the baseline yield of 

the gate oxide capability should be as high as possible. A high baseline yield will 

increase the sensitivity of gate oxide integrity as an evaluation tool for pre or post gate 

oxidation technology. It will make results more meaningful, easier to interpret and more 

relevant to industry. 

To achieve a high baseline yield, a wafer cleaning procedure based on a SPM/HF 

bath sequence was developed and optimized. This sequence of cleans is known to 

remove particles and metals from the wafer surface. The cleanliness of the furnace was 

measured and improved, also to increase the baseline yield. The oxide thickness 

uniformity and baseline defect density and their statistical uncertainty were then 

determined. 

3.1. Wafer cleaning 

The particle removal efficiency of a SPM/HF/N2 blow dry cleaning sequence in 

the wet bench was determined by cleaning 25 particle-contaminated wafers. 

Approximately 70% of particles detectable with the Tencor 5000 are removed. The 

removal efficiency improved to about 90% when 0.2 |jjn TEFLON Cheminert particle 

filters (from Pall Filter, Inc) were installed in the HP recirculation loop. Trace metal 
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contamination after the clean was consistently below the detection limit of TXRF (about 

1 X 10'° atoms/cm"). 

3.2. Furnace cleanliness 

Initial monitoring of the gas purity in the SVG VTR-6(X)0 furnace with the mass 

spectrometer showed significant gas leakage into the oxidation tube. To help locate the 

main source of contamination, a Dwyer Magnehelic 2002C differential pressure gauge 

was attached to the oxidation tube exhaust. Even when a large amount (20 SLM) of 

nitrogen was forced through the tube, the pressure inside the oxidation tube was 

essentially equal to the surrounding (support area) pressure (with the furnace exhaust 

disconnected from the lab exhaust duct). Connecting the furnace exhaust to the lab 

exhaust duct resulted in a negative pressure at the measuring point. From this result, it 

could be concluded that a very large leak was present in the tube. This large leak to the 

support area resulted in a large flow of ambient (support area) air into the oxidation tube. 

The leak was traced to incomplete closing of the furnace door, which in turn was the 

result of incorrect alignment of the furnace door and incorrect alignment of the sensor 

responsible for detecting door closure. Accurate realignment of both the furnace door 

and the door closure sensor allowed the door to be properly closed. 

With the door properly closed, the tube had positive pressure relative to the 

support area only when the gas flow was very high. When the flow was small, the 

relative pressure was negative as a result of the low pressure in the exhaust duct 

(necessary to remove oxidation tube gas and scavenge gas from possible leaks in the gas 

chamber of the furnace). A quarter inch, PFA exhaust extension tube (about 5 feet long) 
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was inserted between the oxidation tube exhaust and the main fiimace exhaust duct 

(which has a 1 inch diameter opening) (Figure 3.1) to act as a resistance to gas flow 

between the oxidation tube and the main fiimace exhaust duct. A pressure drop occurs 

across the exhaust extension tube when gas flows through it. The desired situation 

(positive pressure in the oxidation tube, negative pressure in the main fiimace exhaust 

duct) can be achieved in this manner. 

to lab exhaust duct 

process gas inlet 

fumace oxidation tube 

furnace main exhaust duct 

exhaust extension tube 

oxidation tube exhaust 

Figure 3.1 Exhaust system of the SVG VTR60(X). The exhaust extension tube was 
inserted between the oxidation tube exhaust and the fiimace main exhaust duct to 
increase the oxidation tube pressure during gas flow. 

The pressure in the main fumace exhaust duct (with the lab exhaust duct 
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connected) is about 1.17 " H2O below the support area pressure. The pressure in the 

oxidation tube was measured as a function of nitrogen flow, both without and with the 

exhaust extension tube connected to the main fiimace exhaust duct (Figure 3.2). The 

flow in the exhaust extension tube is approximately PoiseuiUe type because the gas flow 

is roughly linear with the pressure drop across the tube (Appendix B). Figure 3.2 shows 

that with the exhaust extension tube, a flow of 1.50 SLM is required to maintain the 

oxidation tube at the same pressure as the support area. 

2 

1.5 

0.5 

0 

-0.5 
Lab exhaust on 

Lab exhaust off 

-1.5 
2.5 0.5 0 

Niurogen Flow (SLM) 

Figure 3.2. Pressure in the oxidation tube (measured at the furnace exhaust) relative to 
the support area pressure as a function of nitrogen flow in the tube. 

The residual oxygen concentration in the oxidation tube was measured after a 

purge with nitrogen at different flow rates. Oxygen concentrations after no further 

change in concentration is observed are shown in Figure 3.3. A larger amount of residual 
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oxygen is present when the flow rate is less than 2 SLM. This is consistent with the 

relative pressure measurements show in Figure 3.2. When the flow rate is smaller than 2 

SLM, impurity gases can diffuse from the exhaust or from the support area (through 

imperfect fiised silica to fiised silica seals) into the oxidation tube. When the flow rate is 

larger than 2 SLM, impurities can not diffuse up the gas flow in the exhaust extension 

tube. Also, because the pressure in the oxidation tube is now positive with respect to the 

support area, flow through leaks is away from the oxidation tube. 

0 3 4 5 6 7 

Nitrogen flow (SLM) 

10 

Figure 3.3. Oxygen contamination in the furnace as a function of the purge flow. 

Because a slight overpressure in the oxidation tube is desirable, the nitrogen flow 

is kept at 2.0 SLM when the fumace is not being used for oxidation. Just prior to and 

during actual oxidation experiments, the flow is kept at a signiflcantly higher level 

(section 2.4). 
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The concentrations of oxygen and moisture during a complete oxidation cycle for 

3.0 nm of oxide (Table 2.1) is shown in Figure 3.4. After the door closes, the 

concenu-ation of both oxygen and moisture drops. The oxygen concentration is kept at 

1% (I X lO'* ppm) during the ramp up to oxidation temperature and is increased to 10% (1 

X 10^ ppm) during the actual oxidation step. It drops quickly to about 200 ppm after the 

oxygen flow is turned off as a result of the nitrogen purge (most of the oxygen is forced 

out as a result of convective flow). A slowdown of reduction in oxygen concentration is 

then observed, which is the result of diffusion of oxygen from between the wafers. The 

oxygen concenU*ation increases to atmospheric concentration when the door is opened. 

Moisture is not added intentionally, but some is present as an impurity in the oxygen 

source, as is evident from the step in the moisture profile when the oxygen concentration 

is increased from 1% to 10%. A complete description of gas flow settings and 

temperatures can be found in section 2.4. 

To obtain an estimate of the total fumace tube assembly leakage, the exhaust 

extension tube was capped and the pressure in the tube increased by allowing a small 

amount of nitrogen to flow into the tube. The nitrogen was then shut off, and the 

pressure drop monitored as a function of time (Figure 3.5). If there is no leakage, the 

pressure would remain constant. From this measurement, the leakage of the tube 

assembly is estimated to be 3.33 x 10"^ Pa I / s (which corresponds to 0.18 seem) at 1.425 

" H2O overpressure. This corresponds to a single orifice with a diameter of about 10"^ 

cm" (appendix B). 
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Figure 3.4. Concentration of oxygen (Oi) and water (HiO) during a typical 3.0 nm 
oxidation cycle. 
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Figure 3.5. Oxidation tube pressure relative to the support area pressure as a function of 
time with no flow and capped exhaust. 
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3.3. Oxide thickness uniformity 

The oxide thickness uniformity for the 3 nm oxidation process was estimated 

using eilipsometry data obtained from six oxidation runs. At least six wafers from each 

run were measured and the 95 % confidence intervals for the oxide thickness was 

determined. Wafer-level uniformity, which is the difference between the measured 

thickness at some point on a wafer and the average oxide thickness of that wafer, is 0.22 

nm. The boat uniformity, which is the difference between the measured oxide thickness 

of some wafer and the average oxide thickness of the entire run, is 0.13 nm. The run-to-

run uniformity, which is the difference between the measured oxide thickness of some 

run and the total average oxide thickness, is 0.14 nm. 

3.4. Baseline defect density 

For thin oxides, a defect is considered present if the oxide breaks down below an 

electric field of 12 MV/cm under ramped voltage conditions. After improvements to the 

wet bench (section 3.2) and oxidation furnace (3.3) were made, the baseline oxide defect 

density for 3 nm oxides grown on Cz wafers that received a SPM followed by an HF 

clean was determined to be 0.35 ± 0.40 defects/cm". This result was obtained from four 

separate oxidation runs with at least two wafers per oxidation. 

Thin oxides are usually grown in diluted oxygen. To investigate whether or not 

niurogen has an adverse effect on the gate oxide, 3.0 nm oxides were grown using argon 

as carrier gas (10% O2 with 90% Ar) and the defect density compared to oxides grown 
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using nitrogen as carrier gas (10% O2 with 90% N2). No significant effect on the defect 

density was found (Figure 3.6). 

E u 

e u •T3 

a 
"O 

Argon Nitrogen 

Figure 3.6. Defect density for 3 nm oxides grown in dilute oxygen with different carrier 
gas. 
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4. COPPER DEPOSITION AND REMOVAL BY PROCESS SOLUTIONS 

In order to do meaningful contamination experiments, models describing the 

removal and/or deposition of copper from relevant cleaning solutions are required. Such 

models must relate the solution chemistry (mix ratio's, contaminant concentration, 

temperature), the wafer's initial condition and clean duration (dipping time) to the amount 

of contaminant that is found on the wafer after the clean. Unintentional effects of the 

clean (such as a change in the surface morphology of the wafer) must also be identified 

and accurately characterized. 

Metal deposition in APM solutions is modeled empirically using a competitive 

adsorption/desorption model that results in a steady state wafer contaminant 

concentration. Thermodynamic considerations and measurements of copper 

contamination during wafer inmiersion into copper contaminated HF show that the 

deposition is kinetically limited. When sufficient illumination is present, copper 

diffusion to the wafer surface limits the deposition, so a simple diffusion model can be 

used to describe it. A significant amount of hydrogen evolution occurs during HF 

immersion of copper contaminated wafers, greatly increasing the corrosion current, 

which likely causes silicon surface roughening. Copper deposition is drastically reduced 

in the absence of illumination. Metal removal in SPM and HPM solutions is modeled 

using a clean efficiency formulation. 
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4.1. Copper deposition from APM solutions 

The primary function of APM solutions in wafer cleaning is to remove particles 

from the silicon surface (it will also remove some organic compounds and some metals). 

In APM solutions, a chemical oxide is simultaneously formed and removed: The 

hydrogen peroxide component oxidizes the silicon surface to form a chemical oxide and 

the anmionium hydroxide component etches the chemical oxide. Particles are undercut 

and removed from the surface. They are prevented from re-depositing because the high 

pH of the solution tends to keep both the particles and the chemical oxide negatively 

charged. 

In copper contaminated APM solutions, competing processes act to achieve a 

steady state surface concentration of copper (a 10 minute clean, which is standard, is long 

enough to reach steady state [34]). Copper adsorbs onto the chemical oxide to increase 

the surface concentration, but is removed by desorption and etching of the chemical 

oxide. Using both literature and our own TXRF data, the steady state concentration of 

copper after an APM clean was modeled empirically as a function of solution chemistry 

(volume fraction of anunonium hydroxide [NH4OH] and volume fraction of hydrogen 

peroxide [HoOi]), contaminant concentration ([Cu] in ppb) and absolute temperature T. 

A model similar to one proposed by Dhanda et al. for iron contamination in APM 

solutions [35] was used. A chi-squared merit function was minimized to determine the 

best model parameters. A good fit could be found (lines in Figure 4.1). The copper 

surface concentration was found to increase linearly with copper concentration in the 

solution for typical APM mixture ratios and temperatures [36]. Although insufficient 
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data is available for accurate determination of the effect of solution chemistry and 

temperature for a wide range of these variables, the best interpolation fit using the 

available data is 

880 exp 
-6500' 

F[CU]. (4.1) 
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Figure 4.1. Copper steady state concentration data points and model fit (lines) for APM 
solution deposition. Data from [34] (with NH4OH/H2O2/H2O = A:P;M = 0.25:1:5) and 
our own data (with A:P:M = 1:1:5) is shown. 

4.2. Copper deposition from HF based solutions 

Metal contamination and particles may be trapped in the native oxide. Therefore, 

an effective cleaning strategy must consist of alternate sequences of oxidizing and oxide 

removal steps (APM solutions do both simultaneously). Since either wet treatment with 
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hydrofluoric acid (HF) or buffered hydrofluoric acid (BHF) is commonly used to etch 

silicon oxide, these solutions are important components of many cleaning recipes. 

The deposition of copper (which can be present as a contaminant in HF) onto a 

silicon surface during HF treatment is governed by the thermodynamics of the ions in the 

solutions and the silicon wafer as well as by the kinetics of the reactions that take place. 

Favorable thermodynamics are essential for copper to plate out onto the silicon wafer. 

However, favorable thermodynamics, while necessary, does not ensure that all copper in 

the solution will be deposited onto the silicon wafer in a reasonable amount of time. The 

reactions may be limited by kinetic or mass transport constraints. 

4.2.1. Thermodynamics of copper deposition onto a silicon wafer from HF 

X-ray Absorption Near-Edge Structure (XANES) spectra [27] and X-ray 

Photoelectron Spectroscopy (XPS) measurements [37] indicate that copper is deposited in 

the metallic state when exposed to copper contaminated HF or BHF solutions. Scanning 

Electron Microscopy (SEM) images [38] and Atomic Force Microscopy (AFM) images 

[37,38,39,40] show pitting of the silicon surface in the neighborhood of deposits. The 

size and number of these metal-induced pits increase as the copper concentration in the 

solution is increased or as the wafer is exposed to the contaminated solution for a longer 

period of time. Particles are always found near pits in the silicon surface when a large 

amount of copper contamination is present in the HF solution [39]. The number and 

morphology of these copper deposits has been described in the literature [40,41]. 

Nanometer sized nuclei are rapidly formed, probably at surface defects, after which they 

start to grow as the reaction progresses. Since copper deposits are of a particulate nature 
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(as opposed to film-like deposits), copper deposition onto existing copper sites is favored 

over copper deposition onto silicon. 

Copper is present as an ion in the solution (Cu"*, possibly in a complex with 

fluoride ions) and is metallic when deposited on a silicon wafer. Simultaneously, silicon 

dissolution occurs (pit formation). The experimental observations suggest a cementation, 

or metal displacement reaction is responsible. A cementation reaction is an 

electrochemical process whereby a more noble material is deposited from a solution at a 

local cathodic site while a less noble material undergoes anodic dissolution at a nearby 

anodic site. The whole system forms a short-circuited electrochemical cell. In fact, 

corrosion (of the less noble material) can be said to be the result of deposition (of the 

more noble material). 

When exposed to HF, silicon can be oxidized by half-cell reaction 

SlF6---t-4e-<^Si + 6F £„=-1.24V [42] (4.2) 

Because this potential is low, many metals commonly found in a microelectronics 

fabrication environment (and hence potential contaminants) should be able to oxidize 

silicon. Any metal Me with a reduction half-cell potential higher than -1.24V should be 

able to displace 

Me""- + Si + 6F- <-> Me° + SiFg-" -t- (4 - n)e- (4.3) 

forward. 

From the standard reduction potential (E°) values in Table 4.1 and the low half-

cell potential of the silicon reduction reaction (4.2), it would appear that any of the listed 

materials may deposit onto silicon if present as a contaminant in an HF or BHF solution. 
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However, the presence of H"*" in the solution (HF is an acid with acid dissociation 

constant pKa = 3.20 [42]) also drives 

Me° + 2H"' Me""- + H2 + (n - 2)e" (4.4) 

forward, provided the reduction half-cell potential of the metal is negative relative to 

hydrogen. 

