
METHOD OF PLANARIZING AN UPPER SURFACE OF A SEMICONDUCTOR 
SUBSTRATE IN A PLASMA ETCH CHAMBER 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority under 35 V.S.c. 119(e) to V.S. Provisional Application 

No. 611946,399, filed on February 28,2014, the entire content of which is hereby incorporated 

by reference. 

FIELD OF THE INVENTION 

[0002J The invention relates to methods ofplanarizing an upper surface of a semiconductor 

substrate in a plasma etch chamber, and more specifically to a method of planarizing an upper 

surface of a semiconductor substrate while controlling temperatures across the upper surface of 

the semiconductor substrate. 

BACKGROUND 

[0003] In the fabrication of semiconductor devices such as integrated circuits, memory cells, 

and the like, a series of manufacturing operations are performed to define features on 

semiconductor substrates. The semiconductor substrates can include integrated circuit devices in 

the form of multi-level structures defined on a semiconductor substrate formed from silicon. At a 

substrate level, transistor devices with diffusion regions are formed. In subsequent levels, 

interconnect metallization lines are patterned and electrically connected to the transistor devices 

to define a desired integrated circuit device. Also, patterned conductive layers are insulated from 

other conductive layers by dielectric materials. 

[0004] The series of manufacturing operations for defining features on the semiconductor 

substrates can include many processes such as adding, patterning, etching, removing, polishing, 

and planarizing among others, various material layers. Due to the intricate nature of the features 

defined on semiconductor substrates, it is necessary to perform each process in a precise manner. 



For example, it is often desirable to planarize an upper surface of a semiconductor substrate in a 

precise manner to decrease variations in surface topography of the upper surface of the 

semiconductor substrate. Without precise planarization, fabrication of additional layers becomes 

substantially more difficult due to increased variations in the surface topography of the upper 

surface of the semiconductor substrate. 

SUMMARY 

[0005] Disclosed herein is a method of planarizing an upper surface of a semiconductor 

substrate in a plasma etch chamber wherein the semiconductor substrate is supported on a 

support surface of a substrate support assembly located in the plasma etch chamber. The 

substrate support assembly includes an array of independently controlled thermal control 

elements therein. The thermal control elements of the array of independently controlled thermal 

control elements are operable to control the spatial and temporal temperature of the support 

surface of the substrate support assembly to form independently controllable heater zones. The 

independently controllable heater zones are fonned to correspond to a desired temperature 

profile across the upper surface of the semiconductor substrate such that the etch rate across the 

upper surface of the semiconductor substrate during plasma etching can be controlled so that the 

upper surface of the semiconductor substrate may be planarized. The method comprises 

analyzing the upper surface of the semiconductor substrate thereby measuring nonuniformity of 

surface topography of the upper surface wherein the upper surface is formed by a Si-containing 

material. An amount of Si-containing material to be removed from the upper surface of the 

semiconductor substrate is calculated based upon the analysis of the upper surface to achieve a 

planar upper surface of the semiconductor substrate after plasma etching the semiconductor 

substrate for a predetermined time. A temperature profile of spatial and temporal temperatures 

across the support surface of the substrate support assembly is generated. The temperature profile 

corresponds to desired temperatures across the upper surface of the semiconductor substrate 

required to remove the calculated amount of Si-containing material from the upper surface of the 

semiconductor substrate, wherein the etch rate of the Si-containing material forming the upper 

surface depends on the localized temperature thereof. The semiconductor substrate is inserted 

into the plasma etch chamber. Process gas is supplied into the chamber and the process gas is 
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energized into a plasma state. The upper surface of the semiconductor substrate is planarized by 

plasma etching the upper surface of the semiconductor substrate while powering the array of 

independently controlled thermal control elements to achieve the desired temperature profile 

across the upper surface of the semiconductor substrate thereby removing the calculated amount 

of Si-containing material from the upper surface ofthe semiconductor substrate and achieving a 

planar upper surface of the semiconductor substrate. 

[0006] Also disclosed herein is a method of planarizing an upper surface of a semiconductor 

substrate in a plasma etch chamber wherein the upper surface of the semiconductor substrate is 

formed by a Si-containing material. The method comprises supporting the semiconductor 

substrate on a support surface of a substrate support assembly that includes an array of 

independently controlled thermal control elements therein wherein the thermal control elements 

of the array of independently controlled thermal control elements are operable to control the 

spatial and temporal temperature of the support surface of the substrate support assembly to form 

independently controllable heater zones. The independently controllable heater zones are formed 

to correspond to a desired temperature profile across the upper surface of the semiconductor 

substrate wherein the etch rate across the upper surface of the semiconductor substrate during 

plasma etching depends on a localized temperature thereof and wherein the desired temperature 

profile is detennined such that the upper surface of the semiconductor substrate is planarized 

within a predetermined time. The semiconductor substrate is plasma etched for the 

predetermined time thereby planarizing the upper surface thereof wherein the process gas used to 

perform the plasma etch includes HBr, C4Fs, NF3, CH2F2, CF4, CH3F, O2, He, Ch, or a 

combination thereof. 

