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An Inductor Or Low Loss interconnect And A Method Of Manufacturing An 

Inductor Or Low Loss Interconnect In An Integrated Circuit 

Cross-Reference To Related !\p_plication 

This application claims pnority of Provisional Application Serial No. 

5 60/106945 which was filed on Novem.Der 4, 1998 (Lucent Attorney Docket No. 

v. D. Archer 1-2-3-22-2:.5-20-8-1-16-~~~8~1o~is); Provisional Application Serial No 

60/124478 which was filed on March 15, 1999·.~ucent Attorney Docket No. 
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Belk 7-24-6-14-2-16-10-16); ·and .Appk~nSeria:lNo. 09/386132_which was filed 

on September 10, 1999(Lucent Attofliey:Pocket No. J. T. Chu 3-3-9-1). . . . ··. . 

Field of the Invention 

The presenihivention relates ~erally to integrated circuits and, more 

particularly, to an inductor and a method ofmanufacturing an inductor in an inte~ated 

circuit. 

Backgrmmd of the Invention 

The integration of high-Q inductors with high-density CMOS 

technologies faces limitations because of conflicts in substrate requirements. Some 

CMOS technologies use standard substrates that include a P- doped epitaxial layer 

formed on a P+ bulk substrate .. The P+ bulk substrate has a resistivity as low as lx1019 

cm-3
• Inductors fabricated using conventional back-end processes are severely 

20 degraded because of eddy current losses in the.standard substrate. 

For example, inductors formed on standard substrates have been 

reported having a maximum quality factor Q of approximately three (3). Quality factor 
. < 

Q is a measure ·of inductor performance. A higher Q signifies a better inductor while a 

lower Q signifies a worse inductor. Although the P+ epitaxial layer degrades inductor 

25 performance, it suppresses latchup and provides impurity gettering in CMOS devices. 

Therefore, changing to a non-degenerate substrate to :increase Q translates into a 

reduction in device density and possible yield loss. Further, a change to a higher 

resistivity substrate would cause shifts in device characteristics and result in new 

design rules to satisfy the new latchup conditions. This would require redesign of 

30 existing circuit libraries. 
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Summary of the Invention 

The present invention provides an integrated circuit with a buried layer 

for increasing the Q of an inductor formed in the integrated circuit. In one illustrative 

embodjm.ent, an inductor is formed in an integrated circuit having a substrate that 

s includes a P+ buried layer formed between a P- epitaxial layer and a p bulk subStrate. 
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In other words, the substrate includes a highly doped buried layer formed between less 

doped layers. This provides a high Q inductor while preserving device and latchup 

characteristics. The present invention finther relates to providing an increased 

thickness metal layer to form the body of the inductor to further increase Q. 

The present further relate.! to a low loss interconnect (transmission line). 

The interconnect is formed in the same manner as the inductor except that the metal 

layer is not formed in a spiral shape to form an inductor. 

It is to be understood that both the foregoing general description and the 

following detailed description are exemplary, but are not restrictive, of the invention. 

Brief Description of the DrawinK 

The invention is best understood from the following detailed description 

when read in connection with the accompanying drawing. It is emphasized that, 

according to common practice in the semiconductor industry, the various features of 

the drawing are not to· scale. On the contrary, the dimensions of the various features 

20 are arbitrarily expanded or reduced for clarity. Included in the draWing are the 

following figures: 

25 

Fig. 1 is a-schematic diagram along line 1-1 of the integrated circuit 

shown in Fig. 2 including an inductor according to ari illustrative embodiment of the 

present invention; 

Fig. 2 is a top view of the integrated circuit; 

Fig. 3 is a flowchart diagram for manufacturing an integrated circuit 

according to an illustrative embodiment of the present invention; 
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Fig.4 is a flowchart diagram for forming a buried layer according to a 

first illustrative embodiment; 

Figs. 5 .and 6 are schematic diagrams illustrating the process of Fig. 4; 

Figs. 7 and 8 are flowchart diagrams for forming the buried layer 

5 according to secon4 and third illustrative embocliments; 
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Figs. 9 and 11 are charts illustrating different aspects of the present 

invention; 

