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For the 45 nm technology node and beyond, there is a need to strip photoresist quickly while

suppressing the loss of materials such as polycrystalline silicon (poly-Si) and silicon nitride

(Si3N4). To achieve this goal, the authors characterized and compared the effects of downstream

pure-H2, H2/N2, and O2/N2 plasmas on the etch behaviors of photoresist, poly-Si, and Si3N4. The

addition of N2 to H2 plasma increases the photoresist ash rate to a maximum that is reached at

�30–40% N2, and the ash rate drops with further addition of N2. At 30% N2 addition, the ash rate

increases by a factor of �3 when compared to that obtained with pure-H2 plasma. For O2/N2

plasma, the photoresist ash rate also exhibits a maximum, which is attained with 5% N2 addition,

and the ash rate drops drastically as more N2 is added. A small addition of N2 increases the H and

O radical densities in the H2- and O2-based plasmas, respectively, resulting in the higher ash rates.

The ash rate achieved by the O2/N2 chemistry is generally higher than that attained with the H2/N2

chemistry, and the difference becomes more significant at high temperatures. The activation energy

for photoresist strip under O2/N2 plasma was measured to be �10 kcal/mol, which is higher when

compared to the �5 kcal/mol measured for both the H2/N2 (30% N2) and the pure-H2 chemistries.

At 300 �C, when compared to the O2-based chemistry, the H2-based chemistry was shown to

remove Si3N4 with a much lower rate, �0.7 Å/min, highlighting the benefit of the latter in

conserving material loss. The ability of the H2-based chemistry to suppress material loss and its

nonoxidizing property could justify the trade off for its lower ash rates when compared to those

obtained using the O2-based chemistry. For the H2-based chemistry, a small N2 addition to the H2

plasma was found to not only increase the ash rate but also suppress the Si etch rate by a factor of

8 to 22, depending on the temperature. Collectively, the H2/N2 chemistry shows a great promise

for photoresist-strip applications in the advanced nodes, and it should be run at high temperatures

(e.g., T � 300 �C) to maximize the ash rate while still maintaining extremely low Si and Si3N4

losses. VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4792254]

I. INTRODUCTION

Because of their tremendous advantages, new classes

of materials for ultra-low-k interlayer dielectrics1 and high-

k/metal gate (HKMG) stacks2–4 have been introduced into

the advanced technology nodes, and integration of these

materials into the current semiconductor fabrication schemes

is a formidable challenge. It was found that the oxygen-

based plasma processing conventionally used for the re-

moval of photoresist masks is incompatible with the above

materials. For example, O2-based plasmas cause undesirable

chemical modifications of ultra-low k (ULK) materials.5–9 In

addition, oxygen-based plasma ashing causes the oxidation

of semiconductor substrates and metals, attributes that are

unacceptable for advanced-device fabrication.4,10,11 On the

other hand, H2-based plasma processing has garnered much

attention because it is chemically more benign toward the

above materials and, hence, it is potentially more suitable for

use in advanced-device fabrication. For example, down-

stream H2-based plasma processing has been shown to yield

acceptable ash rates while minimizing deleterious impacts

on ULK films5,6,12,13 and oxidation of metal structures.10,11

Aside from maintaining compatibility with the HKMG

materials, a major challenge in the front-end-of-the-line

(FEOL) fabrication of advanced devices is to strip the

implanted photoresist reasonably quickly while maintaining

extremely low loss of materials (e.g., the Si substrate and

Si3N4 sidewall spacer) and dopants.14–16 Such a challenge is

encountered in applications that include the lightly doped

drain (LDD) implant photoresist-strip and high-dose ion im-

plantation strip (HDIS). For example, for the 32 nm LDD

implant strip applications, there is a very stringent require-

ment for Si loss to be <1 Å per implant-mask-strip step and

the loss of the Si3N4 spacer to be negligible.

The goal of this work is to evaluate the feasibility of the

hydrogen process for the above photoresist-strip applications.

To achieve this goal, it is important that we elucidate the etch

behaviors of the photoresist, Si, and Si3N4 in H2-based plas-

mas, and compare the behaviors with those obtained when

using the more conventional O2-based plasma. Prompted by

the tremendous promise held by the H-based plasma, we pre-

viously worked to gain an initial understanding of the H2 pro-

cess. In that work, we elucidated the interactions betweena)Electronic mail: Bayu.thedjoisworo@lamresearch.com
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downstream pure-H2 plasma with photoresist, Si, and Si3N4

surfaces,17 and this paper essentially serves as a follow-up.

A drawback of the pure-H2 plasma processing is that its ash

rate is relatively low, �3000 Å/min, even at a high tempera-

ture of >300 �C. It was reported that the addition of N2 to

the H2 plasma alters the removal rates of organic materials

exposed to the plasma18,19 and, therefore, this work investi-

gates the effect of N2 addition to the H2 plasma on the etch

behaviors of photoresist, Si, and Si3N4. Since O2-based

plasma is the conventional method for ashing photoresists,

we also compare the etch behaviors of the above substrates

under H2/N2 and O2/N2 plasmas to determine which chemis-

try is more viable for photoresist-strip applications in the

advanced technology nodes.