BRIEF DESCRIPTION OF THE DRAWING FIGURES 

[0007J FIG. 1 illustrates an embodiment of an inductively coupled plasma etching chamber in 

which embodiments of the method of planarizing the upper surface the semiconductor substrate 

can be perfoID1ed. 
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[0008] FIG. 2 is a schematic of a cross-sectional view of a substrate support assembly which 

includes a heating plate having an array of independently controlled thermal control elements 

therein. 

[0009] FIGs. 3A-C each illustrate a cross-sectional view of a semiconductor substrate during 

various method steps of an embodiment of planarizing an upper surface of a semiconductor 

substrate as disclosed herein. 

[0010J FIGs. 4A-D each illustrate a cross-sectional view of a semiconductor substrate during 

various method steps of an embodiment of planarizing an upper surface of a semiconductor 

substrate as disclosed herein. 

DETAILED DESCRIPTION 

[0011] Disclosed herein is a method of planarizing an upper surface of a semiconductor 

substrate (substrate) in a plasma etch chamber wherein the semiconductor substrate is supported 

on a support surface of a substrate support assembly located in the plasma etch chamber which 

includes an array of independently controlled thermal control elements such as an array of at 

least 50 independently controlled thermal control elements. In the following description, 

numerous specific details are set forth in order to provide a thorough understanding of the 

present embodiments. It will be apparent, however, to one skilled in the art that the present 

embodiments may be practiced without some or all of these specific details. In other instances, 

well known process operations have not been described in detail in order not to unnecessarily 

obscure present embodiments disclosed herein. Additionally, as used herein, the term "about" 

when used with reference to numerical values refers to ± 10%. 

[0012] The performance of many plasma processing processes depends upon a temperature 

profile of a semiconductor substrate supported on a support surface of a substrate support 

assembly. For example, during plasma processing, a substrate support assembly may be 

configured to tune the spatial and/or temporal temperature profile of a semiconductor substrate 

supported on the support surface thereof. To tune the semiconductor substrate temperature 

profile, an array of independently controlled thermal control elements included in the substrate 
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support assembly can be controlled to tune the temperature of the support surface of the substrate 

support assembly, thereby controlling the temperature profile of the substrate (i.e. temperatures 

across the upper surface of the semiconductor substrate) supported on the support surface of the 

substrate support assembly. Exemplary embodiments of substrate support assemblies and heating 

arrangements (i.e. tuning arrangements) for substrate support assemblies can be found in 

commonly-assigned U.S. Patent 8,461,674, and commonly-assigned U.S. Published Application 

Nos. 201110092072, 2012/0097661,2013/0068750,2013/0220989, and 201110143462, and 

commonly-assigned U.S. Patent Application Ser. No. 13/908,676, which are hereby incorporated 

by reference in their entirety. An exemplary embodiment of a power supply and power switching 

system for a substrate support assembly including an array of independently controlled thermal 

control elements electrically connected to the power supply and power switching system can be 

found in commonly-assigned U.S. Patent Application Ser. No. 13/690,745, which is hereby 

incorporated by reference in its entirety. 

[0013] The substrate support assembly can comprise an electrostatic chuck (ESC) useful for 

electrostatically clamping the semiconductor substrate (substrate) onto the support surface of the 

substrate support assembly during processing. The substrate support assembly can also comprise 

a fluid-cooled heat sink (i.e. a cooling plate) and a heater plate including an array of 

independently controlled thermal control elements operable to form a plurality of independently 

controllable heater zones to realize step by step and radial temperature control, azimuthal 

temperature control, and/or die by die temperature control of a substrate supported on the support 

surface of the substrate support assembly. For example, in an embodiment, the fluid-cooled heat 

sink can be maintained between about -200 C and 80 0 C wherein the array of independently 

controlled thennal control elements (heaters) can maintain a support surface, and thereby a 

substrate supported on the support surface, of the substrate support assembly at temperatures of 

about 00 C to 900 C above the fluid cooled heat sink temperature. By changing the heater power 

supplied to the thermal control elements, the independently controllable heater zones can be 

formed such that the temperature profile ofthe support surface of the substrate support assembly, 

and thereby the temperature profile of the substrate supported on the support surface of the 

substrate support assembly, can be controlled. The thermal control elements are preferably 
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independently controllable, wherein the independently controllable heater zones can be formed 

by the array of independently controlled thermal control elements at a spatial frequency which is 

independent of the spatial frequency of the thermal control elements of the array of 

independently controlled thermal control elements included in the substrate support assembly. 