Table 4.1. Standard reduction potentials at 25°C of some common metals [42]. 
Potentials are relative to the standard hydrogen electrode (SHE). 

Half-cell reaction Eo 

Au"^ +e~ Au 1.69 V 

Ag"^ + e" «-> Ag 0.80 V 

Cu-''-i-2e- <->Cu 0.34 V 

2H^+2e" Ho 0 V 

Fe^ + 3e" <-> Fe -0.04 V 

Fb-^+2e" <-» Pb -0.13 V 

Ni-""+2e~ Ni -0.26 V 

Fe-""+2e~ <-» Fe -0.45 V 

Zn'* + 2e" <-> Zn -0.76 V 

Mn""*" +2e" Mn -1.19 V 
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Because of the possibility of the hydrogen evolution reaction (4.4), metal 

impurities which have negative half-cell potentials relative to hydrogen will not deposit. 

The acts to keep the metals in solution [43]. This has been observed experimentally 

for several of the listed metals [43,44,45]. Copper, on the other hand, together with the 

other noble metals (silver and gold), will not be oxidized by the presence of H^. It can 

therefore deposit onto the silicon wafer according to the overall reaction: 

2Cu-^ + Si + 6F- 2Cu° + SiF^ (4.5) 

A short-circuited electrochemical cell is formed as a result of which copper is plated out 

onto the wafer at local cathodic sites and the bulk silicon is dissolved at anodic sites. 

Metal-induced pitting is observed in the immediate vicinity of the copper deposits owing 

to the ohmic resistance in the silicon [39]. 

The thermodynamics governing this cementation reaction can be visualized with 

the use of a Pourbaix diagram, which plots the reversible metal electrode potential versus 

the pH of the solution. The Pourbaix diagram for the CU-H2O system calculated from the 

equilibrium constants at 25°C is shown in Figure 4.2. Copper will stay in its ionic form 

(Cu""^ stable) in acidic solutions when the oxidation potential is higher than 0.12 V. This 

diagram, however, does not take the presence of silicon (or of the fluoride ion) into 

account. 

Given the thermodynamics values of the system, the equilibrium Cu"^ 

concentration can be calculated using the Nemst equation 

E  =  E°+—In-^  (4 .6)  
nF a^ 
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where E is the oxidation potential, R is the ideal gas constant, T is the absolute 

temperature, n is the number of electrons transferred in the reaction, F is the Faraday 

constant, aox is the activity of the oxidized species and ared is the activity of the reduced 

species. 
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Figure 4.2. Oxidation potential (Eh) versus pH diagram for the CU-H2O system 
calculated from the standard reduction potentials at 25°C for a Cu"^ concentration of 1 
ppb (thermodynamic data from [42]). Dashed lines are the water stability lines. 

Applying the Nemst equation to reaction (4.5) allows one to calculate the 

equilibrium concentrations of Cu'^and SiFe'" since E will become zero under equilibrium 

conditions. 

E  =  EVH,nEO = 0  
2F [SiF^-l 

(4.7) 

The result of such a calculation, with T = 298K is 
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= 10"^'* (4.8) 
[SiF^--] 

The ratio of remaining copper ions to hexafluorosilicate ions is extremely small. 

Therefore, essentially all the Cu2+ present in the solution will plate out onto the silicon 

wafer. The thermodynamics of the reaction show that it will tend towards completion. 

4.2.2. Kinetics of copper deposition onto a silicon wafer from HF 

If the initial copper concentration of the solution is known, the Nemst equation 

can be used to predict the equilibrium copper concentration which can be expected on the 

wafer. However, experimental results of copper contamination on silicon wafers show a 

much lower value than that calculated in this manner [23,43]. This is because the Nemst 

equation is valid only for equilibrium conditions, [t does not take reaction kinetics or 

transport of reactants to the surface and products away from the surface into account. 

Since the reaction does not tend to completion in the time span typical for HF processing, 

reaction kinetics must be considered. 

4.2.2.1. dc polarization measurements of silicon in copper contaminated HF 

There is general agreement in the technical literature that copper deposition from 

dilute HF onto a silicon wafer occurs via an electrochemical redox reaction [S3 and 

references therein]. Copper ions are reduced to copper metal with concurrent silicon 

anodic dissolution. The amount of copper found on the surface is insufficient to account 

for the corrosion current [56]. A second cathodic reaction is responsible for this. 
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Hydrogen evolution is catalyzed by the presence of copper on the surface [52,54]. This 

reaction dominates the cathodic current response of the system. 

For both n- and p-type silicon, the interface is in depletion when the silicon is 

placed in dilute HF [52]. Corrosion current densities are very small (5 x 10'® A/cm"). In 

the potential region between -0.04 and 0.3 V (versus the Standard Hydrogen Electrode), 

the anodic polarization curve has a slope of about 60 mV/decade for p-type silicon in the 

absence of illumination [52,55]. For n-type silicon in the absence of illumination, the 

anodic current density is limited to low values (5 x 10'^ A/cm") independent of potential 

[52]. A limiting current is not observed when the n-type silicon is illuminated. Anodic 

polarization of a silicon electrode increases the number of holes available at the surface 

for p-type silicon. This is also true for n-type silicon, but only under equilibrium 

conditions is a fiill decade of carrier density increase per 60 mV shift in surface potential 

realized. Since holes are minority carriers in n-type silicon, they must be generated, a 

process which is typically slow in the absence of illumination. If the minority carrier 

lifetime is high (tj^ical for high grade starting silicon), the number of holes reaching the 

surface per unit time for n-type silicon is small. The limiting current density for n-type 

silicon in the absence of illumination therefore suggests that the anodic reaction (silicon 

dissolution) requires the presence of free holes. 

Polarization curves made with a silicon electrode using various concentrations of 

copper in dilute HF show that the anodic polarization curve is fixed when copper is 

added. The cathodic curve shifts to larger currents when more copper is added [52]. 

Copper is deposited, yet the amount of copper on the surface is too small to change the 
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surface area available for dissolution. The amount of copper on the surface controls the 

cathodic current (more copper on the silicon surface results in more corrosion current, 

even when the contaminated HF solution is replaced by an uncontaminated one). The 

intersection of the anodic and cathodic polarization curves determines the open circuit 

potential. The amount of copper deposited onto the silicon surface (as determined by 

TXRF) is much too small to account for the corrosion current density [56]. Therefore, it 

may be concluded that a second cathodic reaction supplies most of the current. The most 

likely candidate for this reaction is hydrogen evolution catalyzed by the presence of 

copper [52,54]. 

4.2.2.2. Copper deposition rates 

The silicon wafer and the copper deposited thereon form a corrosion couple, 

whose behavior in aqueous solution can best be explained by mixed potential theory. 

Figure 4.3 shows a schematic mixed potential plot (also called an Evans diagram) of 

silicon in copper contaminated HF. The hydrogen evolution reaction is not shown in the 

diagram. The Tafel relationship is assumed to hold for the oxidation and reduction steps, 

therefore the lines in Figure 4.3 are drawn as straight lines. The slope of is detennined by 

the reaction transfer coefficients. A mixed potential plot combines thermodynamic and 

kinetic information. When no oxidizers are present, the couple assumes the corrosion 

potential Ecornsi)- The exchange current in this situation is icontsi)- Silicon dissolution 

occurs simultaneously with copper deposition. When oxidizer 1 is added to the system, 

the corrosion potential increases to Ecotri(Si)- Since Ecorri(Si) is still smaller than Eo(Cu). 

copper deposition will continue (albeit at a lower current density). Only when oxidizer 2 
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is added to the system does the corrosion potential (Ecorr2(Si)) become larger than Eo(Cu)-

In this case, copper will be removed from the silicon wafer. 
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Figure 4.3. Mixed potential plot for the couple of copper and silicon in dilute HF 
containing copper ions and an oxidizer. 

Mixed potential theory shows that because silicon is such a sU'ong reducing agent, 

it protects the copper on its surface (the silicon wafer acts as a sacrificial anode), thereby 

cathodically protecting the copper on its surface. Copper deposition onto the silicon 

wafer with simultaneous silicon dissolution, will take place in solutions that have a low 
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oxidation potential. Conversely, deposition will be suppressed (and copper can be 

removed) in solutions having a higher oxidation potential. Addition of hydrogen 

peroxide [37] or ozone [46] has been successfully applied: Excellent copper removal 

from silicon wafers is seen for these mixtures. However, the price paid for this benefit is 

an increase in silicon dissolution, which can lead to roughening of the silicon surface. In 

practice, it is found that the corrosion potential goes down when hydrogen peroxide is 

added because the anodic dissolution reaction is also affected [56]. This suggests that the 

mechanism responsible for removal of copper from a silicon surface in an HF/H2O2 

mixture is continual etching of the surface. 

The hydrogen evolution reaction 

Cu +  2H*+2e--^Cu +  H.  (4 .9)  

readily occurs on copper deposits. The cathodic current associated with this reaction 

dominates the amount associated with copper deposition (for copper concentrations of 

100 ppb or smaller). A mixed potential diagram including the hydrogen evolution 

reaction is shown in Figure 4.4. The cathodic current density is the sum of the copper 

reduction and hydrogen reduction current densities. The corrosion potential shifts from 

the intersection of the copper reduction with the silicon dissolution curve to the 

intersection of the total cathodic current density with the silicon dissolution curve. The 

result of the hydrogen evolution reaction is that the corrosion potential and the corrosion 

current both increase (to Econ- and icorr)-
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Figure 4.4. Schematic mixed potential plot for the couple of copper and silicon in dilute 
HF containing copper ions. The hydrogen evolution reaction dominates the cathodic 
current. 

The thermodynamic drive for the reaction controlling the outpiating of copper 

onto silicon with the simultaneous dissolution of silicon is very large (E° = 1.58V). In 

practice, it is found that reactions having a difference in standard potentials of more than 

0.36V are usually diffusion controlled [47]. Therefore, it is likely that the rate of the 

reaction (4.5) is limited by the diffusion of copper to the silicon surface. Experimental 

data of copper deposition versus dipping time is mostly consistent with diffusion-

controlled reaction kinetics. 

The copper deposition rate has been experimentally determined for a wide range 

of variables. It has been found that the deposition rate is linearly dependent on the 

copper concentration in the solution for both dilute HF [39,44,48] and BHF [44,49]. The 
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copper deposition rate is independent of the HF concentration (and thus pH) for dilute 

solutions (0.05% - 5%) [48], yet is found to decrease when 50% HF [43] or BHF [44,49] 

is used. For copper surface concentrations below 6 x lO''*, the copper deposition rate 

exhibits Arrhenius-type behavior with activation energy, 0.40 eV. 

There is some discrepancy in the literature with regards to the dependence of 

copper surface concentration with dipping time. While data reported by Yoheshigi et al. 

[49], Morinaga et al. [38] and Teerlinck et al. [50] has a linear dependence on dipping 

time, Torcheux et al. [39] and Sees et al. [40] report a parabolic relationship, finding a 

copper surface concentration that varies with the square root of time. Different 

experimental conditions must have been used that explain this difference. 

If strong convection currents parallel to the wafer surface, such as may be caused 

by forced convection of the bath liquid over a filter, are present in the bath in which the 

cementation reaction occurs, then the Nerast diffusion layer thickness 5, can be assumed 

to be independent of time. The reactant concentration will remain constant (and equal to 

the bulk solution concentration Co) beyond the Nemst diffusion layer. This situation is 

depicted graphically in Figure 4.4 [51]. 

If the rate of reaction is fast compared to the diffusion of reactant to the surface, 

the surface concentration Cx=o of the reactant will be essentially zero, as all reactant 

reaching the surface is instantly consumed. Applying Fick's first law of diffusion to the 

linearized approximation of this situation yields the flux of metal ions towards the 

surface. 
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Distance 

Figure 4.5: The concenuration of copper ions in the solution as a function of the distance 
from the silicon surface. Dashes show the linearized concentration model. 

x=0 = -D dC^ 

= -D 

V dx J 
f  C  — C  \  ^x=0 ^x=S 

V 
(4.10) 

§ 

where D is the diffusion coefficient of the metal ion in the solution. Integrating this 

result with respect to time results in an expression for the deposited surface concentration 

Cuw as a function of time (it is assumed that the bulk concentration of the solution is not 

altered signiticantly during deposition): 

DC" 
Cu^ t  (4.11) 
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A linear relationship between the surface concentration of copper and dipping time is 

expected. For this case, empirical equations describing copper deposition from HF-based 

solutions as a function of solution impurity concentration, time and temperature are 

available in literature [44,49,23]. 

If the concentration profile is not stabilized by forced convection, the diffusion 

layer thickness 5 will increase with time, a larger and larger region being depleted of 

copper ions as deposition progresses. The slope of the copper concentration profile 

decreases and therefore the deposition rate decreases. The Nemst diffusion layer 

thickness increases with the square root of time [51]: 

The solution to Pick's first law of diffusion now becomes 

VitDt 

Integrating equation (4.13) with respect to time gives the copper concentration on the 

wafer as a function of time: 

A parabolic relationship between copper surface concentration and dipping time is 

expected. 

If the reaction is diffusion limited, differences in the amount of convection in the 

experiment will determine whether the measured copper concentration on the wafer has a 

5 = VitDt (4.12) 

(4.14) 
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linear or parabolic relation with time. Unfortunately this information is not generally 

reported. For both strong convection (equation 4.11) and no convection (equation 4.14) 

the copper surface concentration is expected to increase linearly with the copper 

concentration in the bulk of solution as was experimentally observed. 

The deposition of copper onto silicon surfaces proceeds slower in BHF than it 

does is dilute HF by about a factor of two [23]. The main difference between these two 

solutions is the abundance of fluoride ions in the BHF. As a result, the copper ions in the 

solution will be complexed differently. Where copper is predominantly present as Cu2+ 

in dilute HF, it is predominantly present as CuF+ (NH4F:HF 10:1 or lower relative 

concentrations) or CuF J (NF4F;HF 40:1 or higher relative concentrations) in BHF [39]. 

The difference in deposition rate may have either of two possible causes. Firstly, the 

diffusion rate of the copper complex may be slower than that of Cu2+, resulting in a 

higher diffusion coefficient. Secondly, the dissociation of the complex at the silicon 

surface may introduce an additional slow step to the reaction. 

Silicon is a semiconductor, and therefore the doping type or level may have an 

influence on the copper deposition reaction. There is conflicting experimental data. 

While Yoneshigi et al. [49] found no difference in deposition rate for n, p, n+ and p+ 

substrates from BHF, Ohmi et al [48] did find an enhanced deposition rate onto n+ doped 

substrates from dilute HF. If the deposition rate of copper onto silicon surfaces is purely 

diffusion limited in all situations, there should be no difference in deposition rate for 

differently doped substrates. Even if the substrate is depleted of the carrier type 

necessary for the reaction, generation of charge carriers (since all experiments were 
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performed under illuminated conditions) should be larger than the rate at which copper is 

supplied from the solution. This situation may change when no illumination is present. 

Complete absence of illumination drastically reduces copper deposition [50,52]. 

However, studies on copper deposition from HF based solutions have in general not 

accurately reported illumination conditions and wafer lifetimes (which are necessary to 

determine carrier concentrations). Optical measurements of the mass-transfer boundary 

layer give direct evidence of a diffusion limited regime for large concentrations of copper 

(3.5 ppm) in dilute HF (0.15-0.25%) [57]. Copper deposition is probably diffusion 

limited under conditions of sufficient illumination and is limited by the absence of mobile 

carriers in silicon in the dark. 