Here, we employ remote/downstream plasma processing

in which the wafer is positioned downstream of the plasma.

When compared with direct plasma processing, downstream

plasma generally results in lower material losses.20 In addi-

tion, downstream conditions alleviate the detrimental effects

of direct plasma exposure (e.g., charging damage, ion-

impact damage, and defects introduced by high fluxes of

energetic photons)21–24 and the insignificant ion bombard-

ment minimizes damage to ULK materials.5,6,25,26 These

attributes make downstream plasma processing especially

attractive for silicon integrated circuits at 45 nm and beyond.

This work characterizes and compares the etch behaviors

of photoresist, Si, and Si3N4 in downstream O2/N2, H2/N2,

and pure-H2 plasmas. We investigated the effect of N2 addi-

tion to either the H2 or the O2 plasma on the photoresist ash

rate. From the data of photoresist ash rate as a function of

temperature, the activation energy for the photoresist-strip

reaction for each of the above three chemistries was deter-

mined. Si3N4 etch was performed as a function of N2 con-

centration for both the H2- and O2-based plasma chemistries,

and the etch behaviors were then compared. We also com-

pared the poly-Si etch behavior under pure-H2 and H2/N2

plasmas as a function of temperature. Based on the process

trends obtained, we were ultimately able to recommend a

plasma chemistry as well as the process conditions that

achieve high ash rates while minimizing Si and Si3N4 losses.

II. EXPERIMENT

The substrates used in this work were 300 mm photoresist-

coated, poly-Si, and Si3N4 wafers. In particular, we used the193

nm deep ultraviolet (DUV) photoresist (Tokyo Ohka Kogyo)

that comprised a poly(hydroxystyrene)-based polymer as the

resin. The poly-Si wafer corresponds to a bare silicon substrate

that was deposited with a layer of thermal oxide (1500 Å) fol-

lowed by a plasma-enhanced chemical vapor deposition

(PECVD) of an undoped poly-Si layer (1500 Å). The Si3N4 wa-

fer was prepared in house by depositing a Si3N4 film (PECVD)

on a bare silicon substrate. The poly-Si wafers were HF-dipped

in a 1:50 HF:H2O mixture at room temperature for 60 s to

remove the native oxide layer and were then plasma processed

within 5 h to prevent any significant regrowth of native oxide.

The downstream inductively coupled plasma (ICP) reac-

tor that was used here has been described in our previous

publication.17 Briefly, the reactor consists of three main com-

ponents: plasma source, showerhead, and reaction chamber.

The plasma source comprises a quartz dome surrounded by

induction coils that are powered by a radio frequency power

supply. The showerhead separates the plasma source from the

reaction chamber, and it shields the wafer from direct plasma

exposure and ion bombardments.6,21,24,25,27,28 The wafer is

placed downstream of the plasma inside the reaction chamber,

and it rests on a platen (stage) which is fitted with a heating

element that allows the substrate temperature to be varied.

The platen temperature (T) is controlled by means of thermo-

couples attached to the platen and a temperature controller.

Through the use of a variable gate valve, the flow rate and

chamber pressure can be controlled independently.

In a typical experiment, the platen was first heated to

reach the desired temperature set point. Etchant gases were

then introduced into the reactor and the chamber was evac-

uated by means of a vacuum pump to the desired pressure.

Unless otherwise stated, the chamber was stabilized at a

pressure of 1.5 Torr for the experiments performed here.

Specifically, the H2/N2 plasma was generated by flowing a

mixture of H2 and forming gases, while the O2/N2 plasma

was generated using a mixture of O2 and N2 gases. The sub-

strate wafer was placed onto the stage and heated to reach

the desired temperature. The source power was then turned

on to generate the plasma and initiate the etch reaction.

Thicknesses of the photoresist, poly-Si, and Si3N4 films

were measured before and after plasma exposure by means

of ellipsometry (Therma-Wave Opti-Probe). On each wafer,

optical data were acquired on the same 49 locations before

and after plasma processing. Subtraction was then performed

for each location on the wafer, and an average value was

computed over the 49 locations. At least three separate

wafers were processed under each set of experimental condi-

tions, and each etch-rate data point reported in this work cor-

responds to an average value over these wafers. The inherent

uncertainty of the etch-rate data point is defined as the stand-

ard deviation across the three wafers divided by the average

value.

X-ray photoelectron spectroscopy (XPS) was performed

to obtain chemical information on poly-Si samples that had

been plasma processed. Samples were analyzed in a Thermo-

Scientific system that used monochromatic Al (8.3383 Å,

1486.7 eV) as the x-ray beam with an angle of incidence of

30� and beam size of 400� 600 lm2. The binding energy

(BE) scale was calibrated against Au 4f7 (BE¼ 83.9 eV),

Ag 3d5 (BE¼ 386.7 eV), Cu 2p3 (BE¼ 932.7 eV), and C 1s

(BE¼ 285.0 eV). The electron take-off-angle was 90� to the

surface plane and the angle of electron collection was 60�.
High-resolution chemical spectra were collected on the