Preferably the substrate support assembly includes at least 50 thermal control elements therein, 

and is operable to form at least 100 independently controllable heater zones. 

[0014] FIG. 1 illustrates an embodiment of an inductively coupled plasma processing apparatus 

which can perform embodiments of methods of planarizing an upper surface of a semiconductor 

substrate disclosed herein. The inductively coupled plasma processing apparatus can include a 

vacuum chamber 200 (i.e. plasma etch chamber). The vacuum chamber 200 includes a substrate 

support (lower electrode assembly) 215 for supporting a semiconductor substrate 214 in the 

interior of the vacuum chamber 200. A dielectric window 20 forms a top wall of vacuum 

chamber 200. Process gases are injected to the interior of the vacuum chamber 200 through a gas 

injector 22. A gas source 234 supplies process gases to the interior ofthe vacuum chamber 200 

through gas injector 22. 

[0015] Once process gases are introduced into the interior of vacuum chamber 200, they are 

energized into a plasma state by an antenna 18 supplying energy into the interior of vacuum 

chamber 200. Preferably, the antenna 18 is an external planar antenna powered by a RF power 

source 240 and RF impedance matching circuitry 238 to inductively couple RF energy into 

vacuum chamber 200. However, in an alternate embodiment, the antenna 18 may be an external 

or embedded antenna which is nonplanar. An electromagnetic field generated by the application 

ofRF power to planar antenna energizes the process gas in the interior ofthe vacuum chamber 

200 to fonn a high-density plasma (e.g., 109_10 12 ions/cm3) above substrate 214. During an 

etching process, the antenna 18 (i.e. a RF coil) performs a function analogous to that of a primary 

coil in a transformer, while the plasma generated in the vacuum chamber 200 perfonns a 

function analogous to that of a secondary coil in the transfonner. Preferably, the antenna 18 is 

electrically connected to the RF impedance matching circuitry 238 by an electrical connector 

238b (i.e. lead) and the RF power source 240 is electrically connected to the RF impedance 

matching circuitry 238 by an electrical connector 240b. 
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[0016] FIG. 2 illustrates a cross-sectional view of an embodiment of a substrate support 

assembly 300, having a support surface 301, which can be used to perform embodiments of the 

method of planarizing the upper surface of a semiconductor substrate disclosed herein. The 

substrate support assembly 300 can include a heating plate 304 having an array of independently 

controlled thermal control elements therein. Preferably the heater plate 304 includes at least 50 

independently controllable thermal control elements 305 therein. The heater plate 304 can be a 

polymer material, an inorganic material, a ceramic such as silicon oxide, alumina, yttria, 

aluminum nitride or other suitable material. The substrate support assembly 301 preferably 

further includes an electrostatic chuck formed by a ceramic layer 303 (electrostatic clamping 

layer) in which at least one electrode 302 (e.g. monopolar or bipolar) is embedded therein to 

electrostatically clamp a substrate to the support surface 301 of the ceramic layer 303 with a DC 

voltage. The substrate support assembly 300 can further include, for example, a thermal barrier 

layer 307, and a cooling plate 308 containing channels 306 for coolant flow. 

[0017] The upper surface of a semiconductor substrate supported on the support surface of the 

substrate support assembly is preferably fonned from a material wherein the etch rate of the 

material depends on a localized temperature thereof. For example, etch rates can be increased at 

locations across the upper surface of the semiconductor substrate by increasing a localized 

temperature thereof as compared to surrounding locations across the upper surface of the 

semiconductor substrate. However, in an alternate embodiment, depending on the material 

forming the upper surface of the semiconductor substrate, etch rates can be increased at locations 

across the upper surface of the semiconductor substrate by decreasing a localized temperature 

thereof as compared to surrounding locations across the upper surface of the semiconductor 

substrate. 