Fig. 12a is a flow chart diagram illustrating the formation of a 

conductive layer accordmg to an illustrative embodiment of the present invention; 

Figs. 12b-12e are schematic diagrams illustrating the steps shown in 

Fig. 12a; 

Fig. 12f is a flow chart diagram illustrating the formation of a 

conductive layer according to a furtherillustrati.ve·embodllnent of the present 

invention; 

Figs. 13, 14, 15, and 10 are charts illustrating experimental data of an 

inductor formed according to ~embodiment of the present invention; and 

Fig. 16 is a micrograph of the experimental inductor. 

Detailed Description of the Invention 

Briefly, the present invention is directed to an integrated circuit 

20 including an inductor or transmission line. As is shown in Figs. 1 and 2, the inductor 

comprises a buried layer 105 and one or more conductive layers 120a, 120b, 120c, 130. 

The thickness Xl of the conductive layer 130 may be from .5 µm to 6 µm, 1 µm to 5 
µm, or approximately 3 µm. The buried layer 105 is positioned between lower doped 

layer 110 and a lower doped bulk substrate 100. The buried layer 105 is more highly 

25 doped than the lower doped layer 110 and the bu1k substrate 100. The lower doped 

layer 110 can bC highly resistive and the bu1k substrate 100 can be highly resistive. 
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The buried layer 105 is typically more conductive than the bulk substrate 100. The 

doping of the buried layer 105 is selected to increase the quality factor Q of the 

inductor and maintain latch-up resistance. One or more of the conductive layers can 

have an increased thickness to improve Q. In the case of interconnects (transmission 

s lines), the interconnects are formed in the same manner as the inductor including the 

buried layer 105, the lower doped layer 110, and the lower doped bulk substrate 100 

except that the conductive layer (corresponding to layer 130) is not formed in a spiral 

shape to form an inductor. 

The illustrative embodimCnt pro~es high Q inductors while preserving 

10 latchup charact~tics and CMOS current and voltage characteristics. The illustrative 

embocliment is particularly useful for super chip integration as it enables RF 

integration while maintaining existing CMOS circuit libraries. The present invention 

is described in greater detail below with reference to Fig. 3 and cont:im:iing reference to 

Figs. 1 and 2. 

15 Fig. 3 is a flowchart diagram describing the process for forming an 

integrated circuit including an inductor. At step 200, the buried layer 105 is formed. 

The process for forming buried layer 105 is described below with reference to Fig. 4. 

At step 2110, shown in Fig.4, the bulk substrate 100 is cleaned using, for example, a 

brush scrub as is well known. The bulk substrate :is, for example, a P- silicon substrate 

20 that is doped to a concentration less than approximately lx1016 cm-3 and preferable 

approximately lx1015 cm-3• The 4opantmay be boron or another suitable dopant. The. 

bulk substrate is. also cleaned using, for example, a 100: 1 HF clean (a solution 

containing one hundred parts water to one part hydrofluoric acid). · 

At step 2120, a solid diffusion source 102 (shown in Fig. 5) is formed 

25 on the substrate 100. The dopant ·is selected to subsequently form the P+ buried layer 

105 having a doping coneentration greater than or eql;lal to approximately lx1018 cm-3 

(~ lx1018 cm-3
). For example, the diffusion source 102 may be a 5000 A thick layer of 

borosilicate glass having an 8% concentration of boron. Next, at step 2130, a cap layer 

104 (shown in Fig. 5) :is formed on the diffusion source 102 to inhibit out gassing of 

30 dopants from the diffusion source 102 during subsequent processing steps. For 
example, the cap layer 104 may be a 2500 A thick layer ofundoped silicate glass. 

At step 2140, the bu1k. substrate 100 is annealed to drive the dopants 

into the bu]k substrate 100 from the diffusion source 102 to form buried layer 105 
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(shown in Fig. 6). For example, the substrate 100 may be heated in a nitrogen (Ni) 

atmosphere for 20 minutes at 950°C. Subsequently, at step 2150, the cap layer 104 

and the solid diffusion source 102 are removed (shown in Fig. 6) using a 15:1 HF etch. 