plasma-processed poly-Si samples to determine the chemical

states of the various elements. The pass energy used was

50 V and the dwell time per step was 50 ms. To obtain chem-

ical information as a function of depth (i.e., depth profile),

the poly-Si sample was etched by an Arþ beam while per-

forming in situ XPS. To minimize any ion-beam-induced

degradation or preferential sputtering, the ion beam energy

was set to 0.5 kV with an Arþ angle of incidence of 30�. For
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each sample, the surface was etched with the Arþ beam until

the poly-Si layer was etched through to reveal the underlying

thermal oxide layer. By using a standard poly-Si film, the

Arþ etch rate of the poly-Si film was determined to be

�0.75 Å/s. Using this method, the amount of time needed to

completely etch the poly-Si layer using the Arþ beam is

directly proportional to the thickness of the poly-Si that still

remains post-plasma processing.

Definitions of variables used in this paper are as follows.

The N2 gas concentration is defined as volumetric flow rate of

N2 gas divided by the total volumetric flow rate of all gases.

The photoresist ash rates reported in this work have accounted

for the photoresist shrinkage; otherwise, the ash rates obtained

would be overestimates of the actual values.28 The shrinkage

rate was measured under the same set of conditions as that

employed for the dry-ash experiment (Figs. 1 and 2), except

that the source power was turned off. We report the photore-

sist ash rate as a normalized value, expressed as the ratio of

the actual etch rate to the etch rate, ERo, which is a constant

defined as the following. As described in Sec. V, we deter-

mined that the H2/N2 chemistry is a viable process for mini-

mizing material loss, and a process window has been

identified for this chemistry that achieves high ash rates and

low poly-Si and Si3N4 etch rates. ERo was measured at a set

of conditions, T¼ 300 �C and pressure¼ 1.5 Torr, that lies

within this process window. In other words, the normalized

ash rate is a relative measure of how the actual ash rate com-

pares to the ash rate that gives rise to fast ashing and slow Si

and Si3N4 etching.

III. RESULTS

A. DUV photoresist strip (dry ash)

Photoresist dry ash was performed in H2- and O2-based

plasmas with varying concentrations of N2 while fixing the

temperature at 285 �C (Fig. 1). For the O2-based chemistry, a

slight addition of N2 (�5%) leads to about 8% enhancement

in ash rate when compared to that obtained with pure-O2

plasma [Fig. 1(a)]. Further addition of N2 beyond 5%, how-

ever, leads to a decrease in ash rate. As N2 is added to H2

plasma, the ash rate increases to reach a maximum at

between 30% and 40% N2, while further addition of N2 leads

to a decrease in ash rate [Fig. 1(b)]. The maximum ash rate

that is attained at 30% N2 corresponds to an enhancement of

a factor of �3 over that obtained with pure-H2 plasma. It

should be noted that the ash rate in pure-N2 plasma is practi-

cally zero.

From Figs. 1 and 2, it can be seen that the O2-based chem-

istry generally gives rise to higher ash rates than those

obtained using the H2-based chemistry, and the difference

becomes more pronounced at higher temperatures. For exam-

ple, the maximum ash rate that is obtained at T¼ 285 �C with

the O2/N2 plasma chemistry with 5% N2 is �38 000 Å/min,

while that obtained using the H2/N2 chemistry with 30% N2 is

�3800 Å/min. The generally higher ash rates exhibited by the

O2-based chemistry when compared to the H2-based chemis-

try indicate that the O atoms are more efficient in ashing pho-

toresist than the H atoms.

To extract the activation energy for photoresist strip, ash

rate data were collected as a function of temperature for the

O2/N2, H2/N2, and pure-H2 plasma chemistries (Fig. 2). The

N2 concentrations were fixed at 5% and 30% for the O2/N2

and H2/N2 chemistries, respectively, and each corresponds to

a concentration that yields the maximum ash rate for the re-

spective chemistry. Regardless of the plasma chemistry, pho-

toresist strip in downstream plasma is observed to be a

thermally activated reaction, as evidenced by the continuous

increase in ash rate as the temperature increases (Fig. 2).

From the Arrhenius plot [Fig. 2(b)], the activation energy for

the O2/N2 chemistry was extracted to be �10 kcal/mol,

which is much higher than that obtained for the H2-based

plasma chemistries. Specifically, the activation energy for

the both the H2/N2 and the pure-H2 chemistries was meas-

ured to be almost identical at �5 kcal/mol.

Comparing the ash rates obtained under the H2/N2 (30% N2)

and pure-H2 plasma chemistries, the ash rate exhibited by the

former is higher at all temperatures tested (Fig. 2). For the same

temperature, the ash rate obtained with the H2/N2 chemistry is

about a factor of 3.5 higher than that attained by the pure-H2

chemistry in the range of 100 � T � 330 �C. For example, at

300 �C, the normalized ash rate for the H2/N2 chemistry is 1.00

while that for the pure-H2 chemistry is 0.28 (Fig. 2). Although

the H2/N2 chemistry yields ash rates that are generally lower

than those attained using the O2/N2 chemistry, the H2/N2

chemistry with 30% N2 can still achieve relatively fast ash

rates that are in excess of 6700 Å/min at T > 300 �C.