[0018] The independently controlled thennal control elements 305 of the array of 

independently controlled thermal control elements are operable to control the spatial and 

temporal temperature of the support surface 301 of the substrate support assembly 300 to form 

independently controllable heater zones. The independently controllable heater zones can be 

formed at a spatial frequency independent of the spatial frequency of the thennal control 

elements of the an'ay of independently controlled thermal control elements included in the 
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substrate support assembly. The independently controllable heater zones are preferably formed to 

con-espond to a desired temperature profile across the upper surface of a semiconductor substrate 

supported on the support surface 301 such that the etch rates across the upper surface of the 

semiconductor substrate can be controlled during plasma etching so that the upper surface of the 

semiconductor substrate may be planarized during plasma etching. For example, the an-ay of 

independently controlled thermal control elements can be powered to form at least 100 

independently controllable heater zones, to correspond to a desired temperature profile across the 

support surface of the semiconductor substrate assembly and thereby the semiconductor substrate 

supported on the support surface 301 such that the etch rate of portions of the upper surface of 

the semiconductor substrate con-esponding to each formed independently controllable heater 

zone is about 0 to 5 nmlminJ°C. In this manner, the entire upper surface of the semiconductor 

substrate can be planarized at one time during plasma etching. To control the etch rate of 

portions of the upper surface of the semiconductor substrate, the temperatures of the 

independently controllable heater zones across the support surface of the substrate support 

assembly can preferably achieve temperatures across the support surface of about =200 C to about 

90° C, and more preferably about 20° C to about 90° C. 

[0019] Preferably, the upper surface ofthe semiconductor substrate is formed of a silicon­

containing material (as used herein Si-containing material), and more preferably the upper 

surface of the semiconductor substrate is fonned from silicon (Si), for example polysilicon or 

crystalline silicon, silicon nitride (SiN), or silicon oxide (SiOx wherein x is greater than or equal 

to 1). In a preferred embodiment, the Si-containing material forn1ing the upper surface of the 

semiconductor substrate is Si, and the process gas used to perform the plasma etch is HBr, HBr 

with an addition of O2, or C4Fs, NF3, and CH2F2. In an alternate prefen-ed embodiment, the Si­

containing material is SiN, and the process gas used to perform the plasma etch is CI-:hF; C4Fs, 

NF3, and He; C4Fs, NF3, He, and CH2F2 ; C4Fg, NF3 , He, Ch2F2, and Ch; or C4Fs, NF3, and 

CH2F2. In an alternate prefen-ed embodiment, the Si-containing material is SiOx, wherein x is 

greater than or equal to 1, and the process gas used to perform the plasma etch is CH2F2 and CF4; 

C4Fs, NF3, and He; C4Fg, NF3, He, CH2F2, O2, and CF4; C4Fg, NF3, He, and O2; or C4Fg, NF3, He, 

and CF4 . In an embodiment, a passivation layer can be fonned on portions of the upper surface 
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of the semiconductor substrate during plasma etching. The process gas used to form the 

passivation layer during plasma etching preferably includes C4Fg, He, CF4, CHF3, or a 

combination thereof. Preferably the pressure in the plasma etch chamber during plasma etching 

is maintained at about 5 mTorr to 90 mTorr. In an embodiment, the upper surface of the 

semiconductor substrate can be fonned from more than one material, such as Si, SiN, and/or 

SiOx (wherein x is greater than or equal to 1) wherein the composition of the process gas used to 

perform the plasma etching can be optimized such that the etch rate of each material forming the 

upper surface is etched at a 1:1 ratio during plasma etching. For example, the upper surface of 

the semiconductor substrate can be formed from Si, SiN, and SiOx wherein the composition of 

the process gas is optimized such that each material is etched at a 1: 1: 1 ratio during plasma 

processmg. 

[0020] The method of planarizing the upper surface of the semiconductor substrate includes 

analyzing the upper surface of the semiconductor substrate thereby measuring nonuniformity of 

surface topography of the upper surface wherein the upper surface of the semiconductor 

substrate is formed from the Si-containing material. In a preferred embodiment, the topography 

of the upper surface of the semiconductor substrate is analyzed using a light scattering or 

interferometry technique. An amount of the Si-containing material to be removed from the upper 

surface of the semiconductor substrate is calculated based upon the analysis of the upper surface 

to achieve a planar upper surface of the semiconductor substrate after plasma etching the 

semiconductor substrate for a predetermined time. A desired temperature profile of spatial and 

temporal temperatures across the support surface of the substrate support assembly is generated. 

The desired temperature profile is preferably generated to correspond to desired temperatures 

across the upper surface of the semiconductor substrate required to remove the calculated 

amount of Si -containing material from the upper surface, wherein the etch rate of the Si­

containing material forming the upper surface depends on the localized temperature thereof. 