At step 2160, the stibstrate 100 is cleaned and, at step 2170, a P- epitaxial layer 110 is 

5 formed on the buried layer 105. The P- epitaxial layer is formed using well-known 

processes. The doping concentration of the P- epitaxial layer is less than lx1016 cm"3 

or approximately lx1015 cm"3
• The thfukness of the epitaxial layer 110 is between 

approximately lµm to lOµm, lµm to 5µm, lµm to 3µm, 2µm, or 4µm. The thickness 

of the buriCd layer 105 is between approximately lµm to 4µm and preferably 3µm. 
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Fig. 7 illustrates an alternative process for forming the buried layer 105. 

At step 2210, the substrate 100 is cleaned using, for example, a brush scrub. The 

substrate is, for ~xample, silicon that is doped with boron to a concentration of less 

than lx1016 cm."3 and preferably approximately lx1015 cm.·3• The substrate is also 

cleaned using, for example, a 100: 1 HF clean. 

At ~ep 2220, dopants are :implanted into the substrate using standard 

practices. The dopant is boron :implanted· at an energy of 5 Ke V. The dopant is 

selected to form a P+ buried layer 105 having a doping concentration greater than 

lx1018 cm"3
• Next, at step 2230~ the substrate 100 is annealed to drive the dopants into 

the substrate 100 to form buried layer 105. Su~sequently, at step 2240, the substrate 

20 100 is cleaned and, at step 2250, a P- epitaxial layer 110 is grown on the buried layer 

105. The P- epitaxial layer is formed using well-known processes. The doping of the 

P- epitaxial layer is less than lxl016 cm"3 and preferably approximately lx1015 cm."3• 

Fig. 8 illustrates a further alternative embodiment to forni buried layer 

105. At step 2310, a P+ epitaxial layer is groWn. on the substrate 100. At step 2320, a 

25 P- ~pitaxial layer 110 is grown on the P+ epitaxial layer. The P+ epitaxial layer forms 

the buried layer 105. The P+ epitaxial layer may be formed in the same chamber using 
. . 

the same process to form the P- epitaxial layer except that the doping of the layers is 

changed. Both the P+ and P- epitaxial layers are; for example, epitaxially grown 

silicon where the P+ epitaxial layer is more heavily doped with boron. This is 

30 accomplished by varying the amount of boron in the source gas when forming the 

epitaxial layers. the doping of the buried layer is greater than lx1018 cm·3 and the 

doping ofthe P- epitaxial layer is approximately lx1015 cm·3• 
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The two step process shown in Fig. 8 provides a simplified process to 

produce a substrate that can be used to form an inductor having a higher Q. As a 

result, the speed of producing the substrates may be increased while reducing the costs. 

Further, the performance. of the substrate can be easily tailored to improve latch-up by 

s thickening the buried layer 105. Alternatively, Q may be increased by decreasing the 

thickness of the buried layer 105. This two step process may be performed in a single 

epitaxial chamber. 

Fig. 9 compares the vertical doping profiles of a standard substrate and 

a modified substrate having four different doping concentrations. A modified substrate 

10 . is the combination of bu1k substrate 100, buried layer 105, and lower doped layer 110 

produced using one of the. methods above. The standard substrate is one that includes 

a bulk substrate _and an epitaxial layer as is known in the prior art. The buried layer 

105 is positioned near the interface of the bu1k substrate 100 and the lower doped layer 

110. The buried· layer is formed so that the original profile of the standard substrate is 

15 reproduced to, for example, a depth of 2 to 5 µm, 2 to 4 µm, or 3 to 4 µm. As a result, 
-

transistor current-voltage (I-V) characteristics remain insensitive to the far regions of 

the substrate 100. 

The dopant dose in the buried layer 105 is adjusted as a trade-off 

between latchup immunity and inductor performance (an increase in Q). A lower dose 

20 in the buried layer 105 results in increased shunt resistance and lower latchup 

immunity because the buried layer 105 contributes to shunting of the base-emitter 

junction of a lateral npn transistor formed on the substrate. . . 