FIG. 1. DUV photoresist strip in downstream O2- (a) and (b) H2-based plas-

mas. Ash rate data were collected as a function of varying N2 addition while

fixing the temperature at 285 �C and keeping the total flow rate constant.

The normalized ash rate is reported as a ratio of the actual ash rate to a con-

stant ash rate, ERo (see Sec. II). The inherent uncertainty of the ash rate data

points ranges between 0.1% and 1.1% for the O2-based plasma (a) and 0.4%

and 4.8% for the H2-based plasma (b).
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B. Silicon nitride removal

At a fixed temperature of 300 �C, the effect of varying N2

concentration on the Si3N4 removal rate for the H2/N2 and

O2/N2 plasma chemistries was investigated (Fig. 3). In gen-

eral, the removal rate obtained using the H2/N2 plasma is

considerably low, �0.7 Å/min, and is relatively invariant

with N2 concentration. The slight variation in removal rate

as a function of N2 concentration that is observed in

Fig. 3(a) may simply be attributed to measurement error,

considering that the removal amounts corresponding to these

data points are very low, �1.7 Å. For the O2/N2 plasma

chemistry, the Si3N4 removal rate was measured to be

higher, �1.9 Å/min, and is relatively invariant with N2 con-

centration in the range of 4–60% N2 [Fig. 3(b)]. The removal

rate decreases to �1.3 Å/min in 100% O2 plasma environ-

ment, and it is even lower in 100% N2 plasma environment,

�0.8 Å/min. The lower Si3N4 removal rates that were meas-

ured with the H2-based chemistry under the experimental

conditions tested here highlight its ability to better suppress

Si3N4 loss, as compared to the O2-based chemistry.

The consumption of Si3N4 in pure-O2 and O2/N2 plasmas

could occur via two separate mechanisms. In pure-O2 plasma,

the top surface of the Si3N4 film is potentially oxidized and

converted to a SiO2-like layer. Specifically, N atoms are

thought to be lost to the plasma due to the instability of the N

atoms at the surface of the Si3N4 film, resulting in the con-

sumption of the Si3N4. At the same time, O atoms replace the

lost N atoms, which converts the top surface of the Si3N4 into

a SiO2-like layer.29 In the O2/N2 plasma, however, Si3N4

could be physically removed from the surface as it gets con-

verted into volatile etch products. NO and the energetic meta-

stable NO* have been found to be generated in O2/N2

plasmas. These species can react directly with the N atoms

from the Si3N4 surface and break Si–N bonds, resulting in the

direct removal of Si3N4. During this process, volatile etch

products, N2O and/or N2, are formed.30–32 In addition to the

physical removal of the Si3N4 by means of volatile product

generation, Si3N4 could also be consumed through oxidation,

much like that observed in the pure-O2 plasma.

C. Poly-silicon removal

Si was previously found to be oxidized by pure-O2 and

O2/N2 plasmas,33,34 and such oxidation consumes Si, which

makes O2-based plasmas unsuitable for many photoresist-

strip applications in the advanced technology nodes. This ox-

idation issue, therefore, negates the need for us to character-

ize the interactions between poly-Si and the O2-based

FIG. 2. (a) DUV photoresist ash rate measured as a function of temperature

for the O2/N2, H2/N2, and pure-H2 plasma chemistries. Arrhenius plots of

the ash rate data are shown in (b). Concentrations of N2 are 5% and 30% for

the O2/N2 and H2/N2 plasma chemistries, respectively. The ash rate is

reported as a ratio of the actual ash rate to a constant ash rate, ERo (see

Sec. II). The inherent uncertainty of the ash rate data points ranges between

0.2% and 10.0% for the O2/N2; 0.9% and 5.3% for H2/N2; and 1.1% and

4.6% for pure-H2 chemistries.

FIG. 3. Si3N4 etch in remote (a) H2- and (b) O2-based plasmas. Etch rate was

measured as a function of varying N2 concentration while fixing the temper-

ature at T¼ 300 �C and keeping the total flow rate constant. The error bar

represents the standard deviation of the etch-rate measurements.
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plasma in this work. Knowing from the above that the

H2-based chemistry has a benefit of conserving material loss,

we instead focused on investigating the effect of N2 addition

to H2 plasma on the poly-Si removal behaviors (Table I).

For T� 60 �C, the etch rate obtained with the pure-H2

chemistry decreases from �45 to 21 Å/min with increasing

temperature. When a small amount of N2 is added to the H2

plasma, however, the poly-Si etch rate was dramatically

suppressed to �2 Å/min. For the H2/N2 chemistry, since the

measured etch amounts are low, the slight variation in

etch rate seen in Table I may simply be attributed to mea-

surement error. As the temperature increases from 60 to

300 �C, the ratio of the etch rates obtained using the pure-H2

to H2/N2 chemistries changes from 22 to 8. As a reference,

at T ¼ 60 �C, the poly-Si etch rate in pure-N2 plasma is neg-

ligible, �0.8 Å/min.