4.2.3 ac impedance measurement results of silicon in copper contaminated HF 

Polarization measurements show that the corrosion potential increases with 

copper concentration [56,52]. Under illumination, the polarization resistance decreases 

with increasing copper concentration, as does the time constant of the inductive loop 

[58]. Electrical impedance spectroscopy measurements of silicon in dilute HF show a 

single capacitive loop and a single inductive loop. In theory, electrical impedance 

specu-oscopy (EIS) can be used to obtain the specific reaction mechanisms involved in 

the system as well as some of the rate constants. However, some a priori information on 

the reaction mechanism is necessary, since EIS results do not necessarily correspond to a 

unique set of reaction steps. 
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4.2.3.1. Model for potential distribution 

Dilute HF and doped silicon have different work functions [52]. Mobile carriers 

will therefore move across the silicon-HF boundary when the two are brought into 

contact. In the absence of illumination, the silicon interface will generally be depleted 

because the work function of HF is deep inside the silicon bandgap (about 0.45 eV below 

the bottom of the silicon conduction band). Capacitance measurements confirm that the 

silicon surface is depleted in the absence of illumination [59]. 

When the silicon electrode is illuminated, a large number of electron-hole pairs 

are generated. The electron and hole quasi Fermi levels are separated by an amount 

dependent on the illumination level and the silicon lifetime. The bands will tend to 

become flat. 

If an electric field at the Si-HF interface is present, the bands must be bent. If the 

current flow across the interface is small, the semiconductor quasi Fermi levels can be 

assumed to be flat. The current is small if it does not significantly alter the carrier 

concentrations, that is, if the number of carriers consumed by the current is small relative 

to the amount being generated (either by illumination or thermally). The corrosion 

current can be considered small when the silicon is illuminated by a significant light 

source, such as lab lighting [53]. 

The corrosion current is small relative to series resistances in the electrochemical 

cell. Electrostatic potential between the bulk of the silicon electrode and the bulk of the 

HF solution will therefore distribute across the solution double layer and silicon surface 

layer according to relative values of their capacitances [59]. This is true both in the 
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absence and presence of illumination. The double layer (which consists of a diffuse 

layer and a Hemholtz layer) is compressed because dilute HF has a relatively large ionic 

strength (pH = 1.5). The double layer capacitance is therefore probably dominated by 

the Hemholtz layer's capacitance CH. Since the diffuse layer portion of the double layer 

is compressed, the potential at the outer Hemholtz plane (OHP) is approximately equal to 

the bulk solution potential. Therefore, ion concentrations near the surface are not 

significantly affected by changes in potential drop across the interface [51]. 

HF solution 

<I>. 

Silicon 

V. 

Figure 4.6: Distribution of potential across a silicon-HF interface 

When an extemal voltage VA is applied across the silicon-HF interface, it will 

also appear across the capacitors at the interface. If the capacitances do not change 

significantly as a function of voltage, or if the applied voltage is small, the changes in 

potential across the Hemholtz layer VH and semiconductor surface Vs are 

V„=A< I > „ = — ( 4 . 1 5 )  
C-H 

V = AO, = —V, (4.16) 
Ch+CS 
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4.2.3.2. Model for anodic dissolution 

Vaninaekelberg used a reaction model proposed by Menuning and Schwandt to 

successfully explain the EIS results due to anodic dissolution of silicon in HF [55]. The 

first step is the capture of a free hole by a Si-Si surface bond (XQ), resulting in an electron 

def ic ien t  sur face  bond (Xi) .  This  reac t ion  occurs  a t  a  ra te  v i ,  

Xo+h^-^X,  (4 .17)  

In the second step, hole capture by Xi (with rate vi) competes with electron 

injection by Xi into the conduction band (with rate vO to form a Si(n) intermediate 

species X2. 

X,+h*^X2 (4 .18)  

X . iXj+e"  (4 .19)  

At low overpotentials, X2 quickly reacts with HF to the final dissolution product 

SiFft'" without requiring further charge exchange with the Si electrode (rate Vd of this 

reaction is large). This reaction is purely a chemical, not an electrochemical, reaction in 

which a new Si-Si bond (Xo) comes to the surface. 

Xt dissolution product + Xq (4.20) 

4.2.3.3. Model for the cathodic reaction 

The dominant cathodic reaction is hydrogen evolution catalyzed by the presence 

of copper on the silicon surface. This can be concluded from the fact that dc and ac 

characteristics of a copper contaminated Si sample remain even when the contaminated 
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HF solution is substituted for a pure, de-aerated one. The reaction mechanism proposed 

by Hewitt and Roy [60] for hydrogen evolution on copper is used. The first step is non

reversible Langmuir type hydrogen adsorption onto the copper surface with rate vjf. 

Cu +  H- '+e-^CuH. j  (4 .21)  

The second step is chemical desorption of the adsorbate with rate Vc2. 

2CuHyj^H,+2Cu (4 .22)  

The results on which Hewitt and Roy base this mechanism were obtained using 

Na2S04 as electrolyte at larger overpotentials than the open circuit potential found in the 

Si-HF-Cu system. It is therefore possible that the contribution of the reverse reaction of 

the adsorption reaction is not negligible in HF. In fact, it is possible that even the 

desorption reaction mechanism in HF is different, but currently no experimental evidence 

of this is available. The reverse reaction of the discharge reaction with rate V3r is 

included in the analysis. It suffices to set the reaction rate constant of the reverse reaction 

to zero in the final result to obtain the impedance response if it can indeed be neglected. 

The modified cathodic reaction mechanism is 

V3f 

Cu +  H^+e"  ; lCuH,d  (4 .23)  

V3r 

2CuH,^,->H2+2CU (4.24) 
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4.2.3.4. Expected impedance response 

The proposed mechanisms can be combined so as to determine the expected 

impedance response of a copper contaminated silicon electrode in HF. The calculated 

response will be a function of the reaction constants and electrode properties. 

Since the chemical reaction step of the anodic dissolution is fast (Vd is large) [55], 

the concentration of the reaction intermediate Xi can be assumed to be very small. The 

surface concentrations of the reaction intermediates Xi, and CuHad are denoted as Xa and 

Xc respectively. The total silicon surface concentration available for the anodic reaction 

is assumed to be constant and is denoted by A. The total copper surface concentration 

available for the cathodic reaction is also assumed to be constant and is denoted by C. 

Because the fractional coverage of copper is always small for the copper concentrations 

in HF that are of importance, the silicon surface concentration A can be assumed to be 

independent of the copper surface concentration C. C will be dependent on the copper 

concentration in the HF and on the time that the silicon electrode is exposed to the copper 

contaminated HF. 

The Faradaic current is the sum of the anodic current ia and the cathodic current ic. 

It can be determined as a function of the anodic reaction rates (V|, vi and Vj) and the 

cathodic reaction rates (V3f, V3r and Vcz). 

tp  =  'a  +  ic  =  F(V|  +  v ,  +  V j ) - F(V3f - V3,) (4.25) 

The Faradaic complex admittance Yp of the system (the inverse of the impedance) 

is the derivative of the current with respect to applied voltage 8V which has radial 

frequency (O. 
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Yp=-^ (4.26) 
' 5V, 

YF (and thus the dc and ac impedance response) can be determined by following the steps 

outlined in the flow chart in Figure 4.7. 

Determine the Faradaic admittance 

Determine steady state anodic and cathodic currents 

Determine charge carrier concentrations and their 
differentials 

Determine electrochemical rate constants and their 
differentials using Tafel's law 

Determine intermediate species concentrations and 
their differentials using mass balance relationships 

Express elementary reaction rates in terms of rate 
constants and concentrations (reactants, intermediate 

species and charge carriers) 

Figure 4.7. Strategy for determining dc and ac impedance response (6 steps). 

Step 1: Express elementary reaction rates in terms of rate constants and concentrations 

(reactants, intermediate species and charge carriers) 

The reaction rates can be expressed in terms of rate constants and reactant 

concentrations (intermediates and charge carriers). The concentration of fT" ions is 

assumed to be constant and is incorporated into the rate constant ksr; 
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V, =k ,p, (A-xJ  (4.27) 

V2 = (4.28) 

(4.29) 

vj f  =k3fn , (C-x , )  (4.30) 

(4.31) 

Vc2 =  (4.32) 

where k|, ki, ki, ksr, ksr and kc2 are rate constants, HS is the surface electron concentration 

and ps is the surface hole concentration. 

Step 2: Determine electrochemical rate constants and their differentials using Tafel's law 

Assuming that the elementary reaction steps obey Tafel's law, the electrochemical 

rate constants (k|, ki, k|, ksr and ksr) can be defined as a function of the potential drop 

across the Hemholtz layer (VH) using transfer coefficients. The transfer coefficients (tti, 

tti, a3, and aj) have values between 0 and 1. Chemical rate constants (kci and kci) are 

independent of potential. 

\ 't / 
(4.33) 

(4.34) 

K =kioexp 
\ J 

(4.35) 
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kjf = k30f exp 
(1—ct^yv^ 

(4.36) 

'^3r=k30rexp 
"bVH 1 (4.37) 

' t / 

The rate constants will change if an external voltage 5VA is applied to the system. 

Since an applied voltage will be distributed across both the Hemholtz and silicon surface 

regions according to the relative values of the capacitance (equation 4.15): 

Cs 5k ,  =k ,^5VH =k ^  
Vj CH +CS 

-8V, (4.38) 

a 
6ki  =  k i  —=-5V^ =  k j  

a. 

V, +Cs 
-5V, 

Sksr = -k,r = -k„ SV 
CH +CS 

6k 3, = k3,^5VH = —5V. 3r 3 r y ^  H 3  A  

(4.39) 

(4.40) 

(4.41) 

(4.42) 

Step 3; Determine charge carrier concentrations and their differentials 

The surface carrier concentrations ns and ps can be expressed as a function of the 

surface potential, (|>s, which is referenced to the middle of the bandgap in the bulk of the 

silicon electrode. 
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qOt'^ •F„ 

Figure 4.8. Band diagram of the silicon electrode 

The carrier concentrations n and p may be expressed in terms of the quasi Fermi 

levels for electrons (F„) and for holes (Fp): 

n = nj exp 
FN-EJ 

kT 

p = nj exp 
• -F ^ 

kT 

(4.43) 

(4.44) 

where k is Boltzmann's constant. The electrostatic energy qcj) (q is the electron charge) 

and the quasi Fermi levels are referenced to the center of the bandgap (Ei) in the bulk of 

the silicon. 

Fn n = nj expi 
kT 

p = nj exp 
' -q<t>-Fp^ 

kT 

(4.45) 

(4.46) 

To determine the electrostatic potential 0, we must solve Poisson's equation. For 

a p-type semiconductor with ionized impurity concentration , the charge density p is 

P  =  q(p-n-NA) 

^  p_  q("  +  NA-p)  

dx" 

(4.47) 

(4.48) 
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d'<|) ^ q 

dx" e. 
Hj exp 

kT . 
- Hj exp 

-q<t>-Fp 

kT 
+ N;; (4.49) 

where e, is the dielectric constant of silicon. The boundary conditions for the Poisson 

equation are 

and 

<t)(x = 0) = (j), 

(()(x = oo) = 0. 

(4.54) 

(4.55) 

The quasi Fermi levels can be determined from the carrier concentrations deep in 

the silicon bulk (ns and pe). If the number of carriers consumed by the surface reactions 

is small compared to the carrier generation due to light GL and the diffusion length of the 

carriers is large compared to the wafer thickness (which is true for wafers with a 

reasonable minority carrier lifetime x) 

n^ =n(bulk)  =  GLT (4.50) 

PB = p(bulk)  =  GLt+(4 .51)  

Equation (4.49) can not be solved analytically (although it is possible to solve for 

the electric field). An approximate solution can be found by assuming that (|> is small 

enough so that the exponential terms can be approximated by their Taylor expansion. 

The Poisson equation simplifies to 

d- ( t )_  q  0 
dx" 

(2GlT+NA 
«t) 

(4.52) 

with 
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£ V "t 
'q (N;+2GLT)  

(4.53) 

LD is the Debye length (the total free carrier density is N a + 2 GLT). 

The solution to the simplified Poisson equation is 

<l)(x) = <|), exp 
f \ X 

V ^0 J 

The effective capacitance of the silicon surface in this situation is 

(4.56) 

Ce =^ .  
F 

The carrier densities at the surface when no external voltage is applied are 

^Fn+q<l>so'l 
"sO = "i exp 

kT 
= ng exp 

and 

Pso = "i exp 
-q<i>so-Fpl  

kT 

f 
= PB exp 

<Ds. s O  

V  ' I  y  

(4.57) 

(4.58) 

(4.59) 

A voltage VA applied to the silicon electrode will cause a potential drop Aij), 

across the silicon 

<l>s (4.60) 

which can be expressed in terms of capacitances: 

A0S =-V, 
y^Cn+Csy 

(4.61) 

Such a potential change will modulate the surface carrier densities; 
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n, =nBexp 
^sO ~ 

CH +C s j  = n,oexp 
V, C^^ +Cs y 

(4.62) 

/ / 
-t)so+v, 

p, = Pa exp 
C +C 

= P«oexp 
V . 

(4.63) 

If the capacitances CH and Cs are assumed to be roughly independent of potential, then 

expressions for the derivatives of the surface carrier concentrations can be derived: 

dV, 

^ = Ps 
dV, 

V,(Ch+CS) 

V,(CH+CS) 

(4.64) 

(4.65) 

Expressions for the differentials can be determined using the derivatives: 

Sn^ =-ns CH 
Vt(Cf^ +Cs) 

-5V, (4.66) 

5Ps = Ps 
Vt(CH +Cs) 

-8V, (4.67) 

As expected, a positive voltage applied to the silicon electrode will increase the 

hole concentration at the surface and decrease the electron concentration at the surface. 

An analogous set of equations can be derived for n-type silicon. 
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Step 4: Determine intermediate species concentrations and ttieir di^erentiais using mass 

balance relationsips 

The mass balance relationships involving the adsorbed species result in 

expressions for the time dependencies of the adsorbed species concentrations: 

dx 
^=v,-v,-v: (4.68) 
dt 

^=V3r-V3r-2Ve2 (4-69) 
dt 

In steady state, these time dependencies become zero. The steady state surface 

concentrations x^ and x^. can be determined: 

^ = : . (4.70) 
kip^+kjp^ + ki 

• V(k3r + k3fn,)--h8Ck3fk,^-(k3, + k3fnJ 

4k. 
^ _-^v"-3r ' ' ^^'^3f"'c2"s (4 71) 

The applied voltage 5VA is sinusoidal with frequency co, so that the 

concentrations of all the intermediate species will also have sinusoidal variation. 

5VA =l8VAlexp(ja)t) (4.72) 

5xj =l8xJexp(jcot) (4.73) 

5xj =l5Xglexp(jQ}t) (4.74) 

By taking the total differentials of the mass balance relationships involving the 

adsorbed intermediate species, the variation of the surface coverage with potential can be 

determined. 
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dt 

d(8xj 

dt 
= ja)8xa =8(v, -v, -Vj) (4.75) 

dXc d(8xc) 

dt 
= jo)8x, =8(v3f-v3,-2v,,) (4.76) 

Using expressions for the reaction rates (4.27)-(4.32) and the differentials of the 

terms that enter the expressions for the reaction rates (4.39) - (4.42) and (4.66) - (4.67), 

expressions for Sx^ and Sx^ can be derived. 

5x, = Ak|P,(CHki -HCs(-aiki -aok^p, +a|(ki -Hk.p,))) 

(CH +Cs)(ki +k,Ps + k2p,)V,(ki +k,p, +k2P, + Ito) 
8V, (4.77) 

'a,Cs(-k^, + k3,(-2k3fn, +(k3, +k3,.n,)- + 

kjf n,(-4Ckc2 - k3fns + +(k3r + kjfnJ" + 

6x — 
(CH Cj )k3fn^(kjr "I"4Ckc2 + kjfnJ •^SCkifk^i'is (^3r^3f'^s)" 

4(Ch +Cs)k,2V,-j8Ck3fk,,n,+(k3,+k3,.n,)- +10) 
•8V, 

(4.78) 

Step 5: Determine steady state anodic and cathodlc currents 

The steady state anodic and cathodlc current can be determined as a function of 

the reaction rate constants. 

i-^2Ak^p^(krtk2M ( A i o )  
ki+(k,+k,)p,. 