[0021] The semiconductor substrate is inserted into the plasma etch chamber. Process gas is 

supplied into the chamber and the process gas is energized into a plasma state. The upper surface 

of the semiconductor substrate is planarized by plasma etching the upper surface of the 

semiconductor substrate for the predetermined time while powering the array of independently 
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controlled thermal control elements to achieve the desired temperature profile across the upper 

surface of the semiconductor substrate thereby removing the calculated amount of Si-containing 

material from the upper surface of the semiconductor substrate and achieving a planar upper 

surface of the semiconductor substrate. 

[0022J In an embodiment of the method, a layer of Si-containing material can be deposited on 

the upper surface of the semiconductor substrate prior to inserting the semiconductor substrate in 

the plasma etch chamber wherein the plasma etch rate of the deposited Si-containing material 

depends on a localized temperature thereof. Preferably the layer of Si-containing material 

deposited on the upper surface of the semiconductor substrate prior to inserting the 

semiconductor substrate in the plasma etch chamber is SiN. In an embodiment, the upper surface 

of the semiconductor substrate can be subjected to a chemical mechanical planarization (CMP) 

process prior to inserting the semiconductor substrate in the plasma etch chamber. An exemplary 

embodiment of a chemical mechanical planarization apparatus can be found in commonly­

assigned U.S. Patent 6,769,961, which is hereby incorporated by reference in its entirety. 

[0023] A control system, such as control system 385 (see FIG. 1) preferably controls processes 

performed by the plasma etch chamber, the substrate support assembly and/or control of the 

array of independently controlled thermal control elements. A non-transitory computer machine­

readable medium can comprise program instructions for control of the plasma etch chamber and 

embodiments of methods disclosed herein wherein methods disclosed herein are preferably 

perfonned by a software algorithm. The computer program code for controlling the processing 

operations can be written in any conventional computer readable programming language: for 

example, assembly language, C, C++, Pascal, Fortran or others. Compiled object code or script is 

executed by a processor to perfonn the tasks identified in the program. 

[0024] In an embodiment, the method of planarizing an upper surface of a semiconductor 

substrate in a plasma etch chamber wherein the upper surface of the semiconductor substrate is 

fonned by a Si-containing material comprises suppOlting the semiconductor substrate on a 

support surface of a substrate support assembly that includes an array of independently 

controlled thennal control elements such as an array of at least 50 independently controlled 
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thennal control elements. The thennal control elements of the array of independently controlled 

thennal control elements are operable to control the spatial and temporal temperature of the 

support surface of the substrate support assembly to form independently controllable heater 

zones. The independently controllable heater zones can be fonned at a spatial frequency 

independent of the spatial frequency of the thennal control elements of the array of thennal 

control elements included in the substrate support assembly. In this manner, the independently 

controllable heater zones can be fonned to correspond to a desired temperature profile across the 

upper surface of the semiconductor substrate wherein the etch rate across the upper surface of the 

semiconductor substrate during plasma etching depends on a localized temperature thereof and 

wherein the desired temperature profile is determined such that the upper surface of the 

semiconductor substrate is planarized within a predetennined time of plasma etching. The 

semiconductor substrate is plasma etched for the predetennined time thereby planarizing the 

upper surface thereof wherein the process gas used to perfonn the plasma etch includes HBr, 

C4Fg, NF3, CH2F2, CF4, CH3F, O2, He, Cb, or a combination thereof. 

[0025J Preferably, the desired temperature profile is created by analyzing the surface 

topography of the upper surface of the semiconductor substrate so as to detem1ine nonunifonnity 

of the upper surface topography thereof, and matching a temperature profile to the analyzed 

surface topography wherein the temperatures across the temperature profile are selected such that 

nonunifonnity of the upper surface topography is reduced while plasma etching the 

semiconductor substrate. The surface topography of the upper surface of the semiconductor 

substrate is preferably analyzed using a light scattering or interferometry technique. Preferably 

the desired temperature profile is preferably created before supporting the semiconductor 

substrate on the support surface of the substrate support assembly in the plasma etch chamber. 

Alternatively, the desired temperature profile can be created after supporting the semiconductor 

substrate on the substrate surface of the substrate support assembly in the plasma etch chamber. 