XPS was used to provide insight into the change in the

chemical composition of the poly-Si surface as a result of

the plasma exposure and to verify the above finding that the

H2/N2 plasma chemistry gives rise to much lower poly-Si

etch rates when compared to the pure-H2 chemistry. Poly-Si

substrates that were exposed to pure-H2, H2/N2, and pure-N2

plasmas were subsequently analyzed by XPS depth profiling

in which an Arþ beam was used to etch the surface while

performing in situ XPS. Using this method, the Arþ etched

the surface until the poly-Si layer was broken through to

reveal the underlying thermal oxide layer [Fig. 4(a)]. In the

topmost surface of the poly-Si substrate that was plasma

processed, we observe a thin “mixed” layer comprising Si,

O, C, and N, and this layer transitions to a pure poly-Si layer

that extends all the way until the breakthrough point is

reached. Chemical state information was derived from the

high-resolution Si 2p spectra of the samples. For each sam-

ple, the Si 2p spectrum reveals a broad peak at BE � 104 eV

and another peak at BE � 99.6 eV, which corresponds to the

Si(0) substrate [Fig. 4(b)]. The former peak can be decom-

posed into three major components: �101.8, 103.0, and

104.0 eV. The first peak at BE � 101.8 eV corresponds to ei-

ther Si3N4 (Ref. 35) or silicon suboxide (e.g., Si3þ),36 while

the second peak at BE � 103.0 eV could correspond to SiO2

(Ref. 36) or silicon oxynitride.37 Chang et al. observed a

peak at BE � 104.0 eV and attributed it to the Si–O bond

detected in silicon oxynitride film grown from silicon

oxide.38 Without further investigation, we cannot be more

definitive than to state that the top mixed layer of the poly-Si

surface potentially comprises a mixture of SiO2, Si3N4, and/

or silicon oxynitride.39

The relatively high concentration of O detected in the

poly-Si surface is quite surprising [Fig. 4(a)], considering

that O2 gas was not flowed into the chamber at any time dur-

ing plasma processing. Presumably, the oxygen found in the

surface could have originated from oxygen liberated from

the quartz dome or the ambient air that was introduced into

the reactor due to the inherent leak of the chamber, which

was measured to be <20 mTorr/min.

From the depth profile obtained using the Arþ beam, we

can determine the thickness of the remaining poly-Si film

post-plasma process. From Fig. 4(c), the times that are

needed to Arþ etch the poly-Si layers that remained post-

plasma process are 1964, 1893, and 1679 s, for the substrates

processed with pure-N2, H2/N2, and pure-H2 plasmas,

respectively. This finding indicates that the thickness of the

poly-Si film, that remained post-plasma process, decreases

in thickness in that order. Since the original (preplasma pro-

cess) thickness of the poly-Si layer is roughly the same

across these wafers, �1485 6 0.5 Å, we deduced that the

pure-H2 plasma led to the highest Si loss, followed by the

H2/N2 plasma, and then the pure-N2 plasma. Thus, we have

verified the finding in Table I that when compared to the

pure-H2 plasma, the H2/N2 plasma has the capability to sig-

nificantly suppress Si loss.

IV. DISCUSSION

A. Photoresist strip using O2/N2, H2/N2, and pure H2

plasmas

1. Reaction mechanisms

In our ICP reactor where the wafer is exposed to a

remote/downstream plasma condition, the surface interacts

with mostly neutral plasma species and etching occurs

purely by chemical reactions.

Etching of photoresist in downstream pure-O2 plasma

occurs by a mechanism that has been well studied else-

where.40–42 Briefly, the initial reaction involves a

hydrogen-abstraction step at a hydrocarbon-containing site,

resulting in the formation of an alkyl radical. Oxygen addi-

tion to the radical sites oxidizes the polymer molecule to

generate peroxide and alkoxy radicals. The peroxide radi-

cals undergo various propagation pathways that covert the

peroxide into additional alkoxy radicals as well as generate

more alkyl radicals (i.e., oxidation chain reaction). The for-

mation of alkoxy radicals then causes the cleavage of the

polymer chain to generate volatile fragments, which ulti-

mately removes the photoresist. Much work has been done

TABLE I. Comparison of poly-Si etch rates obtained using the pure-H2 plasma and H2 plasma with a small addition of N2 (H2/N2).

Pure-H2 plasma H2/N2 plasma

Temperature (�C)

Etch rate

(Å/min)

Standard

deviation (Å/min)

Etch rate

(Å/min)

Standard

deviation (Å/min)

Pure-H2:H2/N2

etch-rate ratio

60 44.4 5.54 2.0 0.08 22

150 35.7 0.82 2.4 0.03 15

300 21.4 0.66 2.6 0.04 8
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to determine that oxygen atoms, as opposed to molecular