The simulated dose dependence of hold current is illustrated in Fig. 11. 

A dose of lx1015 cm ·2 is sufficient to preserve· latchup for a worst case situation where. 

25 the devices are closely spaced and tub ties are separated by 10 µm. The exact dose 

may vary depending on layout and design of the integrated circuit. 

Returning to Fig. 3, at step 300, transistors, vias and interconnects are · 

formed to produce a desired integrated circuit. The processes used to produce the 

other component parts of the integrated circuit are well known and omitted for brevity 

30 sake. In addition, tubs (p doped tubs and n doped tubs) may be formed in the epitaxial 

layer using well know pro'cesses. A "tub" (alternatively referred to as a "well") is a 

region that is doped separately than the rest of the substrate. 

. 6 
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The inductor may be formed from one or more interconnected 

conductive layers 120a, 120b, 120c, 130. Where more than one conductive layer is 

used, interconnection (not shown) layers (vias and plugs) between the conductive 

layers and through the inter-level dielectric layers 115 are provided. The conductive 

5 layers are typically formed from metals such as aluminum and tungsten. These layers 

are deposited and patterned using standard well-known processes except for 

conductive layer 130. Conductive layer 130 may be the same as or different from the 

other conductive layers 120a, 120b, 120c. The process to form patterned conductive 

layer 130 having a thickness of 3 µmis described below with reference to Figs. 12a-

10 12e. 

At step 401, a barrier layer 125 is formed over the oxide layer 115. The 

barrier layer 12~ is a barrier between the metal conductive layer and the prior 

interconnection layer (vias and plugs). An illustratiye barrier layer 125 is a titanium 

nitride layer 125a formed on a titanium layer 125b. The thickness of the titanium 

15 nitride layer 125a is, for example~ 600A. The thickness of the titanium layer 125b is, 

for example, 375A. At step 405, the conductive layer 130 is formed on the barrier 

layer 125. The conductive layer 130 is, for example, aluminum. The thickness of the 

conductive layer 130 is up to approximately 5 µm. The thickness of the conductive 

layer 130 may also be approximately 1 µm to 5 µm or approximately 2 µm to 4 µm. 

20 Further, the thickness of the conductive layer 130 may be approximately 3 µm. 

At step 410, a prot~ve layer 150 is formed on the conductive layer 

130. The protective layer 150 forms a barrier between the conductive layer 130 and 

the hardmask that is to be formed on the conductive layer 130. The protective layer 

150 is, for example, TiN formed to a thickness of approximately 1000 A. At step 415, 

25 ·a hardmask layer 155 is formed on the protective layer 150. The material for the 

hardmask is selected to 1}e resistant to the etching process used to etch the conductive 

layer 130. The hardm.ask layer 155 comprises, for example, tungsten which is 

deposited using sputtering or other well-known deposition techniques. The thickness 

of the hardmask. layer 155 is approximately 5000A. 

30 At step 420, a resist layer 160 is formed on the hardmask layer 155 and 

patterned. At step 425, a pattern is formed in the resist layer 160 and is transferred to 

the hardmask layer 155 by etching. Subsequently, at step 430, the pattern formed in 

the resist layer 160 and the hardmask layer 155 is transferred to the conductive layer 
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130 by etching. At step 435, any remaining portion of the resist layer 160 is removed. 

An etch is then performed to remove excessive sodium and the remaining portion of 

the hardmask layer 155, 8nd the substrate is cleaned using well-known processes. 

Finally, the patterned conductive layer 130 is encapsulated by a cap 

5 layer 135. The cap layer is, for examp1:e, an oxide deposited using a process that 

10 

provides good step coverage and gap fill. An exemplary oxide is high-density plasma 

(HDP) oxide having a thickness of 8000A. Subsequently, a silicon nitride (SiN) layer 

. is formed on theHDP oxide. Typically, the widthX2 (Fig. 2) of the patterned 

conductive layer lines is 10 µm, spaced apart at a width X3 of 2 µm. 