[0026] In an embodiment, a layer of Si-containing material can preferably be deposited on the 

upper surface of the semiconductor substrate before supporting the semiconductor substrate on 

the support surface of the substrate support assembly in the plasma etch chamber. Preferably the 

Si-containing material is SiN. 
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[0027] During plasma etching, the array of independently controlled thermal control elements 

are preferably controlled to form at least 100 independently controllable heater zones across the 

support surface such that the etch rate of portions of the upper surface of the semiconductor 

substrate corresponding to each formed independently controllable heater zone is about 0 to 5 

nmlminfOC. For example, the temperatures of the independently controllable heater zones across 

the support surface ofthe substrate support assembly can achieve temperatures across the 

support surface of about 20° C to about 90° C. In this manner, portions of the upper surface 

topography of the semiconductor substrate which are thicker (i.e. form peaks) than surrounding 

portions of the upper surface topography can be controlled to have a higher etch rate than the 

surrounding portions which are not as thick (i.e. fonn valleys). Thus, after a predetermined time 

of plasma etching, wherein portions of the upper surface are etched at different rates, wherein the 

etch rates depend on a localized temperature of the upper surface of the semiconductor substrate, 

a planarized upper surface of the semiconductor substrate can be achieved. Preferably during the 

plasma etching, the pressure in the plasma etch chamber is maintained at about 5 mTorr to 90 

mTorr. 

[0028] FIGs. 3A-3C each illustrate a cross-sectional view of a semiconductor substrate during 

steps of an embodiment of a method of planarizing an upper surface of a semiconductor substrate 

as disclosed herein. As shown in FIG. 3A, the upper surface 400 of the semiconductor substrate 

100 has a nonuniform surface topography wherein the upper surface 400 is formed of a Si­

containing material. In a preferred embodiment, the upper surface 400 is subjected to a chemical 

mechanical planarization (CMP) process which thereby reduces the nonunifonnity of the surface 

topography of the upper surface 400. The upper surface 400 is then analyzed such that the 

surface topography of the upper surface 400 is measured, and an amount of material to be 

removed from the upper surface 400 of the substrate 100 to achieve a planar upper surface 400 

thereof after plasma etching the substrate 100 for a predetermined time is calculated. A 

temperature profile of spatial and temporal temperatures across the support surface of the 

substrate support assembly which corresponds to desired temperatures across the upper surface 

400 of the semiconductor substrate 100 is generated. The substrate 100 is then inserted into the 

plasma etch chamber, wherein independently controllable heater zones are formed to correspond 

12 



to the generated temperature profile by an array of independently controlled thermal control 

elements disposed within the substrate support assembly. For example, as shown in FIG. 3B, the 

independently controllable heater zones 401A can be formed by the array of independently 

controlled thermal control elements wherein the temperatures of the independently controllable 

heater zones 401A facilitate a faster etch rate, and independently controllable heater zones 401B 

can be formed by the array of independently controlled thermal control elements wherein the 

temperatures of the independently controllable heater zones 401B facilitate a slower etch rate. 

The upper surface 400 of the semiconductors substrate 100 is then plasma etched for the 

predetermined time while powering the array of independently controlled thermal control 

elements to form the independently controllable heater zones to correspond to the generated 

temperature profile, thus achieving a planar upper surface 400, as illustrated in FIG. 3C. 

[0029J FIGs. 4A-4D each illustrate a cross-sectional view of a semiconductor substrate during 

steps of an embodiment of a method of planarizing an upper surface of a semiconductor substrate 

as disclosed herein. As shown in FIG. 4A, the upper surface 400 of the semiconductor substrate 

100 has a nonuniform surface topography wherein the upper surface 400 is formed of a Si­

containing material. In a preferred embodiment, a layer of SiN is deposited on the upper surface 

400 forming a new upper surface 400a which also has a nonuniform surface topography. The 

upper surface 400a formed by SiN is then analyzed such that the surface topography of the upper 

surface 400a is measured, and an amount of material to be removed from the upper surface 400a 

of the substrate 100 to achieve a planar upper surface 400a thereof after plasma etching the 

substrate 100 for a predetermined time is calculated. A temperature profile of spatial and 

temporal temperatures across the support surface of the substrate support assembly which 

con-esponds to desired temperatures across the upper surface 400a of the semiconductor substrate 

100 is generated. The substrate 100 is then inserted into the plasma etch chamber, wherein 

independently controllable heater zones (not shown) are formed to correspond to the generated 

temperature profile by an array of independently controlled thermal control elements disposed 

within the substrate support assembly. The upper surface 400a of the semiconductors substrate 

100 is then plasma etched for the predetennined time wherein a planar upper surface 400a, as 

illustrated in FIG. 4C, is achieved. The semiconductor substrate 100 is then plasma etched until 
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the deposited layer of SiN is fully removed, thus exposing a planar upper surface 400 formed 

from the underlying Si-containing material. 