(V8Ck3fk,2n,+(k3,+k3fn,)- -(ka^-hkaynj)-

8k. *'C2 



The anodic reaction rate constant ki is probably the slow step in the reaction [55]. 

Therefore, the anodic current density simplifies to 

i^ =2Ak,p, =2k,oexp pgexp 
-<t>s 

V V. , 
(4.81) 

I V, / 

This current will have a slope of 60 mV/decade if most of the potential drop 

occurs across the silicon surface layer (Cs« CH) and have a slope of ai x 60 mV/decade 

if most of the potential drop occurs across the Hemholtz layer (CH « Cs). Since the 

results (even with the electrode illuminated) show that the slope is about 60 mV/decade, 

most of the potential drop probably occurs across the silicon surface layer. 

If the discharge step of the cathodic reaction is in equilibrium, then the cathodic 

slope must be 120 mV/decade. If not, it must be 60 mV/decade or less [51]. Since the 

slope of the cathodic curve is about 120 mV/decade for n-type samples [52], discharge 

followed by rate-determining chemical desorption seems to be the most likely 

mechanism. However, the cathodic curve for p-type samples appears to be diffusion 

limited, and so the slope can not be determined for this case. 

Step 6: Determine the Faradaic admittance 

The differential of the Faradaic current 6If (equation 4.25) 

51 p = F(5k,Ps (A - X J + k,8p, (A - x^) - kIp,5x3 -J^k,Ps x^ + k^Sp, x^ ^jPsSxa + 

8kj Xj + kjSXj -Skjf ns(C - x^) - k3f6ns(C - x^)+kjf n^Sx^ +5k3r x^ + k3r8xc) 

(4.82) 

The expression for the admittance (4.31) can now be evaluated in terms of the 

reaction constants. Equations 4.38-4.42, 4.66, 4.67, 4.70, 4.71 and 4.77, 4.78 ate 
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substituted into equation (4.82) and the total is divided by 5VA. The answer is an 

expression for the Faradaic admittance Yp. Yp is a sum of four terms: 

Y p =  — + — +  i 1  ( 4 . 8 3 )  
K  K  Ru + iwL, 

1/ _ Alc,p,(CH(ICi+2k.pJ+Cs(aiki +a.k2p,-t-a,(ki-^k2pJ)) 

/R.a (CH+Cs)(ki+k,p,+k2P,)V, 

= ((C.,+Cs)k3fn,( 
^.c 4(C„+Cs)k,,V, ' " 

kj, +4ck^, H-kjfn, --y/Sckjfk^jn, +(k3, + k3fnJ* )-t- (4.85) 

®3^s(~^3r ^3r(~~^3f''j ^c2'^5 ^3r ^3f 

k3fn,(-4ck,3 - kjfH, +^8ck3,.k,,n, +(k3, + k3,.n,)-))) 

1/ Ak|p,(ki -k|p, + k;pJ(Cnki n-aiCskj +a|Csk2Ps -ajCskj -a^Csk^pJ 

(Cn+Cs)(ki+k,p,+k,pJ-V, 

(4.86) 

L = (CH-)-Cs)(k..-Kk,p,+k2pJV, 

" Ak,p(ki -k|p, +k2ps)(CHki +a|Cski +a,Csk2Ps -aAkj -aoCgk^pJ 

(4.87) 

kir + k^fn, ^ 

'Lc 4(CH +Cs)k^,V,^8Ck3fkc2ns +(k3r + k3rnj-

(CH +Cs)k3fn,(k3r ^-4Ckc2 + kjf n, - -y/sCkjf kg^n, +(k3r + kjf )') + 

a3Cs(-kfr + k3r(-2k3fns +(k3r + k3fn77^) + 

kjf n,(-4CKC2 - k3f Hs +-y/sCkjf K^j^s +(K3R + k3f n,)-))) 

(4.88) 
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^ 4(CH4-CS)Ic,,V, , / 

^3r"'"^3f"s 

(CH +Cs)k3fn,(lc3r 4-4ck^2 + kjfH, -^Sck^fkc^n, ̂ (kj, + kjfn,)') + 

a3Cs(-kjr +k3r(-2k3rn, -H^Sckgfk^^n, -f-(k3,-Hkjfn,)') + 

k3fns(-4ckc2 -k3fns +ylick^fk^2^^ +(k3r +k3fn,)-))) 

Two of the terms (equations 4.84 and 4.86) are dependent on the anodic reaction 

constants and two of the terms are (equations 4.85 and 4.87) dependent on the cathodic 

reaction constants. Of the anodic and cathodic terms, one is frequency dependent 

(equations 4.86 amd 4.87) and one is frequency independent (equations 4.84 and 4.85). 

The expression for YF is such that the equivalent circuit shown in Figure 4.9 has the same 

admittance. 

Rta 

Figure 4.9. Circuit with the same admittance as the calculated Yp. 

The reaction constants must be positive. There are no combinations of possible 

reaction constants so that Ru and Lc are positive (Appendix C). Since a single inductive 

loop is observed in the ac impedance results of silicon in copper contaminated HF, this 

loop must therefore be related to the anodic dissolution reaction. It can not be caused by 
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the cathodic reaction proposed in section 4.2.3.3. If the cathodic reaction intermediate is 

responsible for the inductive loop, then the cathodic reaction proposed in section 4.2.3.3 

is incorrect. If the chemical desorption part of the cathodic reaction is replaced by 

electrodic desorption, then an inductive loop can result from the cathodic reaction. 

However, as shown in Appendix D, if only non-reversible reactions are present, the time 

constant of such a loop must increase with potential. Therefore, if experimental evidence 

were to indicate that the inductive loop occurs as a result of the cathodic reaction, 

reversible electrodic desorption must be the second step in the hydrogen evolution 

reaction. 

The time constant of the anodic inductive loop is 

T, = -5=^ = ! (4.90) 
Rlu ki + k,p,+ic,p. 

This time constant is dependent on the potential through the reaction constants ki, ki and 

ki and through the free hole concentration at the silicon surface ps- Since all these terms 

increase in value when a positive electrode potential is applied, the model predicts that 

the time constant will decrease with increasing anodic potential, which is consistent with 

the theorem proved in Appendix D. When increased amounts of copper are deposited 

onto the silicon electrode, it is observed that the open circuit potential becomes more 

positive, and the time constant decreases. The model correctly predicts this. Inductive 

loops have been observed when silicon is polarized anodically in HF (with no copper 

present) [59,58]. The cathodic reaction (hydrogen evolution on copper) increases the 
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corrosion potential and increases tlie anodic reaction rate. It is ttie anodic reaction 

intermediate, whicli is probably responsible for the inductive loop. 

4.3. Copper removal by HPM and SPM (Piranha) cleans 

To determine whether the deposition of copper onto a silicon surface by HF-based 

solutions causes permanent damage to the silicon wafer, it was necessary to remove the 

copper. The effectiveness of SPM and HPM cleans was evaluated. Six wafers were 

intentionally contaminated using copper contaminated HF. Two levels of contamination 

were used (three wafers for each contamination level). The copper was then removed 

from four wafers by either a SPM (two wafers, one of each contamination level) or HPM 

(two wafers, one of each contamination level) clean. Ail wafers were evaluated for 

copper contamination using TXRF. 

Table 4.2. Copper concentrations (copper deposited with contaminated HF) before and 
after cleaning as measured by TXRF. The detection limit (DL) is I x 10'° atoms/cm". 

Starting copper concentration 

(copper introduced using HF) 

copper concentration after 

SPM cleaning 

copper concentration after 

HPM cleaning 

7 X lO'" atoms/cm" <DL <DL 

3 X 10" atoms/cm" <DL <DL 

Table 4.2 shows that copper can be removed effectively by either a SPM clean or 

by a HPM clean, since the copper concentrations after either clean is below the detection 
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limit (DL) of I x 10'° atoms/cm". The clean efficiency is defined as the fraction of 

copper that is removed by a cleaning solution: 

^ . copper removed by the clean 
clean efficiency = — 

copper present before the clean Q n 
_ J copper present after the clean 

copper present before the clean 

Based on the TXRF data in Table 4.2 and the detection limit of 1 x 10'° atoms/cm% the 

minimum clean efficiency of both the SPM and HPM cleans is 97%: 

minimum clean efficiency = 1 -
l X 10'° ^ 

3X 10"  y  
X 100% = 97% (4.92) 
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5. THE EFFECT OF COPPER CONTAMINATION ON THIN OXIDE GATE OXIDE 

INTEGRITY (GOI) 

The effect of trace metal impurities on gate oxide yield has, until recently, been 

reported only for relatively thick oxides. As the industry moves towards using thinner 

oxides, response curves of thinner oxides with respect to trace metal impurities must be 

determined. These response curves are necessary to establish what metal impurity 

concentrations are tolerable. Tolerable metal impurity concentrations determine what 

specifications are required for consumables (wafers, chemicals and gases), what wafer 

handling protocols must be observed, and what tool cleanliness is necessary. 

5.1. Defect density and reliability 

Defect density is associated with time zero failures. For gate oxide integrity 

(GOI) purposes, the defect density is determined from ramped voltage tests. Time 

dependent dielectric breakdown is a measure for the length of time a device will remain 

operational and is, therefore, a measure for reliability. 

5.1.1. The defect density of 3 nm oxides when contaminated with copper in APM 

Wafers (Cz type) were cleaned in SPM and dilute HF baths. They were then 

contaminated using a copper contaminated APM clean. Reference APM (no 

contamination), 10 ppb Cu in APM and 100 ppb Cu in APM were used. Wafers from 

each condition were removed after contamination for TXRF evaluation. Wafers were 

oxidized to a thickness of 3 nm and aluminum gate capacitors were formed. The defect 
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density was determined using a ramped voltage test with a threshold breakdown field of 

12 MV/cm (Figure 5.1). The defect density remains at about the background level (0.4 

defects/cm") when the copper concentration in the APM increases to 10 ppb. However, it 

increases abruptly between the 10 ppb (6.7 x 10'° atoms/cm' copper on the wafer prior to 

oxidation) and 1(X) ppb (2.0 x lO'" atoms/cm" copper on the wafer prior to oxidation) 

conditions. There is clearly a threshold copper contamination below which there is little 

or no effect on the defect density. However, when this threshold level is exceeded, the 

defect density increases dramatically. For 3 nm oxides, this threshold level is evidently 

between 6.7 10 10 atoms/cm" and 2.0 10 12 

atoms/cm". 
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Figure 5.1. Defect density for 3 nm oxides with copper contamination from APM. The 
detection limit DL = I x 10'° atoms/cm~. 
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5.1.2. The effect of oxide thickness on defect density 

A sizable amount of literature data is available on the effect of copper 

contamination on GOI, although different types of wafers, different methods of 

introducing the copper contamination and different GOI metrics have been used. 

Implantation of copper, backside copper contamination, contamination using chemical 

dips and spin contamination have all been used to introduce known amounts of copper 

prior to, or after, gate oxidation. Sometimes the oxide defect density (D) and sometimes 

the mean oxide breakdown field (Ebd ) have been reported as a measure for the effect of 

copper on GOI. The meaning of defect density is not uniform throughout all sources 

because the threshold used to determine breakdown varies between 8 MV/cm and 12 

MV/cm. The meaning of mean breakdown field is not uniform throughout all sources 

because different capacitor areas have been used to determine them. Because of these 

difficulties, large uncertainty limits must be used when compahng the available data. 

Available data from literature is combined with the E^j data for 3.0 nm 

oxides contaminated with APM in Figure 5.2. The breakdown data has been normalized 

to remove any differences in baseline breakdown field. Fit lines are introduced to guide 

the eye. The figure shows that there is a threshold copper concentration below which 

copper has no detectable effect on the mean breakdown field. If the copper concentration 

exceeds this threshold, the mean breakdown field starts to decrease. In general, it 

decreases more rapidly for thinner the oxides. This means that it is especially important 

to maintain processing conditions so that the allowable copper concentration is not 

exceeded when the oxide thickness is small, since the effect on yield will be larger for 
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thin oxides. The mean breakdown field also decreases rapidly if copper is introduced at 

high doses by implantation (results from [63] and [64]), probably because the damage 

done by the high dose implantation allows more copper precipitation near the (damaged) 

surface. 
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Figure 5.2. Normalized mean breakdown field versus copper concentration. Own data (3 
nm) and data from [61] (4.5 nm, 7.5 nm, 12 nm, 20 nm), [62] (8 nm) [63] (24 nm) and 
[64] (30 nm) has been used. The method by which copper contamination was introduced 
is listed in Table 5.1. 

Table 5.1 gives an overview of the available data (literature and own) for the 

copper threshold at which an effect on gate oxide integrity is observed. A 95% 

confidence interval (two standard deviations) is used to determine the range. The middle 

of the range is given as the Cu threshold value. Where defect density is known, the 
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copper level at which an increase in defect density by a factor of four over the baseline 

defect density is observed is given in Table S.l. When the mean breakdown field is 

known, a linear regression has been made on the normalized field in the copper a^ected 

region. The copper concentration at which the fit line reaches unity is given as the Cu 

threshold value. The accuracy of the linear fit can be determined using the standard 

deviation of the fit line intersection with unity, aebd- This standard deviation is calculated 

using the n values of normalized breakdown field Ebji using equation (5.1) [65]. 

Equation (5.2) is used to determine the unbiased copper concentration standard deviation 

CTcu when more than two values or residue Vj in the linear region are available (a linear 

regression has n-2 degrees of freedom). When only two values are available, Ocu is 

arbitrarily chosen to be 30%. When only one value is available, 95% of the full range 

reported in the paper is given in Table 5.1. 

1 
'^1*1 

f \ 
1 1 + — 

lEki n 
V. i=l.n 

rL (5-1) 

The threshold at which copper contamination starts to have an effect on the gate 

oxide from Table 5.1 is plotted versus gate oxide thickness in Figure 5.3. The weighted 

average X; (Equation 5.3) is used as central point when multiple values are available for 

a single oxide thickness (the inverse of the variance is used as weight) [65]. Two 

standard deviations (Equation 5.4) is used for the 95% confidence interval. 
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Table 5.1. Overview of data on the effect of copper on gate oxide integrity. (Results for 
3 nm oxides with contamination from HF are reported in section 5.1.3.) 

oxide 

thickness 

Cu addition 

method 

GOI effect Cu threshold 

(atoms/cm") 

95% confidence interval 

(atoms/cm") 

reference 

3 nm chemical dip D&Ebd 3.42 x 10" 6.67 X 10'"-l.75x 10'- own data 

4.5 nm backside Ebd 2.05 X 10" 1.13 X 10"-3.70 X 10" [61] 

7.5 nm backside Ebd 2.36 X 10" 1.34 X 10"-4.16 X 10" [61] 

8 nm chemical dip D >3.0x 10" [62] 

12 nm backside Ebd 2.19 X 10" 1.46 X 10" - 3.29 X 10" [61] 

15 nm spin D > 1.4x 10'- [66] 

18 nm Buffered HF D 4.9 X 10'- 1.64 X 10'-- 1.46 X 10" own data [67] 

20 nm backside Ebd 4.63 X 10" 3.16 X 10'" - 6.78 X 10'- [61] 

20 nm chemical dip Ebd 9.17 X 10'- 2.46 X 10'--3.41 X 10" [68] 

20 nm HF D 6.0 X 10'- 1.85 X 10'-- 1.95 X lO'-" [63] 

24 nm implant Ebd 5.37 X 10'^ 3.20 X 10'^ - 9.00 X 10'^ [63] 

25 nm spin D 1 X 10'^ 2x 10'--5x 10" [24] 

30 nm implant Ebd 5.02 X 10" 2.99 X 10"-8.41 X 10" [64] 

X; = 
i=l-n 

i=lji 

(5.3) 
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Figure 5.3. Threshold of copper concentration at which an effect on gate oxide integrity 
is observed. (Data and confidence intervals are from Table 5.1.) 