Alternatively, the patterned conductive layer 130 may be formed using 

an alternative process that does not use a~ This process is shown in Fig. 12f 

and is the same as the process in Fig. 12a except that steps 410 and 415 are eliminated 

and·replaced by.an antireflective layer forming step 412. The antireflective layer is, 

for example, TiN formed to a thickness of approximately 250 A. In this case, the resist 

15 is formed directly on the protective layer. The resist is formed to a thickness of 2 µm. 

A highly aluminum selective etch is used to etch layers 125, 130. In addition, a 
PE1EOS spacer 152 may be forined as part of the cap layer 135. A blanket layer of 

PE1EOS approximately 1 µm thick is formed and etched to form the spacers 152 on 

the side walls of the conductive layer 130 that·are encapsulated with the cap layer 135. 

20 Subsequently, a silicon nitride (SiN) layer 170 is formed on the HOP oxide ... 

Experiinent 

An inductor was formed using a quarter (.25) micron CMOS process 

·that differed from a typically 0.25 CMOS process in two aspects. First, the substrate 

100, previously obtained.by growing several microns of P- epitaxial silicon over a P+ 

2S bulk silicon substrate was modified to include a ix1015cm·3 bulk substrate 100, a 

buried layer 105 formed by implantation and diffusion, and an epitaxial layer 110 on 

the buried layer. No lithography is involved for these steps. The doping concentration 

of the bulk substrate was approximately lx1016 cm·3• The doping concentration of the 

buried layer had a peak concentration on the order of 5xl 018 cm·3• The doping 

30 concentration of the epitaxial layer was greater than lxl 015 cm·3• 

~econd, a 3 µm thick fifth level of metal (this layer corresponds to 

conductive layer 130) was added to a 4-Ievel aluminum back-end (an integrated circuit 
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containing four other layers of metallization). The 5t11 level uses relaxed lithographic 

design rules that are sufficient for inductor layouts. 

As is shown in Fig. 14, measurements on MOS devices formed on the 

modified substrate showed no significant changes in the tub bias dependence of the 

5 threshold voltage. As is shown in Fig. 15, latch· up hold current was measured as a 

furi.ction of transistor separation. The devices fabricated on the modified substrate had 

better hold current than the standard substrate. The hold current also decreased for 

smaller dopant doses in the buried layer 105. 

Fig. 16 is a.micrograph top view of the finished inductor. As is shown 

10 in Fig. 10, the peak Q of an 8nH inducto~ increased from 4nH in a standard substrate to 

lOnH for the modified substrate, with the position of the p.~ak increasing from 0.8GHz 

to 1.SGHz. As :Is shown in Fig. 13, the typical decrease of L with increasing 

frequency, ~bserved for a standard su6strate and indicative of substrate losses, does not 

occur in the modified substrate. The results demonstrate that the modified substrate 

15 can be used to fabricate high-Q inductors ~bile preserving CMOS 1-V and latclnip 

characteristics. 

Although the invention has been described with reference to exemplary 

embodiments, it is not limited to those embodiments. Rather, the appended claims 

should be construed to include other variants and embodiments of the invention that 

20 may be made by those skilled in the art without departing from the true spirit and scope 

of the present invention. 

iii1iii1i1imf 

9 



I 1111111 11111111111 11111111111 
* C L M S * 

What is Claimed: 

1 1. A method of manufacturing an integrated circuit comprising the 

2 steps of: 

3 (a) forming a buried layer (e.g., 105) in a substrate (e.g., 100); and 

4 (b) forming a conductive layer (e.g., 130) above the buried layer 

·5 (e.g., 105), the buried layer (e.g., 105) and the conductive layer (e.g., 130) forming an 

6 inductor. 

2. The method of claim 1 further comprising adjusting the quality 1 

2 

3· 

factor Q of the inductor by varying the doping concentration of the buried layer (e.g., 

105). 

3. The method of claim l further comprising proviting the 1 

2 conductive layer (e.g., 130) having a thickness X greater than .5µm. 