oxygen, are the main etchant species for the photoresist

strip in pure-O2 plasma.40,41,43

For the O2-based chemistry, the photoresist ash rate

reaches a maximum with the addition of roughly 5% N2

[Fig. 1(a)], and this is attributed to the increase in the density

of O atoms, [O]. An addition of N2 that is �10% was found

to increase the [O] relative to that in pure-O2 plasma. In

addition, the behavior of the photoresist ash rate as a func-

tion of N2 fraction was determined to correlate directly with

the behavior of [O] as a function of N2 fraction.44,45 These

findings suggest that the O atoms are still the main etchant

species for photoresist strip in O2/N2 plasma and that the

increase in ash rate induced by a small N2 addition is due to

the increase in [O]. Furthermore, Fujimura et al. found that

the addition of N2 to O2 plasma had no effect on the activa-

tion energy for the photoresist strip, which affirms that N2

addition does not change the dry-ash mechanism.44,46

As described in our previous publication,17 chemical etch-

ing of photoresist in downstream pure-H2 plasma occurs by

successive reaction steps that initially involve the attack of

atomic hydrogen at hydrocarbon-containing sites on the poly-

mer backbone.25,47 In the first step, a hydrogen-abstraction

reaction occurs at an available hydrocarbon-containing site to

FIG. 4. XPS analyses of poly-Si films that were exposed to pure-H2, H2/N2, and pure-N2 plasmas at 60 �C. Other process parameters (e.g., pressure and total

flow rate) were kept constant for all samples. (a) A representative depth profile for poly-Si film that was processed with the H2/N2 plasma. Poly-Si break-

through occurs when the Si 2p signal decreases abruptly and the O 1s signal increases at �2000 s. The inset depicts the magnified depth profile at short Arþ

etch times. (b) A Si 2p spectrum (dashed line) obtained from the high-resolution scan of the poly-Si processed with H2/N2 plasma prior to subjecting it to the

Arþ etch. Deconvolved peaks are depicted as solid lines. (c) Depth profiles of poly-Si films that were processed with various plasma conditions obtained by

XPS depth profiling; only the Si 2p signals are shown here. The inset depicts the magnified depth profiles at short Arþ etch times. From the inset (right), the Si

depth profiles for the H2/N2 and pure-N2 plasmas practically overlapped each other, i.e., they are nearly identical.
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generate an alkyl radical. This step is followed by the addition

of atomic hydrogen to the alkyl radical, which is exothermic

and generates �100 kcal/mol of energy. Dissipation of this

energy is then believed to result in the scission of C–C bonds

(�80 kcal/mol)6 found in the polymer backbone. As a result,

polymer fragmentation and volatilization occur.

The process trend of photoresist ash rate as a function of N2

concentration can give insight to the mechanism for the photo-

resist strip when N2 is added to the H2 plasma (i.e., H2/N2

plasma). From Fig. 1, the ash rate corresponding to the pure-

N2 plasma is zero, suggesting that N atoms alone cannot etch

the photoresist in a remote-plasma environment. It was shown

that as the N2 addition to the H2 plasma increases from 0 to

�30%, the H radical density, [H], increases to a maximum.

Further addition of N2, however, causes [H] to decrease.18,19,28

Similarly, the photoresist ash rate also increases with increas-

ing N2 addition until a maximum is reached at between 30%

and 40% N2, and further addition of N2 leads to a decrease in

ash rate [Fig. 1(b)]. The direct correlation between the behav-

iors of [H] and the photoresist ash rate as a function of the N2

concentration suggests that the H atoms are the dominant etch-

ant species. In addition, it is unlikely for the N atoms present

in the H2/N2 plasma to etch the photoresist to any significant

degree. This is because the N radical density was found to

increase continuously with increasing N2 addition,18,19 and this

behavior is inconsistent with the trend for the photoresist ash

rate as a function of N2 concentration [Fig. 1(b)]. The above

findings collectively indicate that it is the H atoms that are the

main etchant species, and that the increase in ash rate with

30–40% N2 addition is attributed to the increase in [H].

The increase in [H] with N2 addition up to �30% that is

followed by the drop in [H] with further addition of N2 is a

result of the interplay between the change in H2 dissociation

ratio and the molecular density of H2 as function of N2 con-

centration. Nagai et al. found that the total electron density

in the plasma environment increased substantially when a

small amount of N2 was added to H2 plasma.18 They attrib-

uted this increase to the larger ionization cross section of N2

when compared to H2 molecules. The high electron density

in turn enhances the dissociation of the H2 into H atoms.

Alternatively, Kuo et al. suggest that the N2 molecules are

excited to metastable states by electron impacts, and the

quenching of these metastable states provides additional

pathways that increase the H2 dissociation ratio.19 Regard-

less of the exact mechanism, the addition of a small amount

of N2 results in the enhanced dissociation of H2 and, ulti-

mately, gives rise to an increase in [H], which in turn

increases the photoresist ash rate. However, as more N2 is

added (>30%), although the electron density remains high,18

the concentration of H2 molecules in the reactor must

decrease in order to keep the total chamber pressure constant

(i.e., dilution of H2). Hence, the net [H] drops as the N2 con-

centration increases beyond about 30–40%.

2. Activation energy for photoresist strip

For all the downstream plasma chemistries studied here,

the photoresist-strip reaction is seen to be a thermally acti-

vated process that exhibits a continuous increase in ash rate

as a function of temperature. This behavior is a characteristic

of downstream plasma ashing where photoresist is removed

by chemical reactions only, and it has been observed for

many plasma systems, e.g., pure O2,21,40 O2/H2O,46 O2/H2,46

O2/N2,44 O2/CF4,48,49 pure H2,6,17 H2/N2,19 etc.