[0030] While the invention has been described in detail with reference to specific embodiments 

thereof, it will be apparent to those skilled in the art that various changes and modifications can 

be made, and equivalents employed, without departing from the scope of the appended claims. 

14 



WHAT IS CLAIMED IS: 

1. A method of planarizing an upper surface of a semiconductor substrate in a plasma etch 

chamber wherein the semiconductor substrate is supported on a support surface of a substrate 

support assembly located in the plasma etch chamber, the substrate support assembly including 

an array of independently controlled thennal control elements therein wherein the thennal 

control elements of the array of independently controlled thennal control elements are operable 

to control the spatial and temporal temperature of the support surface of the substrate support 

assembly to fonn independently controllable heater zones to correspond to a desired temperature 

profile across the upper surface of the semiconductor substrate such that the etch rate across the 

upper surface of the semiconductor substrate can be controlled during plasma etching so that the 

upper surface of the semiconductor substrate may be planarized, the method comprising: 

analyzing the upper surface of the semiconductor substrate thereby measuring 

nonunifonnity of surface topography of the upper surface wherein the upper surface is fonned by 

a Si-containing material; 

calculating an amount of Si-containing material to remove from the upper surface of the 

semiconductor substrate based upon the analysis of the upper surface to achieve a planar upper 

surface of the semiconductor substrate after plasma etching the semiconductor substrate for a 

predetennined time; 

generating a temperature profile of spatial and temporal temperatures across the support 

surface of the substrate support assembly which corresponds to desired temperatures across the 

upper surface of the semiconductor substrate required to remove the calculated amount ofSi­

containing material from the upper surface, wherein the etch rate of the Si-containing material 

fonning the upper surface depends on the localized temperature thereof; 

inserting the semiconductor substrate into the plasma etch chamber; 

supplying process gas into the chamber and energizing the process gas into a plasma 

state; and 

planarizing the upper surface of the semiconductor substrate by plasma etching the upper 

surface of the semiconductor substrate while powering the array of independently controlled 

thennal control elements to achieve the desired temperature profile across the upper surface of 
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the semiconductor substrate thereby removing the calculated amount of Si-containing material 

from the upper surface of the semiconductor substrate and achieving a planar upper surface of 

the semiconductor substrate. 

2. The method of Claim 1, wherein 

(a) the Si-containing material is Si, and the process gas used to perform the plasma etch is 

HBr; 

(b) the Si-containing material is Si, and the process gas used to perform the plasma etch 

is HBr and O2; 

(c) the Si-containing material is Si, and the process gas used to perform the plasma etch is 

C4Fs, NF3, and CH2F2; 

(d) the Si-containing material is SiN, and the process gas used to perform the plasma etch 

is CH3F; 

(e) the Si-containing material is SiN, and the process gas used to perform the plasma etch 

is C4Fs, NF3, and CH2F2; 

(f) the Si-containing material is SiN, and the process gas used to perfonn the plasma etch 

is C4F 8, NF 3, and He; 

(g) the Si-containing material is SiN, and the process gas used to perfonn the plasma etch 

is C4F 8, NF 3, He, and CH2F 2; 

(h) the Si-containing material is SiN, and the process gas used to perform the plasma etch 

is C4Fs, NF3, He, CH2F2, and Ch; 

(i) the Si-containing material is SiOx, wherein x is greater than or equal to 1, and the 

process gas used to perfonn the plasma etch is CH2F2 and CF4 

(j) the Si-containing material is SiOx, wherein x is greater than or equal to 1, and the 

process gas used to perform the plasma etch is C4F g, NF3, and He; 

(k) the Si-containing material is SiOx, wherein x is greater than or equal to 1, and the 

process gas used to perform the plasma etch is C4Fs, NF3, He, CH2F2, O2, and CF4; 

(1) the Si-containing material is SiOx, wherein x is greater than or equal to 1, and the 

process gas used to perform the plasma etch is C4F 8, NF 3, He, and O2; or 

(m) the Si-containing material is SiOx, wherein x is greater than or equal to 1, and the 

process gas used to perform the plasma etch is C4Fs, NF3, He, and CF4. 
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3. The method of Claim 1, further comprising depositing a layer of Si-containing material 

on the upper surface of the semiconductor substrate prior to inserting the semiconductor 

substrate in the plasma etch chamber wherein the plasma etch rate of the deposited Si-containing 

material depends on a localized temperature thereof; and/or subjecting the upper surface to a 

chemical mechanical planarization process prior to inserting the semiconductor substrate in the 

plasma etch chamber. 