Using Transmission Electron Microscopy (TEM) [24,75,76,77], selective defect 

etching [63] or haze [69,83], it has been shown that copper contamination affects oxide 

defects through precipitation. Copper probably diffuses readily into the silicon during the 

ramp up to oxidation temperature. Only a small fraction of the copper on the surface 

prior to oxidation is incorporated into the oxide [66]. Copper readily precipitates in 

silicon because it has a high diffusion coefficient in silicon, and a steep temperature 

dependence of its solid solubility [70] (which allows it to reach supersaturation during 

cooling). For precipitation to occur, nucleation sites must also be present. These can 



either be lattice defects or can form through homogeneous nucleation. A priori 

predictions regarding whether or not homogeneous precipitation will occur for a certain 

material can not be made [69]. 

The equilibrium phase of copper in silicon is CuaSi [71]. Regardless of the actual 

composition of the precipitated phase, it is clear that precipitation results in substantial 

volume expansion [72]. Quenching experiments show that metastable platelets are 

formed initially (through homogenous precipitation). Homogenous precipitation merges 

into the more commonly observed colony growth mechanism (heterogeneous 

precipitation), where copper precipitates from along a propagating dislocation [72]. 

Even though copper readily precipitates in silicon upon cooling of the sample 

when a large concentration of copper is present, there is still a minimum size for a copper 

precipitate. This means that there is a minimum copper concentration in silicon below 

which precipitation will not occur. A precipitate smaller than the minimum precipitate 

size would not be stable. The size of the smallest possible precipitate depends on the 

relative values of free energy of the species involved (Cu dissolved in Si for the no 

precipitation case and Si and Cu3Si separately when precipitation occurs). It also 

depends on the interfacial energy (surface tension or surface free energy) between the 

two phases [73]. The values of these terms are not easily measured or estimated, so 

making accurate calculations on what the minimum precipitate size is, is difficult. 

However, because of the large volume expansion involved in precipitation, the surface 

energy term is likely to be important. A larger surface energy term makes the minimum 

precipitate size larger, because larger precipitates have lower surface to volume ratios. 
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Because a larger amount of copper is necessary to form a larger (stable) precipitate, 

nucleation may be difficult for low copper concentrations. 

The copper concentration at which damage to the gate oxide starts to occur is 

relatively constant (around 2 x lO" atoms/cm") when the oxide thickness is 12 nm or 

smaller. When the oxide thickness is greater than 12 nm, the copper concentration at 

which damage starts to occur increases with oxide thickness (Figure 5.3). The GOI data 

can be explained with a simple qualitative model. For a gate oxide defect to occur, a 

precipitate must form close to the silicon-oxide interface. When the oxide is very thin, a 

precipitate of any size in the silicon bulk, which comes into contact with the oxide layer, 

will result in an electrical defect. If copper remains supersaturated in silicon when the 

copper concentration is below lO'' atoms/cm" or thereabouts, this would explain why no 

defects are found below this concentration for any oxide thickness. When the oxide is 

thicker, precipitates must be somewhat larger to cause an electrical defect because the 

precipitate must penetrate the oxide to some extent. Because precipitates must be larger, 

the copper concentration that is necessary to cause a reduction in gate oxide integrity 

increases with oxide thickness. This model is illustrated in Figure 5.4. A quantitative 

model for oxide damage due to copper contamination would require an extensive model 

for copper precipitate location and precipitate size, and must include the effects of 

gettering (both internal and surface gettering). This type of behavior could also be the 

result of the precipitate density dropping below the detection limit. 
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Figure 5.4. Schematic diagram showing regions where copper contamination does not 
influence gate oxide integrity 

5.1.3. The effect of copper contamination on thin oxide reliability for APM 

contaminated samples 

A copper precipitate near the Si/Si02 interface is required to cause a gate oxide 

defect for copper contamination from APM solutions. Therefore copper is not expected 

to affect gate oxide lifetime beyond the defect density which is also observed during 

ramped voltage stress. Copper contamination in APM needs to be larger than 10 ppb for 

a detectable influence on defect density to be present for 3 nm oxides. Figure 5.5 shows 

that time to breakdown is not affected by copper contamination levels that are insufficient 

to affect the defect density. 
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Figure 5.5. TDDB of 3 nm oxides with copper contamination introduced onto the silicon 
surface prior to oxidation with APM contaminated with different amounts of copper. The 
stress voltage was 4.2 V. 

5.1.4. The effect of copper contamination on defect density and reliability for HF 

contaminated samples 

Since copper deposition onto silicon from HF based solutions occurs 

simultaneously with silicon dissolution, silicon roughening may occur (see section 4.2). 

This, in turn can have an effect on the reliability of oxides grown on this surface. Wafers 

(Cz type) were cleaned in SPM and dilute HF baths. They were then contaminated in a 

copper contaminated dilute HF bath for 1 minute. Reference HF (no contamination), 4 

ppb Cu in HF and 40 ppb Cu in HF were used. The copper was removed from some 

contaminated wafers using an HPM clean. Wafers from each condition were removed for 

TXRF evaluation. Wafers were oxidized to a thickness of 3 nm and aluminum gate 
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capacitors were formed. The defect density was determined using a ramped voltage test 

with a threshold breakdown field of 12 MV/cm. Figure 5.5 shows the defect density of 

3.0 nm oxides when copper contamination from HF has been introduced just prior to gate 

oxidation. The defect density remains at about the background level when the copper 

concentration in the HF increases to 4 ppb. However, it increases abruptly between the 4 

ppb (where copper concentration on the wafer prior to oxidation is below the detection 

limit of 1 X 10'° atoms/cm") and 40 ppb (where the copper concentration on the wafer 

prior to oxidation is 4.5 x 10'° atoms/cm") contamination conditions. Removal of the 

copper with an HPM clean prior to oxidation does not remove the defect density problem. 
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Figure 5.6. Defect density of 3.0 nm oxides with copper contamination introduced using 
HF. Copper was removed with an HPM clean for some conditions. 

For 3 nm gate oxides, the effect of copper contamination on gate oxide properties 

is substantially different when the copper is introduced in a contaminated HF bath than 
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when it is introduced by other means. The threshold at which copper contamination 

starts to influence gate oxide integrity when contamination occurs in an APM solution is 

between 6.7 x 10'° and 2 x lO'" atoms/cm" (Figure 5.1) while it is less than 4.5 x 10'° 

atoms/cm" when contamination occurs in dilute HF (Figure 5.6). Also, removal of the 

copper from samples that were contaminated in HF does not remove the gate oxide 

integrity problem (Figure 5.6). Therefore, the defect mechanism must be different for the 

two solutions. Since the copper contamination process in HF is a cathodic reaction, and 

since the copper on the surface catalyzes hydrogen evolution (also a cathodic reaction), 

anodic silicon dissolution must occur (see Section 4.2). This process can be expected to 

result in silicon surface roughening, which could affect the quality of an oxide 

subsequently grown on such a surface. 

The tunnel current density of devices that survive 12 MV/cm stress is larger for 

oxides grown on surfaces contaminated with copper from HF (Figure 5.7). This is true 

even for the 4 ppb condition, even though no significant increase in defect density is 

observed for this case. Constant voltage stress revealed that the oxide lifetime is reduced 

even when very small amounts of copper (< 1 x 10'° atoms/cm") are present on the HF 

contaminated samples (Figure 5.8). When the copper is removed using HPM, the tunnel 

current (Figure 5.9) and oxide lifetime (Figure 5.10) do not recover. This is consistent 

with the observation that HPM cleaning after copper contamination from HF does not 

allow the defect density to recover. The surface has been irreversibly damaged. 
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Figure 5.7. Tunnel current voltage curves for 3 nm oxides where the silicon surface was 
treated with copper contaminated HF prior to oxidation. 

0.5 

0 

-0.5 - / 
-I 

• • • Reference 

-1.5 • • • 4 ppb Cu 

• 
A 40 ppb Cu 

-2 

1 10 100 1000 10000 

Time to Breakdown (s) 

Figure 5.8. Time dependent dielectric breakdown WeibuU plot for 3 nm oxides with 
copper contamination from HF. The stress voltage was 4.2 V. 
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Figure 5.9. Tunnel current voltage curves for 3 nm oxides where the silicon surface was 
treated with copper contaminated HF. They were cleaned with HPM and clean HF prior 
to oxidation. 
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Figure 5.10. Time dependent dielectric breakdown Weibull plot for 3 nm oxides with 
copper contamination from HF. Copper contamination was removed prior to oxidation 
using HPM. The stress voltage was 4.2 V. 
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Atomic Force Microscopy (AFM) measurements confirm that the roughness has 

indeed increased due to the copper contamination from HF and that this damage is not 

removed by subsequently cleaning off the copper (Figure 5.11). It is the roughness that 

results in a decreased oxide lifetime. Copper contamination ftom HF solutions can also 

be expected to reduce the inversion layer mobility, since this too can be caused by 

increased surface roughness [81,82]. 
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Figure 5.11. Power spectral density of atomic force microscopy images of a silicon 
surface, one that has been contaminated with copper from HF (40 ppb) and one that was 
cleaned with HPM and HF after contamination. 

Roughening of the silicon occurs at anodic sites due to silicon dissolution. 

Cathodic sites are copper deposits. Since even dilute HF is a reasonable conductor (1% 

HF has a resistivity of about 170 ohm-cm), the anodic and cathodic sites can be some 

distance apart. Also, since the dominant cathodic reaction is hydrogen evolution 
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catalyzed by the presence of copper, it is not necessary that the HF itself be 

contaminated with copper. If a silicon wafer is contaminated in a step just prior to HF 

immersion, roughening can be expected to occur. 

That wafer damage can occur, even in uncontaminated HF, was verified by 

contaminating the backside only of silicon wafers. A pad oxide (12 nm) was grown and 

resist applied to the front of all wafers. The backside of the wafers was contaminated 

with copper to a level of 2 x 10*'* atoms/cm" using contaminated BHF. Some wafers were 

then inmiersed in HF for 10 minutes. All wafers were cleaned using a SPM clean 

followed by a 5 minute HF etch/clean prior to gate oxidation to a thickness of 3 nm. 

TDDB measurements for oxides grown on these surfaces are shown in Figure 5.12. 

Wafers that had backside copper contamination and were inmiersed in HF prior to the 

final clean sequence have a reduced time to breakdown, indicating roughening occurred 

on the front surface even though copper was present only on the backside. The SPM 

clean removed copper contamination prior to the final HF dip, so that no adverse affect is 

seen on the wafers that had backside copper contamination but were not immersed in HF 

before receiving the SPM clean. Since the roughening damage is not reversible, robust 

cleaning sequences should incorporate a cleaning step capable of removing copper 

effectively (such as SPM or HPM) prior to any HF step. 
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Figure 5.12. Time dependent dielectric breakdown Weibull plot for 3.1 nm oxides with 
backside copper contamination from BHF. The stress voltage was 4.2 V. 

5.2. The effect of pre-anneal ambient on gate oxide integrity 

Copper precipitation results in substantial volume expansion [72]. The growth of 

copper particle colonies occurs by heterogeneous nucleation of copper around a growing 

dislocation loop, which can absorb the silicon self-interstitials that are ejected by the 

growing copper precipitate [84,85,86]. This mechanism could potentially be influenced 

by the concentration of self-interstitials present in the silicon wafer. Self-interstitials are 

injected into a silicon wafer by thermal oxidation at high temperature [30]. Therefore, a 

wafer that has been pre-annealed in oxygen (such as would occur in isolation formation 

during integrated circuit manufacturing) should have a larger silicon self-interstitial 

concentration than one that has been annealed in an inert carrier gas such as nitrogen. 
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Wafers (both Cz and epi) were pre-annealed in oxygen at 1000 °C for 2 hours 

while others were pre-annealed in nitrogen for 2 hours at 1000 °C. After removal of 

oxide from the surface, some wafers were contaminated with copper using contaminated 

APM. A 4.2 nm oxide was then grown on the Cz wafers and a 3 nm oxide was grown on 

the epi wafers. Aluminum dot capacitors were made. The defect density is shown as a 

function of copper concentration in the APM solution in Figure 5.13 (for the Cz wafers) 

and Figure 5.14 (for the epi wafers). For both types of wafers (Cz with 4.2 nm oxide and 

epi with 3 nm oxide), the wafers that were annealed in oxygen had a reduced sensitivity 

to copper contamination. 
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Figure 5.13. Defect density of 4.2 nm oxides with copper contamination introduced 
using APM. Wafers were Cz type and were pre-annealed for 1 hour at 1000 °C in either 
oxygen or nitrogen. 
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Figure 5.14. Defect density of 3 nm oxides with copper contamination introduced using 
APM. Wafers were epi type and were pre-annealed for 1 hour at 1000 °C in either 
oxygen or nitrogen. 

A second set of epi wafers that received the same pre-anneal conditions (wafers 

with oxygen pre-anneal and wafers with nitrogen pre-anneaJ) was oxidized to 3 nm 

thickness after only an HF clean (no contamination). The backside oxide of the wafers 

was removed using a dilute HF soaked swab, and a copper film was evaporated onto the 

backside. This film is in practice an infinite source of copper contamination. Wafers 

were then post-annealed for 2 hours at two different temperatures (450 ®C and 550 °C), 

representing the range of typical post metallization process temperatures. Aluminum gate 

capacitors were made and the defect density was measured (Figure 5.15). Again, the 

oxygen annealed wafers have a lower sensitivity to copper contamination than do the 

nitrogen annealed wafers. Two different mechanisms could explain these results. 
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Figure 5.15. Defect density of 3 nm oxides with copper contamination introduced using 
onto the back side of the wafer. Wafers were epi type and were pre-annealed for 1 hour 
at 1000 °C in either oxygen or nitrogen. Wafers were post contamination annealed for 2 
hours at the given temperature. 

Since oxygen annealed wafers have a lower sensitivity to copper contamination 

irrespective of whether the contamination occurs before or after gate oxidation, injection 

of silicon self-interstitials during the high temperature oxidation probably in some way 

inhibits the precipitation of copper. The presence of larger concentrations of silicon seif-

interstitials in the oxygen annealed wafers could inhibit nucleation or growth of copper 

precipitates by making it more difficult to inject additional silicon self-interstitials (which 

is necessary because of the large volume expansion accompanying precipitation). 

A second mechanism is possible since copper can be present in silicon in either 

substitutional sites or in interstitial sites. While copper has a very large diffusion 
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coefficient when it is in interstitial sites, the diffusion coefficient is many orders of 

magnitude smaller when it is in substimtional sites [74]. Copper can be trapped in 

substitutional sites when a large number of silicon self-interstitials are present, such as 

after thermal oxidation at high temperature [74]. Since precipitation requires relatively 

rapid movement of the precipitating species, copper in substitutional sites is extremely 

unlikely to precipitate (boron, phosphorus and other dopants do not precipitate for the 

same reasons). Large concentrations of silicon self-interstitials could therefore act to 

force a large fraction of any copper contamination into substitutional sites, where from it 

can not form oxide defects. 