As described in Sec. III A, the activation energy (Ea) for

the O2/N2 photoresist strip was measured to be �10 kcal/mol.

Spencer et al. reported an Ea of �11.6 kcal/mol for photore-

sist strip in downstream pure-O2 plasma, but noted that there

are significant discrepancies on the reported Ea values:

between 6.5 and 11.6 kcal/mol.21,50 A reason could be the

level of loading effect in the reactor, and the loading effect

refers to a condition in which the rate of the heterogeneous

photoresist-strip reaction occurs faster than the rate at which

gas reactants can be transported to the wafer surface. Fuji-

mura et al. also reported 11.5 kcal/mol as the Ea value for

both downstream O2 and O2/N2 chemistries, and they found

that the effect of N2 addition to the O2 plasma is only to

increase [O] and that it does not alter the activation

energy.44,46 Koretsky et al. reported a lower Ea value of

10.6 kcal/mol, which is close to the value determined in this

work.48 Considering that the Ea values could differ depend-

ing upon the specific experimental conditions, the Ea value

of 10 kcal/mol found here can be considered to be consistent

with the values reported in the literature.

Both the H2/N2 and pure-H2 chemistries exhibit identical

activation energy of �5 kcal/mol, which is a factor of 2

lower than that for the O2/N2 chemistry. The lower Ea for

the H2-based process indicates that the increase in ash rate as

a function of temperature is slower for this process than for

the O2-based process (Fig. 2). The fact that both the H2/N2

and the pure-H2 chemistries exhibit the same activation

energy implies that the mechanism for photoresist strip for

these two chemistries is likely to be identical. This claim

also substantiates our finding in the above; that, like in the

case of pure-H2 plasma, the main etchant species for photo-

resist removal in the H2/N2 plasma are also the H atoms.

B. Si removal in pure-H2 and H2/N2 plasmas

Previously, we found that the Si etch rate in pure-H2

plasma decreases continuously with increasing temperature

in the region of 60 � T � 300 �C, and this behavior is con-

sistent with that seen in Table I.17 The mechanism of Si etch

in pure-H2 plasma has been discussed in our previous

work.17 Briefly, Si etching occurs by means of the successive

addition of hydrogen atoms to Si forming Si-Hx complexes,

where the number of chemisorbed hydrogen atoms (x) grows

from x ¼ 1 to 3, i.e., SiH, SiH2, and SiH3. The addition of an

H atom to SiH3 then generates volatile silane, SiH4, which

leads to the etching of Si.51–53 The decreasing etch rate as a

function of temperature is caused by the increasing heteroge-

neous recombination of H atoms on the Si surface that release

H2 (g), and this recombination consumes the chemisorbed H

atoms needed for the formation of volatile SiH4.51–56 As a

result, the Si etch rate decreases with increasing temperature

in the region of T > 60 �C.
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We showed unambiguously by both ellipsometry and XPS

that a small addition of N2 to the H2 plasma suppressed the Si

etch rate dramatically (Table I and Fig. 4). Due to the com-

plexity of the interactions that occur among the various

plasma-activated species and the Si surface, the mechanism

for the reduction in Si loss in H2/N2 plasma is still elusive. At

a low temperature of 60 �C, where the poly-Si etch rate in

pure-H2 plasma is very high (�45 Å/min), pure-N2 plasma

was found to practically not etch poly-Si, suggesting that the

N atoms alone do not etch poly-Si. As described in Sec. IV A,

[H] is increased when a small amount of N2 (�30%) is added

to the hydrogen plasma. If Si etch rate were only governed by

the [H] and there were no other underlying interactions, then

the higher [H] in the H2/N2 plasma, as compared to that in

pure-H2 plasma, would lead to a higher etch rate. However,

the fact that we observe a lower Si loss with the H2/N2 plasma

than with the pure-H2 plasma suggests that there are other

interactions in play that account for the lower Si loss observed

with the H2/N2 plasma.

A few phenomena/interactions that may account for the

lower Si loss in the H2/N2 plasma include the following. It is

possible that the HxNy species5,57 present in the H2/N2 plasma

could react with the poly-Si surface and occupy the binding

sites that would be available for the H atoms to adsorb on the

Si surface. Since Si etching by H atoms requires the chemi-

sorption of H atoms on the Si surface, the Si etch rate would

then be suppressed. We should also take into account the

complex interactions among the N atoms, H atoms, HxNy spe-

cies, and the Si surface, which could ultimately affect the Si

etch rate. For example, although we found that the N atoms

by themselves do not etch Si (at least, at low temperatures), N

atoms have been shown to interact with silicon in various

ways, such as forming Si-N complexes,58,59 passivating Si

defects,60 and diffusing rapidly in bulk Si.61 These phenom-

ena could in turn affect the ways the H atoms interact with the

Si surface in a complex manner. Furthermore, XPS analyses

showed that the top surface of the poly-Si post-plasma process

potentially contains a mixture of SiO2, Si3N4, and/or silicon

oxynitride (Fig. 4). The presence of this mixed surface layer

could presumably impact the ways the active plasma species

interact with the Si surface. Clearly, due to the complexity of

the interactions between the plasma species and Si surface, a

much more in-depth investigation is needed to pinpoint the

exact mechanism on how N2 addition to the H2 plasma sup-

presses Si loss. We reserve this investigation for our future

work.