4. The method of Claim 1, wherein the upper surface of the semiconductor surface is 

formed by more than one material selected from the group consisting of Si, SiN, and SiOx, 

wherein x is greater than or equal to 1, the method further comprising optimizing the 

composition of the process gas such that each material forming the upper surface of the 

semiconductor substrate is etched at a 1: 1 ratio during plasma processing. 

5. The method of Claim 1, wherein the temperatures of the independently controllable 

heater zones across the support surface of the substrate support assembly can achieve 

temperatures across the support surface of about 20° C to about 90° C. 

6~ The rnethod of Clai111 1, further comprising maintaining a pressure in the chamber at 

about 5 mTorr to 90 mTorr. 

7. The method of Claim 1, wherein the process gas used to perform the plasma etching 

includes C4F 8, He, CF4, CHF3, or a combination thereof, and wherein the plasma etching forms a 

passivation layer on portions of the upper surface of the semiconductor substrate. 

S. The method of Claim 1, wherein the topography of the upper surface of the 

semiconductor substrate is analyzed using a light scattering or interferometry technique. 

9. The method of Claim 1, wherein the desired temperature profile and the independently 

controllable heater zones are formed at a spatial frequency independent of the spatial frequency 

of the thermal control elements of the array of independently controlled thermal control elements 

included in the substrate support assembly. 

10. The method of Claim 1, further comprising controlling the array of independently 

controlled thennal control elements to fonn at least 100 independently controllable heater zones 

across the support surface such that the etch rate of portions of the upper surface of the 

semiconductor substrate corresponding to each formed independently controllable heater zone is 

about 0 to 5 nm/min;oC. 
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11. The method of Claim 1, wherein the method is performed by a software algorithm. 

12. A computer readable medium comprising program instructions for performing the 

method of Claim 1. 

13. A control system configured to control processes performed by the plasma etch chamber 

comprising the computer readable medium of Claim 12. 

14. A method ofplanarizing an upper surface of a semiconductor substrate in a plasma etch 

chamber wherein the upper surface of the semiconductor substrate is fonned by a Si-containing 

material, the method comprising: 

supporting the semiconductor substrate on a support surface of a substrate support 

assembly that includes an array of independently controlled thermal control elements therein 

wherein the thennal control elements of the array of independently controlled thermal control 

elements are operable to control the spatial and temporal temperature of the support surface of 

the substrate support assembly to form independently controllable heater zones; 

fonning the independently controllable heater zones to correspond to a desired 

temperature profile across the upper surface of the semiconductor substrate \vherein the etch rate 

across the upper surface of the semiconductor substrate during plasma etching depends on a 

localized temperature thereof and wherein the desired temperature profile is determined such that 

the upper surface of the semiconductor substrate is planarized within a predetem1ined time 

period; and 

plasma etching the semiconductor substrate for the predetermined time period thereby 

planarizing the upper surface thereof wherein the process gas used to perform the plasma etch 

includes HBr, C4Fg, NF3, CH2F2, CF4, CH3F, O2, He, Ch, or a combination thereof. 

15. The method of Claim 14, wherein the desired temperature profile is created by analyzing 

the surface topography of the upper surface of the semiconductor substrate so as to detennine 

nonuniformity of the upper surface topography thereof, and matching a temperature profile to the 

analyzed surface topography wherein the temperatures across the temperature profile are selected 

such that nonuniformity of the upper surface topography is reduced while plasma etching the 

semiconductor substrate. 
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16. The method of Claim 15, wherein the desired temperature profile is created before 

supporting the semiconductor substrate on the support surface of the substrate support assembly 

in the plasma etch chamber. 

17. The method of Claim 14, further comprising depositing a layer of Si-containing material 

on the upper surface of the semiconductor substrate before supporting the semiconductor 

substrate on the support surface of the substrate support assembly in the plasma etch chamber. 

18. The method of Claim 14, further comprising controlling the array of independently 

controlled thermal control elements to form at least 100 independently controllable heater zones 

across the support surface such that the etch rate of portions of the upper surface of the 

semiconductor substrate corresponding to each formed independently controllable heater zone is 

about 0 to 5 nmlminl°C. 

19. The method of Claim 14, wherein the temperatures of the independently controllable 

heater zones across the support surface of the substrate support assembly can achieve 

temperatures across the support surface of about 20° C to about 90° C, and/or the pressure in the 

chal11ber is maintained at about 5 mTorr to 90 mTorr. 

20. The method of Claim 16, wherein the desired temperature profile and the independently 

controllable heater zones are formed at a spatial frequency independent of the spatial frequency 

of the thermal control elements of the array of independently controlled thermal control elements 

included in the substrate support assembly. 
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