5.3. The effect of copper on field overlap edge regions 

Research on the influence of contamination on gate oxide integrity (GOI) of 

Metal Oxide Semiconductor (MOS) devices and junction leakage current has largely 

concentrated on planar devices. As MOS devices are scaled, however, regions where the 

gate electrode runs onto the field oxide, the field overlap edges, become relatively more 

important. For every factor of two increase in the scaling factor (i.e. for every factor of 

two decrease in dimensions), the perimeter-to-area ratio of a MOS transistor gate 

doubles. For the same reason, the contribution of the perimeter of a pn junction to the 

total junction leakage current becomes relatively more important than the contribution of 

the bottom area of the junction as the junction is scaled to smaller dimensions. It is 

therefore essential that when the effects of contamination on electronic devices are 

examined, the effect on the device perimeter is also examined. 
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Copper, when present in sufficient quantity on a silicon surface just prior to gate 

oxidation, can negatively affect the integrity of the gate oxide as a result of copper 

precipitation at the silicon surface (section 5.1). The threshold contamination at which 

copper precipitation becomes important (for capacitors without overlap edges) is high 

when compared to metals such as iron and calcium because most of the copper on the 

wafer surface diffuses into the silicon substrate during oxidation instead of being 

incorporated into the oxide [66]. 

Copper present on the wafer surface will diffuse into the silicon bulk during 

subsequent thermal processing. While the interstitial diffiision constant of copper is high 

[78], it has been experimentally found that a significant portion of copper can remain 

close to the Si/SiOi interface. Whether this is due to gettering/precipitation at or near the 

interface [76,79,80,22] or due to a substitutional component of the copper diffusion [74] 

is still unclear at this moment. However, regardless which mechanism is responsible, a 

copper profile that falls off steeply from the surface is observed. Because of this, one 

may expect pn junctions to have large leakage currents in regions that are close to the 

surface. The junction perimeter can thus be expected to have a sizable contribution in the 

total leakage current. 

The effect of copper contamination on device performance was studied by 

introducing controlled quantities of copper on the wafer surface just prior to gate 

oxidation in a 1.25 )xm CMOS process lot fabricated at Sandia National Laboratories 

Microelectronics Development Laboratory. Bare silicon monitor wafers were also 

processed for post-experimental surface analysis. Wafers with 150 mm diameter, n on n+ 
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epitaxial silicon with (100) orientation were used. The epi layer is 2 ^im thick and has a 

resistivity of 10 Q-cm. A poly-silicon gettering layer is present on the back side of the 

wafers. Device isolation was achieved using a direct moat scheme. All wafers received a 

pre-gate oxidation processing consisting of a 5 minute SPM (S parts concentrated sulfuric 

acid, I part 30% hydrogen peroxide) clean at 95 °C followed by a rinse to 15 Mi2-cm 

resistivity in a quick dump rinser. Copper was introduced by immersing the cleaned 

wafers into a purposely contaminated BHF etch bath at 24 °C for one minute. BHF baths 

containing different concentrations of copper were used to obtain a range of pre-gate 

oxidation copper surface densities. Copper oxide (CuO) was added to BHF to achieve 

intentional copper contamination levels of 10 ppb, 100 ppb, or 500 ppb. No copper was 

added to the reference split lot. After the BHF treatment, wafers received a rinse to 15 

MQ-cm resistivity in a cascade overflow bath and a spin dry. Inductive Coupled Plasma 

Mass Spectroscopy (ICPMS) measurements of BHF solution samples confirmed that the 

copper concentrations were within 10% of the intended level. According to the 

transmission equation reported by Parks et a/. [23], the BHF copper concentrations used 

during the intentional contamination step should result in copper surface densities of 1 x 

lO'" atoms/cm" (for 10 ppb of Cu in BHF), 1 x lO'^ atoms/cm" (for 100 ppb of Cu in 

BHF) and 5 x lO'^ atoms/cm" (for 500 ppb of Cu in BHF). TXRF results showed that the 

copper surface concentration was within 15% of the level predicted by the transmission 

equation. Copper surface concentrations just prior to gate oxidation as determined by 

TXRF were found to be 1.3 x lo" atoms/cm" (reference split), 9 x lO" atoms/cm' (for 10 

ppb of Cu in BHF), l.l x lO'^ atoms/cm" (for 100 ppb of Cu in BHF) and 4.3 x lO'^ 
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atoms/cm' (for 500 ppb of Cu in BHF). Contamination of other transition metals was 

found to be in the low 10'° atoms/cm^ level for all splits. An 18 nm gate oxide was 

grown on the contaminated surface at 950 °C and 200 nm of poly silicon deposited. 

Wafers were then processed through single level metal. Subsequent to gate oxide 

growth, the only significant thermal step was the junction implant anneal (30 minutes at 

850 °C). 

The breakdown field of MOS capacitors on the p-well was measured by forcing a 

voltage ramp. Ail capacitors have the basic structure shown in Figure 5.16. Constant 

current charge to breakdown (Qbd) measurements of MOS capacitors were performed 

using a current density of 10 mA/cm". The reverse bias junction leakage current was 

determined by applying 5 V reverse bias to diodes in the p-well and measuring the 

current. For all electrical tests, at least 37 devices of each type were measured on every 

wafer and at least two wafers were evaluated for every split condition. 

n"*" poly silicon gate 

- gate oxide 

p Si 

Figure 5.16. Cross-sectional drawing of a capacitor structure 



A Poisson model, which allows one to consider defects with different discrete 

strengths [87], is used to determine the area and perimeter defect densities. In this model, 

a device area independent yield term Yo is used as a pre-multiplier to account for any 

gross defects on the wafer. The resulting equation relating device yield, Y, to the area. A, 

and field overlap length, F, of the device is 

Y = Yoexp(-DAA-DpF) (5.5) 

'y 

DA is the area point defect density (defects/cm") and Dp is the field overlap point defect 

density (defects/cm). 

Two different elecuic field breakdown (Ebd) strength threshold levels to 

determine yield are commonly used for thicker gate oxides. To determine the low-field 

yield and corresponding low-field defect density, an Ebd threshold of 2 MV/cm is used. 

Low-tleld breakdown is generally associated with particles or high levels of metals 

contamination. The intrinsic yield and corresponding intrinsic defect density are 

determined using an intrinsic Ebd threshold, which is taken at 11 MV/cm for the 

experiments with 18 nm oxides. Mid-field defects cause a difference between low field 

yield and intrinsic yield. The mid-field defect density is the difference between the 

intrinsic defect density and the low-field defect density. It is usually associated with 

trace metal contamination [87]. 

The values of Yo, DA and Dp were determined versus copper surface 

concentration with both the low-field yield and the intrinsic yield using a non-linear least 

squares fit of the yield equation (5.5). Yield data from six sets of capacitor having a wide 

spread of area (1 x 10"^ cm" to 0.195 cm") and field overlap length (0.12 cm to 8.04 cm) 
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values were used. The correlation coefficient was higher than 0.99 for all the fits, 

indicating the validity of the Poisson yield model. The values of Yo were found to be 

1.00 ± 0.03 for all wafers and both field threshold levels. Because the value of Yo is so 

close to unity for all the wafers, it can be concluded that there are no gross wafer defects 

(defects which are large compared to the device size) present on any of the wafers. The 

GOI defects due to copper contamination on these wafers can thus be modeled accurately 

as a random distribution of point defects only. The defect densities DA and Dp are plotted 

versus copper surface concentration in Figure 5.17 and Figure 5.18 respectively. The 

intrinsic area defect density (Ebd threshold = 11 MV/cm) is seen to increase strongly 

when the copper surface concentration increases from I x lO" atoms/cm" to 1 x lO'" 

*) "y 
atoms/cm". While the intrinsic defect density levels off at about 200 defects/cm", the 

low-field defect density (Ebd threshold = 2 MV/cm) increases continuously with copper 

surface concentration with a slope of approximately 0.7. This suggests that defects form 

at specific sites which grow in su-ength (i.e. precipitates grow larger), but not in number, 

as more copper is present. 

The field overlap defect density. Dp, also increases with increasing copper surface 

concentration, yet in this case there is no significant difference between the low field 

defect density and the intrinsic defect density (Figure 5.18). The fact that the field 

overlap defect density increases strongly with copper concentration means that copper is 

preferentially present at field overlap edges. Most likely it is gettered at the field overlap 

edges during post-contamination thermal processing. This is not surprising, as a 

significant amount of mechanical stress is present in the silicon in the vicinity of an oxide 
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step [30]. The high diffiisivity of copper in silicon, together with the steep temperature 

dependence of its solid solubility makes it an ideal candidate for formation of precipitates 

and/or defect gettering [70] by a stress relaxation mechanism. Nucleation of copper 

precipitates is probably also much easier at Held overlap sites, meaning that there is a 

potential problem at field overlap regions even at copper concentrations that do not affect 

flat capacitors. Since the field overlap defect density is the same irrespective of the field 

threshold, almost all breakdown events associated with the field overlap occur at electric 

fields lower than 2 MV/cm. The field edges are thus very sensitive to copper 

contamination. 
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Figure 5.17. Gate oxide area defect density DA for different copper concenurations and 
for two different yield threshold levels. 
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Figure 5.18. Gate oxide field overlap defect density Dp for different copper 
concentrations and for two different yield threshold levels. 

Using the two point defect densities (an area defect density. DA, with units 

defects/cm" and a field overlap defect density, Dp, with units defects/cm), the yield of a 

given integrated circuit may be determined as a function of the copper surface 

concentration. Given the correct transmission equation between BHF purity and copper 

surface concentration, the yield may be determined as a function of chemical purity. This 

in turn allows data-driven specifications for chemical purity to be established. 

The probability of a field overlap related failure of the gate oxide p(F) is given by 

p(F) = I - exp(-DpF) (5.6) 

The total probability of a gate oxide failure is given by 
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p(tot) = 1 - expC-D^ A - DpF) (5.7) 

A MOSFET with a gate length and width of magnitude L will have a gate area of L" and 

a field overlap length of 2L. The probability of a field overlap related gate oxide failure 

divided by the total probability of a gate oxide failure for this MOSFET can thus be 

written as 

r. _ P(F) _ l-exp(-2DFL) 
^ .2 ITT (5.8) 

p(tot) l-expC-D^L"-2DpL) 

Figure 5.19 plots this ratio of failure probabilities versus the critical dimension L 

of this MOSFET. It is inmiediately obvious that for all circuits that utilize MOSFET 

transistors with dimensions smaller than 10 |xm, yield loss will be dominated by edge 

effects (RF> 0.5). 
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Figure 5.19. The expected ratio of field overlap related gate oxide failures to total gate 
oxide failures. Yield data with a threshold level of 2 MV/cm was used. 
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When a voltage ramp is applied to a thin oxide, a tunneling current is observed. 

The current-voltage relationship is described by the Fowler-Nordheim equation (1.3). 

Figure 5.20 and figure S.21 plot the tunneling current versus the electric field for typical 

capacitors exhibiting intrinsic breakdown: The breakdown field (Ebd) for every 

capacitor shown in these figures is larger than 11 MV/cm, meaning they are considered 

'good' in the intrinsic Ebd analysis. On the reference wafers, capacitors with the same 

area have indistinguishable tunneling characteristics irrespective of their field overlap 

length. This means that for these wafers there is no significant tunneling current 

component associated with the field overlap edges. When the copper surface 

concentration is 9 x lO" atoms/cm" (Figure 5.20: 10 ppb condition), the tunneling 

current of capacitors with a field overlap length 0.12 cm is generally slightly larger than 

the same capacitors on the reference wafers for fields below 8 MV/cm. For fields higher 

than 8 MV/cm, the tunneling characteristics are identical. Capacitors with a field overlap 

length of 8.04 cm, however, have a much larger tunneling current than do their 

counterparts on the reference wafers up to fields of 10 MV/cm. The same trend is seen 

when the copper surface concentration is 1.1 x lO'^ atoms/cm", yet current differences are 

now much larger (Figure 5.21: 100 ppb condition). It can therefore be concluded that 

copper present at the field overlap edges causes hot spots, where a large tunneling current 

can flow and which therefore result in a gate leakage problem. This may be detrimental 

for such circuits as DRAM's or EEPROM's. It could also cause long-term reliability 

problems because a large current is present locally at the field overlap edge hot spots 
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even at moderate fields. This current may lead to premature breakdown at these field 

values. 
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Figure 5.20. Tunneling current density for intrinsic capacitors of area 1.0 x 10-3 cm^ with 
different perimeters (field overlap lengths) and copper concentrations. 

The reliability issue was investigated fiirther by doing constant current charge-to-

breakdown (Qbd) measurements. Figure 5.22 shows a Weibull plot of the Qbd 

measurements done on capacitors with different copper surface concentrations. It is seen 

that the number of capacitors surviving to the intrinsic Qbd level (the steep portion on the 

right hand side of the plot) decreases sharply with increasing copper surface 

concentration. Figure 5.23 shows the Qbd yield versus field overlap length for different 

copper surface concentrations. While there is no detectable influence of the field overlap 

length on the Qbd yield when the copper concentration is lO" atoms/cm^ or less at a 
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current density of 10 mA/cm', the Qbd yield quickly drops for capacitors with a large 

perimeter when the copper surface concentration is above 10atoms/cm". This drop is 

the result of the large current density passing through hot spots at the field overlap (see 

Figure 5.21), Qbd yield differences could possibly be observed for lower copper surface 

concentrations at much lower current densities (and thus lower stress fields). The 

increase of the Qbd area defect density and the Qbd Held overlap defect density with 

copper concentration is consistent with the yield results observed when applying electric 

field stress (Ebd area defect density). 
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Figure 5.21. Tunneling current density for intrinsic capacitors of area 1.0 x lO*^ cm^ with 
different perimeters (field overlap lengths) and copper concentrations. 
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Figure 5.22. Qbd Weibuii plot for capacitors with area 1.0 x lO'^ cm^ and field overlap 

length 0.12 cm. F is the cumulative failure ratio. The current density was 10 mA/cm^. 
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Figure 5.23. Qbd yield versus field overlap length for different copper concentrations. 

The Qbd yield threshold was 1 C/cm^. The current density was 10 mA/cm^. All 

capacitors have an area of 1.0 x lO"^ cm^. 
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The reverse bias leakage current of pn junctions formed by the n-type 

source/drain implant into the p-well was measured at a fixed reverse bias voltage of 5 V. 

The total leakage current of each diode is the sum of the leakage current due to its 

perimeter, P, and the leakage current due to its bottom area, A. The total leakage current, 

I,O„ is thus a function of the area leakage current density, JA, and the perimeter leakage 

current density, jp (Figure 5.24): 

Ito. =jAA + jpP (5.9) 

Field ' 
Oxide TEOS deposited oxide 

n'^Si 

r 1 

JA 
depletion region 

p Si 

Figure 5.24. Schematic cross sectional diagram of a pn junction illustrating the perimeter 
leakage current density (jp) and the area leakage current density (IA). 

The total leakage current was measured for two sets of diodes with different 

perimeter to area ratio's. The first sets of diodes have an area of 1.47 x 10 " cm' and a 

perimeter of 0.70 cm. The second set have an area of 1.03 x 10"^ cm" and a perimeter of 

15.0 cm. The perimeter leakage current density and area leakage current density were 

determined by solving equation (5.9) simultaneously for both sets of diodes. The copper 

depth profile was measured using Secondary Ion Mass Spectroscopy (SIMS) (Figure 

5.25). Because the copper concentration is much higher near the surface than at the 
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metallurgical junction, it is expected that the perimeter junction leakage current density 

is much higher than the area leakage current density. Both surface state and bulk 

generation could be the origin of the larger perimeter leakage current. 
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Figure 5.25. SIMS proHles showing the copper concentration as a function of depth. The 
metallurgical junction is 0.2 p.m deep. 