V. SUMMARY AND CONCLUSIONS

FEOL photoresist-strip applications (e.g., HDIS and LDD

implant strip) for the 45 nm technology node and beyond

require that the photoresist removal rate is maximized, the

loss of materials such as Si and Si3N4 is minimized, and the

plasma chemistry is compatible with semiconductor sub-

strates and HKMG materials. In this work, we evaluated and

compared the etch behaviors of photoresist, poly-Si, and

Si3N4 in downstream O2/N2, H2/N2, and pure-H2 plasmas.

From the data, we have determined which chemistry is more

appropriate for meeting the above requirements as well as

the process conditions for that chemistry to maximize the

photoresist ash rate and suppress material loss.

The photoresist ash rate behaviors as a function of

temperature and N2 addition were elucidated for both the

H2- and O2-based chemistries. A small addition of N2

increases the hydrogen and oxygen radical densities in the

H2/N2 and O2/N2 plasmas, respectively, thus augmenting the

photoresist ash rate. Specifically, the maximum ash rate is

attained at �30–40% N2 addition for the H2-based plasma

and 5% N2 addition for the O2-based plasma. Regardless of

the plasma chemistry, downstream photoresist strip is a ther-

mally activated reaction, which is evidenced by the continu-

ous increase in ash rate with increasing temperature. The

photoresist strip using the O2/N2 chemistry yields an activa-

tion energy of �10 kcal/mol, which is a factor of 2 higher

than the �5 kcal/mol obtained for both the H2/N2 and the

pure-H2 chemistries. Under the experimental conditions

employed here, the O2-based plasma generally exhibits ash

rates that are higher than those obtained in the H2-based

plasma.

When compared to the O2-based plasma, the H2-based

plasma was shown to be more effective in conserving mate-

rial loss. In the experimental conditions that we tested, the

H2-based plasma gives rise to much lower Si3N4 etch rates

than the O2-based chemistry. Specifically, the H2-based

chemistry yields a low Si3N4 etch rate of �0.7 Å/min, even

at a high temperature of 300 �C. Knowing that the H2-based

chemistry has the benefit of suppressing Si3N4 loss, we pro-

ceeded to investigate the effect of N2 addition to the hydro-

gen plasma on the poly-Si etch rate. It was found that a

small N2 addition to the H2 plasma suppresses the poly-Si

etch rate significantly, as shown unambiguously by both the

ellipsometry and the XPS data. Due to the complex interac-

tions that could occur between the various plasma-activated

species (e.g., N atoms, H atoms, HxNy species) and the Si

surface, the exact mechanism for the reduction in Si loss that

is seen with the H2/N2 plasma is still elusive at the moment.

Nonetheless, we have demonstrated that the H2/N2 plasma

chemistry is more desirable than the pure-H2 counterpart due

to the ability of the former to generate higher ash rates and

suppress Si loss.

For the advanced technology nodes, minimal material

loss and chemical compatibility with the various device

layers are fast becoming crucial requirements that must be

met by the FEOL fabrication processes. As shown in this pa-

per, when compared to the O2/N2 chemistry, the H2/N2

chemistry has a benefit of conserving material (e.g., Si3N4)

loss. In addition, O2-based plasmas cause the oxidation of

semiconductor substrates33,34 and HKMG materials,4,11

attributes that are unacceptable for FEOL processing in the

advanced nodes. We believe that these advantages of the

H2-based plasma justify the trade off for its lower ash rates

than the ash rates obtained by the O2-based plasma.

From the etch-rate data obtained in this work, we can

determine the appropriate process conditions for the H2/N2

chemistry to maximize ash rate and minimize material loss.

Since downstream photoresist strip is a thermally activated
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reaction, the H2/N2 dry ash should be performed at high tem-

peratures (T � 300 �C) to maximize the ash rate. The mate-

rial etch rates exhibited by the H2/N2 chemistry are still

considerably low at high temperatures; specifically, at

T¼ 300 �C, the Si3N4 and Si etch rates are �0.7 and 2 Å/min,

respectively. These findings suggest that the high-temperature

regime corresponds to the desirable process window for maxi-

mizing ash rate and still maintaining low material loss. For

devices that contain HKMG structures, this process window

may need to be optimized further in order to ensure that the

chemical integrity of the structure is maintained. We believe

that the H2/N2 plasma chemistry has a wide process window

that allows it to be useful for various photoresist-strip appli-

cations in the advanced nodes. From our previous work on

pure-H2 plasma, various process parameters have dramatic

effects on the etch rates of photoresist, Si, and Si3N4.17 Simi-

larly, their etch rates in the H2/N2 plasma are also expected

to be highly influenced by parameters such as temperature,

pressure, and N2 concentration. By tuning these parameters

judiciously, we believe that the H2/N2 plasma is a viable

chemistry that has the potential to meet the stringent require-

ments for FEOL photoresist-strip applications in the

advanced technology nodes.
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