1 4. The method of claim 3 wherein the thickness Xis .5µm S X S 

2 6µm. 

1 5. The method of claim 3 wherein the thickness X is 2µm S XS 

2 5µm. 

1 6. The method ofclaim.3 wherein the thickness Xis 

2 approximately 3µm. 

1 7. The method of claim 1 wherein the buried layer (e.g., 105) has 

2 a peak doping concentration grea:ter than or equal to lxl 018 cm"3
• 

1 8. The method of claim 7 wherein the peak doping concentration 

2 is- approximately lx1018 cm"3
• 

1 9. The method of claim 1 further comprising proviting the buried 

2 layer (e.g., 105) between a first layer (e.g., 110 or 100) and a second layer (e.g., 110 

3 or 100). 

1 10. The method of claim 9 wherein the buried layer (e.g., 105) has 
2 a peak doping concentration greater than the average doping concentration of the first 

3 layer (e.g.~ 110 or 100) and the second layer (e.g., 110 or 100). 

1 . 11. The method of claim 10 wherein the doping concentrations of 

2 the first and second layers (e.g., 110 or 100) are less than lx1016 cm"3
• 

1 12. The method of claim 11 wherein the doping concentrations of 

2 the first and second layers (e.g., 110or100) are approximately lx1015 cm."3• 

10115199 10 



·f 

, _ _. 

. I 

10 

\ \11\11\ \\\I\\ Ill\\ \\1\1 \\ \II\ , 
* C L M S 

13. An integrated circuit comprising: 

a buried layer (e.g., 105) in a substrate (e.g., 100); and 

a conductive layer (e.g., 130) above the buried layer (e.g., 105), the 

· buried layer (e.g., 105) and the conductive layer (e.g., 130) forming an inductor. 

14. The integrated circuit of claim 13 wherein the conductive layer 

(e.g., 110 or 100) has a thickness X greater than .5µm. 

· 15. The integrated circuit of claim 14 wherein the thickness Xis 

.Sµm.SXS 6µm. 

16. The integrated circuit of claim 14 wherein the thickness Xis 

2µmSXSSµm. 

17. 
approximately 3µm. 

The integrated circuit of claim 14 wherein the thickness Xis 

18. The integrated circuit of claim 13 wherein the buried layer 

(e.g., 105) has a peak doping concentration greater than or equal to lx1018 cm"3·.: 

· 15 19. The integrated circuit of claim 18 wherein the peak doping 

20 

concentration is approximately_ lx1018 cm.·3• 

20. The integrated circuit of ~laim 13 wherein the buried layer 

(e.g., 105) is positioned between a first layer_(e.g., 110or100) and a second layer 

(e.g., 110 or 100). 

21. The integrated circuit of claim 20 wherein the buried layer 

(e.g., 105) has a peak doping concentration greater than the avera~e doping 

concentration of the first layer (~.g., 110or100) and the second layer (e.g., 110 or 

100). 

· 22. The integrated circuit of claim 21 wherein the average doping 

25 concentrations of the fust and second layer (e.g., 110 or 100) are less than lx1016 

cm·3• 

30 

23. The integrated circuit of claim 22 wherein the average doping 

concentrations of the first and second layers (e.g., 110or100) are approximately 

lx1013 cm·3• 

24. A method of manufacturing an integrated circuit as described 

herein. 

25. An integrated circuit as described herein. 
~~~~~~~~~ 
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26. A method for forming an mtegrated circuit including a buried 

layer (e.g., 105) comprising: · 

for:n:ring (e.g., 2310) a first epitaxial a substrate; and 

forming (e.g., 2320) a second epitaxial layer on the first epitaxial layer, 

5· the second epitaxial layer having (1) t;he same conductivity type as the first epitaxial 

layer and (2) a peak doping concentration greater than the average doping 

concentration. of the first epitaxial layer and the substrate. 

27. A method of forming an integrated circuit comprising the steps 

of: 

(a) forming a buried layer (e.g., 105) in a substrate (e.g., 105); and 

(b) forming a conductive layer (e.g., 130) above the buried layer (e.g., 

liiiid 
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