The area component of the junction leakage current, jA, and the perimeter 

component, jp, are shown versus copper surface concentration in Figure 5.26 and Figure 

5.27 respectively. Both components of the leakage current remain relatively constant up 

to a copper surface concentration of about 1 x lO'^ atoms/cm", beyond which both start to 

increase strongly with increasing copper surface concentration. The copper dependence 

of the leakage current density can thus be divided into two regions. In the first region, 

the copper surface concentration is below about I x lO'^ atoms/cm" and both the area 

leakage current density and the perimeter leakage current density are independent of the 
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copper concentration. In the second region, when the copper concentration is higher 

than 1 X lO'^ atoms/cm", both leakage current densities increase strongly with the copper 

contamination level. This type of behavior can be modeled using a process baseline 

lifetime that dominates in the first region and a generation lifetime determined by copper 

deep traps that dominates in the second region [23,88]. The junction depth was 

determined by Secondary Ion Mass Spectroscopy (SIMS) and found to be 0.2 jim. If the 

perimeter of the junction contributed leakage current proportional to its area with the 

same area current density as the bottom of the junction, the expected perimeter junction 

leakage current density is the product of the area junction leakage current density and the 

junction depth (0.2 |im). The junction leakage results (Figures 5.26 and 5.27) show that 

the measured perimeter current density is about three orders of magnitude larger than this 

expected perimeter junction leakage current. This is consistent with the large 

concentration of copper close to the surface, since the copper concentration profile in the 

wafer near the surface after processing is relatively independent of the copper 

contamination added during the BHF etch until 500 ppb is added (Figure 5.25). 



134 

y 1x10 
< 

„ 3 1x10"' 

1x10" 

1x10' 
II 

1x10' 12 
1x10' 13 

Cu concentration (atoms/cm^) 

IxlO' 
14 

Figure 5.26. Area component of junction leakage current density determined from 
measurements of the leakage current with a reverse bias of 5 V. 
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Figure 5.27. Perimeter component of junction leakage current density determined from 
measurements of the leakage current with a reverse bias of 5 V. 
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5.4. Conducting AFM studies 

High resolution Fowler-Nordheim field emission mapping of thin thermal SiOa 

layers was used to investigate the yield and reliability implications of transistor scaling 

when trace amounts of copper contamination are present on the silicon surface prior to 

gate oxidation. A new failure mechanism is revealed that will start to manifest itself in 

0.13 |xm technologies. 

Fowler-Nordheim field emission mapping is a relatively new technique that 

makes use of an atomic force microscope with a conducting tip (CT-AP^) [89]. A 

highly localized electrical bias is placed across the oxide resulting in tunneling through 

the thin oxide (Figure 5.28). 
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Figure 5.28. Schematic drawing of the CT-AFM system [90]. 

During scanning, the AFM Feedback loop records the voltage necessary for the 

piezo to maintain a constant tip deflection. This is a record of the sample topography. 

The electrical feedback system records the voltage necessary to maintain a set tunnel 
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current through the oxide. The two images yield complementary information on local 

asperities in the oxide. For example, a local increase in dielectric thickness (Figure 

5.29a) will show a bump on both topographic and voltage maps (a larger voltage is 

necessary to tunnel through the thicker oxide), while a defect on the silicon surface 

reproduced in the oxide (Figure 5.29b) will again show a bump on the topographic image, 

but not on the voltage map. 

Oxide Oxide 

Silicon Silicon 

(a) (b) 

Figure 5.29. Examples of defects in oxides. Sample (a) will show a bump in the 
topographic map and a corresponding bump in the voltage map while sample (b) will 
show a bump in the topographic map but not in the voltage map. 

The local current-voltage (I-V) characteristics of the oxide can be measured by 

holding the tip stationary and applying a voltage ramp to the conducting tip while 

monitoring the tunnel current. 

While process chemicals in use today are quite pure, metal contamination of these 

chemicals can quite easily occur due to improper handling or storage techniques. These 

metals may then be deposited onto the wafer surface. Copper contamination in HF, in 

particular, can easily deposit onto silicon [23]. It is important to know what levels of 

contamination are low enough to be acceptable for a particular application. It is also 

important to know just what the device effects of inadvertent contamination may be. 
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Six inch diameter p-type Cz silicon wafers with <100> orientation were used. 

Wafers were first cleaned using an SPM/HF cleaning sequence to ensure that starting 

metal contamination levels were low 

Some samples were subsequently slightly contaminated with copper using a 

copper spiked HF solution. Copper deposits onto silicon from contaminated HP in small 

nodules via an electrochemical redox reaction (section 4.2). AFM images of pre-oxidized 

copper deposits on silicon show that the density of copper deposits on silicon after copper 

contamination from an HF solution is extremely high. Typical densities are 2 x 10^ 

deposits/cm" even for samples with a copper contamination as low as 1.2 x 10'° 

atoms/cm" (10'° atoms/cm" is a typical process-induced level). After contamination, the 

samples were oxidized to a thickness of 4.5 nm. 

Simultaneous topographic and voltage maps of an oxidized sample are shown in 

Figure 5.30. Bumps can be seen in both images. 

The bumps in the oxide shown in the topographic image are also present in the 

voltage map. The bumps in the topographic image mean that there is a physical bump 

present on top of the oxide. The bump in the voltage map at the same location shows that 

a larger voltage is required to tunnel through these regions. The presence of bumps in 

both images at the same location therefore indicates an increase in dielectric thickness 

(type of defect shown in Figure 5.29a). 
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Figure S.30. Simultaneous AFM (topographic) and constant current Fowler-Nordheim 
(voltage feedback) maps of a 4.5 nm oxide grown on a copper contaminated silicon 
sample. The sample was contaminated using copper-spiked HP to a surface 
concentration of 1.2 x 10'° atoms/cm" (as measured by Total-reflection X Ray 
Fluorescence) prior to oxidation. The actual voltage across the sample is 10 times larger 
than the voltage in the feedback map due to the bias pre-amplifier. The tunnel current is 
kept at 5 pA [90]. 
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Because the voltage dependence of Fowler-Nordheim tunneling current is known 

(equation 1.3), the oxide thickness increase at the bumps can be estimated from the 

voltage feedback map. Figure 5.31 shows a line scan of the excess feedback voltage 

necessary to obtain a constant current of 5 pA across a typical bump in the oxide. While 

only 5.0 V is necessary to tunnel through the 4.5 nm oxide next to the bumps, 6.7 V (5V 

+ 1.7 V) is necessary to tunnel the same amount of current through the bump. Fowler-

Nordheim tunneling current is dependent on the electric field across the oxide. Since the 

tunneling current is kept constant during the measurement, the electric tield is kept 

constant during the measurement. In other words, the electric field across the bump may 

be assumed to be the same as the electric field across the rest of the oxide. Since the 

electric field is the voltage divided by the oxide thickness, the oxide thickness at the 

bump can be determined. 

F'eld - tunnel voltage _ bump tunnel voltage 

background oxide thickness bump oxide thickness 

The physical diameter of the bumps can be determined more accurately using a 

sharp, non-conductive (silicon nitride) tip for the AFM. Typically, the largest bumps 

have a diameter of 60 nm and a thickness increase of 2.0 nm. 

Reference samples, which did not receive the copper contamination step, were 

also measured. No bumps were found on these samples. 

The voltage map shows that bumps in the oxide require a larger voltage than the 

surrounding oxide for the same amount of tunnel current to flow through it. Clearly, the 

copper deposits formed during the contamination step do not directly result in electrical 



shorts after oxidation of the sample. It is for this reason that the defect densities 

observed with standard GOI tests (typically a few defects/cm" for large copper 

concentrations) are not equal to the number of copper deposits (more than 10^ cm ") [67]. 

The highly localized increase in oxide thickness is, nevertheless, still a reason for 

concern. If such an oxide bump is present under the gate of a very small Metal Oxide 

Semiconductor Field Effect Transistor (MOSFET), and the large density of bumps 

ensures that this will certainly occur in Ultra Large Scale Integration (ULSI) circuits, it 

can change that MOSFET's electrical characteristics because the gate capacitance is 

changed. 
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Figure 5.31. Line scan of the feedback voltage of the Fowler-Nordheim map across a 
bump. The voltage across the sample is 10 times larger due to the bias pre-amplifier. 
The voltage difference between the tip of the bump and the averaged background is 1.7 
V. The background voltage is 5.0 V [90]. 
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To determine the magnitude of the effect of the bumps on the MOSFET electrical 

characteristics, a rough estimate of their effect on the threshold voltage (VT) can be made. 

We make the assumption that the carrier concentration in the channel at the onset of 

strong inversion is uniform even if a bump in the oxide is present. We can then model 

the effect of the bump on the MOSFET by changing the effective oxide capacitance per 

unit area (Co*) which is equal to the dielectric constant of the oxide (EOX) divided by the 

oxide thickness (tox). This assumption is not rigorously correct, but sufficient since our 

aim is to determine the magnitude of the effect, not to do an exact calculation of the 

MOSFET current-voltage characteristics. Using a first order model [91], we can 

calculate the change of the threshold voltage as the oxide capacitance is changed. 

NB is the channel doping concenu-ation, k the Boltzmann constant, T the absolute 

temperature, q the electronic charge, ni the semiconductor intrinsic carrier concentration 

and Es the dielectric constant of the semiconductor. The threshold voltage change as the 

oxide capacitance is changed can be approximated by the differential: 

dVT V4esqNByB 
(5.11) 

with 

kT, rNB^i I|/B=—In — 
q V Hi y 

(5.12) 

V4£sqNBVB AVT == --——R; AC (5.13) 
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The change in oxide capacitance is determined by subtracting the capacitance of 

a gate without a bump from the capacitance of a gate with a bump. Since the threshold 

voltage shift will be largest for a minimum size device, we calculate it for a device with 

length and width L. If L is taken to be the minimum line width of a certain technology 

generation, the threshold voltage shift can be determined as a function of technology 

generation. Since the density of the bumps is small compared to typical MOSFET 

dimensions, it is assumed that a single bump is present under a gate. The bump is 

assumed to be a cylinder with diameter <|> and thickness Atox. 

Box L^ACOX = 
tox V 2 y tox + Atox 

T-EOX" 
. tox . 

ACox — 
7C(()~EoxAtox 

(5.14) 

(5.15) 
4L"tox(toX Atox) 

These calculations result in an equation for the threshold voltage shift as a 

fiinction of known parameters. 

7C(|)"toxAtox..|£sNB In 
f N e l  

AVT = • (5.16) 
2L"£ox(toX Atox) 

Using projections made by the Semiconductor Industry Association [1] for future 

values of effective transistor length, oxide thickness and channel doping, the threshold 

voltage shift due to the presence of an oxide bump can be calculated for a minimum size 

MOSFET. These calculated values are compared with the projected allowable threshold 

voltage shift in Table 1. 
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Current device dimensions are such that threshold voltages will not be affected 

substantially, however this will change in the near ftjture. Clearly the VT shift due to the 

presence of copper contamination induced oxide bumps will be totally unacceptable for 

0.13 iiim technologies and smaller, since the threshold voltage shift caused by a single 

bump is larger than allowed (Table 5.2). The effect becomes even more problematic as 

devices are scaled down to even smaller dimensions. 

Table 5.2. Values of the threshold voltage shift (VT shift) for a minimum size MOSFET 
resulting from an oxide bump with diameter of 60 nm and thickness 2 nm. Technology 
parameters are from referenced The permitted threshold voltage shift (also from 
reference I) is included for comparison. For 0.13 ^m technologies and smaller, the 
copper-caused VT shift is larger than the allowable VT shift. 

Year Generation 

(^im) 

Oxide thickness 

(nm) 

Channel doping 

(cm'^) 

VT shift 

(mV) 

VT shift allowed 

(mV) 

1997 0.25 4.5 1 X 10" 10 60 

1999 0.18 3.5 2 X 10'" 26 50 

2001 0.15 3.0 2.5 X 10" 39 45 

2003 0.13 2.0 3 X 10" 48 40 

2006 0.10 1.75 4x 10" 88 40 

2009 0.07 1.5 8 X 10" 240 40 

2011 0.05 l.O 4 X 10'^ 340 40 
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6. CONCLUSIONS AND PROSPECTS FOR FURTHER WORK 

6.1. Conclusions 

Copper contamination from contaminated APM solutions reaches a steady state 

concentration that can be adequately described using a simple adsorption and etching 

model. If present in sufficient quantities in silicon, copper can precipitate at the Si/SiOi 

interface, resulting in substantial yield loss. The threshold concentration at which copper 

starts to influence yield in this manner is dependent on the oxide thickness. For oxides 

thinner than 12 nm, the threshold concentration is in the neighborhood of 2 x lO" 

atoms/cm". 

Copper contamination from contaminated HF-based solutions occurs through an 

electrochemical redox mechanism, in which the illumination condition of the silicon 

plays a role. Under conditions of sufficient illumination, copper deposition is probably 

diffusion limited. Hydrogen evolution readily occurs on the copper nodules, resulting in 

a large amount of concurrent silicon dissolution, which in turn leads to a rougher surface. 

When copper contamination occurs in contaminated HF, or when copper contamination is 

present on a silicon wafer that is immersed into an uncontaminated HF bath, the resulting 

roughening can not be removed by removing the copper. It results in signiHcantly 

reduced oxide lifetime for thin (3 nm) oxides. 

Wafers that have been subjected to a high temperature oxidation are less sensitive 

to subsequent copper contamination. It is likely that the presence of silicon self 
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interstitials results in either making nucieation and growth of precipitates more difficult 

or that it drives the copper into substitutional sites. 

Copper contamination present on the silicon surface prior to gate oxidation results 

in yield loss with both an area and a field overlap component. This is the result of copper 

gettering and precipitation at the field overlap edges. A large perimeter-related gate 

oxide leakage current component is seen at medium electric fields. This results in 

reliability problems at the field overlap edges, as is confirmed by Qbd measurements. 

The junction leakage current also has both an area and a perimeter component. The 

perimeter component is much larger than would be expected from its area because the 

copper profile is peaked near the surface. Because device perimeters become relatively 

more important when circuits are scaled to smaller dimensions, perimeter yield and 

reliability problems dominate in high-density circuits. Because copper is retained near 

the field overlap edges and close to the surface, it remains a problem contaminant even at 

low concentrations. 

A novel method of studying the local properties of oxidized silicon provides 

valuable insight into the effect of trace amounts of copper contamination on silicon 

deposited from HF. It was found that very low levels of copper (1.2 x 10'° atoms/cm") 

deposited from a contaminated HF solution results in a large density (2 x 10^) of bumps 

in the oxide. This large density assures that some MOSFETs will always be affected by 

the bumps in a VLSI circuit. It was shown that these bumps are not electrical shorts, but 

rather that the oxide at these bumps is thicker than the surrounding oxide. Based on SIA-

NTRS projections, the capacitance change resulting from a bump under a MOSFET gate 
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will cause a threshold voltage shift that is unacceptably large for device technologies 

with 0.13 feature sizes and smaller. This effect is a yield and reliability issue for 

fiiture technology nodes that can not be studied using conventional large area process 

monitor devices. 

6.2. Considerations for further work 

Further study of the reaction mechanism of hydrogen evolution on copper is 

necessary, so that the reaction constants of both the hydrogen evolution reaction and the 

silicon dissolution can be determined. This will allow quantitative predictions regarding 

the effect of copper concentration, HF concentration and light on the silicon surface 

roughening in HF solutions to be made. The addition of copper complexing agents or of 

HCl to the HF solution so that copper can be removed should also be investigated. 

The precise mechanism responsible for reduced copper sensitivity of silicon 

wafers as a result of high temperature oxidation also merits further study. Deep Level 

Transient Spectroscopy (DLTS) measurements may offer some insight. 

The critical copper concentration for precipitation at field overlap edges for 

different device isolation schemes also requires further study, as it is probably this 

concentration that determines the amount of copper contamination that can be tolerated 

over the entire process. 

6.3. Relevance of copper contamination to fundamental oxide thickness scaling 

limitations and novel materials 

Assuming that processing improvements can solve yield (through better cleaning 
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strategies) and boron penetration requirements (possibly by reducing the thermal 

budget), the use of silicon dioxide as gate dielectric will be limited by the increase in 

tunnel current as the thickness is reduced beyond 2.0 nm. While the barrier for electron 

injection of silicon dioxide is quite high (3.15 eV), the combination of its dielectric 

constant and barrier height is insufficient for future processes: a sizable tunnel current 

becomes inevitable as the oxide thickness is reduced further from current values. 

Fundamental scaling limitations for use of SiOi as a gate dielectric exist because the 

tunneling current increases as the oxide is reduced in thickness. In the Fowler-Nordheim 

tunneling regime, tunneling current is only dependent on the electric field, and therefore 

constant field scaling would be possible without an increase in tunnel current density. 

Direct tunneling is much more sensitive to thickness change, however. Under constant 

field scaling in the direct tunneling regime (which starts when supply voltages below 3.15 

V are used), every factor of 2 reduction in gate length (and therefore oxide thickness) 

results in approximately an order of magnitude higher tunnel current density. Under 

constant voltage scaling, the situation is even worse. While the magnitude of this tunnel 

current is also strongly dependent on the supply voltage used, at some level of device 

scaling, the tunnel current becomes too large and an alternate gate dielectric (or stack of 

dielectrics) will have to be used. This limit is fundamental in nature because the 

theoretical tunneling current through a dielectric is dependent only on material properties 

of the dielectric (barrier height, effective mass), its thickness and the applied voltage. 

Fabricating an oxide with fewer defects through better processing technology can 

therefore not reduce the theoretical tunneling current. In practice, it is found that a 
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rougher silicon surface leads to an increase in the observed tunneling current. This 

excess current is caused by the presence of larger local electric fields at surface asperities. 

A low surface roughness therefore becomes a crucial requirement. Avoiding roughening 

due to the presence of copper in HF is one essential step in this direction. 

Several materials are available with higher dielectric constant than SiO^. So-

called high K materials are advantageous because they can be made thicker while still 

having the same capacitance (capacitance equals dielectric constant divided by 

thickness). Tunnel current will be much reduced with such a material, since the tunnel 

current is roughly exponentially dependent on thickness. Nitrided oxides, in which 

nitrogen is introduced by NiO or NO annealing of a thermally grown oxide is an obvious 

candidate which has received much attention since it is very compatible with standard 

CMOS processing. It maintains the excellent interface with Si and the barrier properties 

of Si02. An additional advantage is that nitrided oxides have superior boron diffusion 

barrier properties compared to SiOi [92]. Tantalum pentaoxide and titanium oxide have 

very high dielectric constants, but have a great deal of processing and interface problems 

because they are deposited. They also contain oxygen. It is therefore likely that a very 

thin oxide layer will continue to be used between the silicon channel and the high K 

dielectric. Such a stack will suffer from threshold voltage non-uniformity if ihe oxide 

thickness is not controlled adequately. Therefore, the copper-induced bumps in the oxide 



149 

APPENDIX A: ALGORITHM FOR DETERMINING THE OXIDE BREAKDOWN 

VOLTAGE 

The breakdown field is usually defined as the field at which a sharp increase in 

tunneling current is observed during a ramped voltage test. To insure that the 

determination of the breakdown voltage of an oxide is done in a consistent mamier over a 

large number of oxidation runs spread over a large period of time, the algorithm to 

determine the breakdown point must be described without ambiguity. Oxide breakdown 

is a statistical event, so that a large sample size must be measured to accurately determine 

the defect density. Because a large number of capacitors are measured for each 

condition, the algorithm to determine the breakdown voltage must be automated. The 

algorithm must therefore be robust, that is, it must supply the correct result for all 

possible current-voltage curves without the benefit of interaction with an experienced 

person. 

The algorithm to determine the breakdown point was written using a number of 

user-defined variables, which can be tweaked by actual current voltage measurement 

results to ensure that the breakdown point determination is correct. To achieve the 

requirement that the algorithm be robust, a set of regions into which the capacitor current 

may not enter was defined (Figure A.I.). This ensures that the algorithm which will 

always terminate. The current can not enter a gray area without triggering breakdown 

detection. These areas are defined by V_max (the maximum voltage), I_max (the 

maximum current), IJeak (the maximum allowable low-field leakage current) and 



150 

V_Ieak (the voltage over which the low-field leakage current detection is active). In the 

dotted region near the origin bounded by Lmin and V_niin, the current is noisy. 

Therefore an abrupt change in the slope does not signal a breakdown event. Within the 

dotted region, the slope detection is therefore inactivated. 

I max 

I leak 

I min 

V min V leak V max Voltage 

Figure A.l. Sketch of a current voltage measurement and breakdown algorithm 
parameters. 

Within the white region in Figure A.l., an abrupt change in slope of the current 

voltage measurement indicates a breakdown event. Since the tunnel current is roughly 

exponentially dependent on the voltage, the slope of the curve is best expressed in terms 

of decades of current per volt. The slope factor S is defined as the allowable increase in 

tunnel current. Two consecutive current measurements may differ by a factor of S (but 
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not more), without triggering breakdown detection. The variables that were used for 

breakdown detection are tabulated in Table B.l. as a function of oxide thickness. 

Table A.l. Breakdown algorithm variable values as a function of oxide thickness. 

Oxide thickness 

(nm) 

I_leak 

(A) 

VJeak 

(V) 

I_min 

(A) 

V_min 

(V) 

I_max 

(A) 

V_max 

(V) 

S 

(dec.A') 

3.0 2.5 X 10-̂  2.0 2 X 10 '' 1.0 O.l 4.6 3.0 

4.1 2.5 X 10 ' 3.0 2 X 10 '' 1.0 0.1 6.1 4.75 

7.0 3 X lO '' 4.0 2x 10-" 1.0 0.1 9.6 3.5 
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APPENDIX B: POISEUILLE FLOW 

The Poiseuille equation relates the flow and pressure drop for a long round tube 

for the condition of viscous flow [96] 

where Q is the gas throughput, d is the tube diameter, Ti is the gas viscosity, / is the tube 

length and Pi and Pi are the pressures at the tube inlet and outlet. 

When the exhaust extension tube is not connected to the main furnace exhaust, 

but is left to exhaust into the support area, P2 is the support area pressure Paim.. Pi is the 

sum of the support area pressure and the pressure drop in the exhaust extension tulie AP 

(Pi = Paim. + AP). AP is the pressure indicated by the differential gauge. Using this 

nomenclature, the Poisseuille equation can be rewritten 

For reasonable values of the exhaust extension tube length, diameter and gas flow, 

the pressure drop in the tube AP will be much smaller than Paim.. Therefore the gas 

throughput of tube can be approximated by equation (B.3). This equation is linear with 

red-* P.+P,^ ^ ̂  

128nl 2 ^ 
(B.l) 

4 
Q 

(B.2) 
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respect to AP, therefore a plot of Q versus AP should result in a straight line for 

Poiseuille type flow. 

(B.3) 
128TI1 

When the exhaust extension tube is connected to the main fiimace exhaust, P2 

becomes equal to Patm. - 1.17 " H2O. Pi is still Paim. + AP. Substituting these values of Pi 

and Pi into Poiseuille's equation 

(2P„,AP + 4P^+234P.„.-U7) 

(B.4) 

256T|1 

Since AP « Paim. and 1.17 " HiO « Pacm., the flow can be approximated by 

Q = (2Pa,m + 234) = P,,^ (AP +1.17) (B.5) 
256TIP """• ' 128TI1 ' 

From equations (B.3) and (B.5), it can be concluded that the curves of flow versus 

gauge pressure for the connected and disconnected exhaust extension tube should result 

in parallel straight lines with a pressure offset of 1.17 " H2O. 

The leakage of the oxidation tube assembly can be estimated by measuring the 

pressure drop in the sealed furnace. The definition of throughput is given by equation 

(B.6). The volume of the tube is constant over time. Since P| = Patm. + AP, and since 

Paim. is constant over time, the throughput can be expressed as a function of the tube 

volume V and the change of AP with time (equation B.7). 

Q = A(PV) (B.6) 
dt 



154 

(B.7) 

The leakage of the tube assembly can now be estimated using data from Figure 

3.5. At AP = 1.425" H2O, = 2.33 10'^ "HaO/sec. The volume of the tube is 

approximately 35.5 liters. Using these results, the throughput of the leaks is calculated to 

be 3.33 10"* Pa 1/s. This is a flow of 0.18 cc/minute at standard conditions (seem). 

The throughput of an orifice with a relatively small pressure drop across it is 

described by [96] 

where A is the orifice area, C the vena contracta factor, y the heat capacity ratio, k 

Boltzmann's constant, T the absolute temperature and m the gas molecular mass. 

Inserting the measured throughput of the tube assembly leak into equation (B.8) results in 

(B.8) 

an equivalent orifice area of about 10"* cm". 
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APPENDIX C: SIGN OF THE TERM Rlc 

The proposed reaction mechanism leads to a value of Rlc given by 

k3r + k3rn, ^ 

4(Ch +(k3, + k3fnj-

(Ch + Cs)k3fn,(k3, 4-4Ck,, + k3fn ,  - +  ( k j ,  +  k 3 fn,)')4- (A.l) 

a3Cs(-k3\ + k3,(-2k3fn, +y8Ck3fk,;,n,+(k3,+ k3fn,7)-i-

k3fn,(-4Ck,, - kjfn, + ̂ ]sCkjfk^,n^ + (ksr + ^3^nJ"))) 

(A.2) 

The sign of Ru is the same as the sign of the function 

fi = -(CH+Cs)k3,.n,(k3,-i-4Ck,,+k3fn,-^8Ck3fk,,n,+(k3,+k3,-nJ-)-f 

a3Cs(4Ck,.,k3fn, -(kjfO, + kj^){^iCkj,k^,n, +(k3, + kjfO, )* )-(k3f n, + k3,)) 

since it is equal to l/Ru multiplied by positive constants. The function f| is a function of 

eight variables (Ch, Cs, KSF, n,, KSR, C, kcz, as), yet can be reduced to a function of six 

variables (Ch, Cs, KARNS, KJR, CKC2, as), f: 

f = -(CH-HCs)k3fn,(k3,-h4Ck,;-fk3fn,-V8Ck3fk,,n,H-(k3,-fk3fnJ-)+ 

a3Cs(4Ck,,k3rn, -(kjfn, +k3j(^8Ck3rk,,n, +(k3, + k3fnJ-)-(k3fn, +k3,)) 

The domain of function f is determined by the possible values of the variables of 

which it is dependent. All must be positive. With the exception of 03, they can have 

values between zero and infmity. Because is a Uransfer coefficient, it must have a 

value between zero and one. 

There are no solutions within the domain of f where its partial derivatives all 

become equal to zero. For this reason, the function has no critical points within the 

domain and hence it does not have a local maximum within the domain. Therefore the 
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function reaches its maximum on the boundaries of the domain. On all these boundaries, 

the maximum value of the function is zero. Therefore, the function never becomes 

positive. 
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APPENDIX D: ORIGIN OF AN INDUCTIVE LOOP 

If an EIS measurement shows a single inductive loop, it can be assumed that a 

single reaction intermediate is responsible. Other reaction intermediates may be 

involved, but they will have significantly larger time constants and therefore they will 

only show up at much lower frequencies. It is possible that two approximately equal time 

constants are present. Such a situation can be difficult to discern in a Nyquist plot. 

However, if two inductances are present in a corrosion system, they would likely have a 

different dependence on reactant concentrations and on potential. 

A system with a single inductive loop in the EIS results can be modeled using an 

equivalent circuit containing the subcircuit shown in Figure D.l. 

Figure D. 1. Equivalent circuit for the impedance section responsible for the inductive 
loop in an EIS result with a single inductive loop. 

The admittance Y of this subcircuit 

R. 

L 

1/R L (D.l) 
l + ja)X 

(D.2) 
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L 
(D.3) 

Consider a corrosion reaction in which a single dominant (low time constant) 

intermediate is present in the anodic reaction. 

E = electrostatic potential drop across the Hemholtz layer 

Xi = surface concentration of the intermediate species 

Rai = rate of formation of the intermediate from reactants 

Ra2 = rate of removal of the intermediate to products 

The anodic current is dependent on the surface concentration of the intermediate and 

potential while the cathodic current is only dependent on the potential. 

Anodic reactant— 
Intermediate species 

> Anodic product 

Cathodic reactant —> Cathodic product 

=t;(Xi,E) = Ia(Xi,E) (D.4) 

I, = f,(E) = I,(E) (D.5) 

The Faradaic impedance can be determined 

,  ̂ dl _ 31.  ̂ 31.  ̂ 31. 3x, 

dE 3E aE 3xi 3E 
= —2- + ̂  + (D.6) 

The mass balance of the reaction intermediate 

(D.7) 
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^j = 6(R.,-R.,) (D.8) 

Since the stimulus during an EIS measurement is a sinusoidal signal with radial 

frequency co, the reaction intermediate concentration can be expected to vary with the 

same radial frequency. 

5E =l8Elexp(jQ)t) 

Xj = Xj +5xj 

5xj =l5xjlexp(jQ)t) 

dt j dt ' 

jtoSxj =-^8E+^^5xi -^^5E-^^5xi 
^ ' 9E axi ' aE ax,. ' 

(D.9) 

(D.IO) 

(D.ll) 

(D.12) 

(D.13) 

3Ra. 3Ra: 
dXj _ aE aE 
dE ^Ral 1 5Ra2 

axi d\, 
+ ja) 

(D.14) 

-I _ z;' = aL aL aL 

aE aE ax; 

a^_a^ 

aE aE 
aRj, aR, 

axj axj 
+ jQ) 

This is the admittance of the inductive subcircuit with 

Y 
' aE aE 

(D.15) 

(D.16) 
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aRa. . 
+ -

R. = 

d X :  

3xi Bxj 

^Ral aRa2 
dE dE 

(D.17) 

L = 

K 
d X :  

^Rgl ^Ral 
aE aE 

(D.18) 

T = -
^Ral I aRa2 
3xj axj 

(D.19) 

If either Rai or Rai is very large, x; is in effect fixed at 1 (if Rai is large) or 0 (if 

dx-
Ra2 is large). If Xi is fixed, —- = 0 and no inductive loop will be present. 

dE 

If a single inductive loop is present, then under certain conditions, the ratio Rl/L 

must increase with increasing potential. 

If 1; The reaction intermediate is part of the anodic reaction and is formed at a 

rate Rai from reactants and removed at a rate Raj to products, 

2: RaiandRai^O, 

3: Rai and Rai can be each be written as a product of two functions, one 

dependent only on the intermediate concentration and one dependent only on the 

potential 

R„(Xi,E) = S„(Xi)T,,(E) (D.20) 

Ra2(Xi. E) = Sa2(Xi )Ta2(E) (D.21) 
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It follows that 

(D.22) 

Proof: 

It has already been shown that under these conditions (D.19): 

R| 1 _ 
(D.23) 

L T 3x: 8Xi 

Under these conditions, 

3R 
I: —^ < 0 because the intermediate is a product of the reactions underlying the 

3xj 

rate Rai. 

0R 
2: >0 because the intermediate is a reactant of the reactions underlying the 

dXj 

rate Ra2. 

3R 0R 
3: >0 and >0 because reactions underlying the rates Rai and Raj are 

oE oE 

either anodic or purely cheniical (independent of potential) in nature. They are never 

cathodic. 

(D.24) 

(D.25) 
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3-R„ _ 3s„ ^ ^ ax,, 

3xj3E 3E 

= R ^T>l 
''' dx: dE 

(D.26) 

,:^ = R 
0Xi8E  dx ,  dE dX:  dE  

(D.27) 

-§-F^L = IL^2L_I_BAL>O (D.28) 

3Ev L j 3xj0E 9xi9E 

If the intermediate is part of the cathodic reaction, then in an analogous manner it can be 

shown that 

(D.29) 

8EL L J 

The proof remains valid if carrier concentrations are considered, since the electron 

concentration (a reactant for cathodic reactions) has a negative derivative with respect to 

potential and the hole concentration (a reactant for anodic reactions) has a positive 

derivative with respect to potential. 
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