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For integrated passive device (IPD) applications, we have successfully developed and characterized metal-
insulator-metal (MIM) capacitors with 2000 Å plasma-enhanced chemical vapor deposition (PECVD) 
silicon nitride which are deposited with the SiH4/NH3 gas mixing rate, working pressure, and RF power of 
PECVD at 250ºC. Five PECVD process parameters are designed to lower the refractive index and lower the 
deposition rate of Si3N4 films for the high breakdown electric field. For the PECVD process condition of gas 
mixing rate (0.957), working pressure (0.9 Torr), and RF power (60 W), the atomic force microscopy (AFM) 
root mean square (RMS) value of about 2000 Å Si3N4 on the bottom metal is lowest at 0.862 nm and the 
breakdown electric field is highest at about 8.0 MV/cm with a capacitance density of 326.5 pF/mm2. A pre-
treatment of metal electrodes is proposed, which can reduce the peeling of nitride in the harsh test 
environment of heat, pressure, and humidity. [DOI: 10.4313/TEEM.2009.10.5.147] 
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1. INTRODUCTION1  
 

The continuing trend towards greater miniaturization of 
electronic systems has increased the demand for high-
performance, high-integration, high-yield, and low-cost 
products. Owing to the fact that IPDs are generally 
fabricated using standard fabrication technologies such as 
thin film and photo-lithography processing, they can be 
manufactured with the above-mentioned advantages and 
widely used in the front-end RF sections [1]. 

Silicon nitride is widely used in the manufacturing 
processes of various compound semiconductor devices and 
circuits. These processes include device passivation of metal 
semiconductor field-effect transistors (MESFETs) [2], high 
electron mobility transistors (HEMTs) [3], [4], hetero-
junction bipolar transistors (HBTs) [5]-[7], sensitive layer 
for pH-ISFET [8], [9], dielectric layers for MIM capacitors 
[10] and wafer-level encapsulation to protect the circuit 
against environmentally induced mechanical scratches.  

MIM capacitors occupy a large fraction of the die area in 
IPDs and other monolithic microwave integrated circuits 
(MMICs), so that the insulator thickness of MIM capacitors 
has to be reduced to increase the capacitance. However, as 
the dielectric thickness is reduced, the effect of bottom metal 
roughness and other defects becomes more dominant, and it 
is more difficult to maintain the breakdown electric field and 
the reliability of the capacitor.  

One way to obtain high yield MIM capacitors is to 
decrease the bottom metal roughness. This is because a 
rough surface and the corner of the bottom metal can create 
poor coverage within the Si3N4 dielectric deposition, which 
could cause a serious capacitor electrical short [11]. In order 
to improve the smoothness of the bottom metal, we propose 
some methods, such as source wiping, pre-melting, Au dry-
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etching post-treatment, and metal evaporation rate adjustment. 
Chemical wiping of source pellets can also remove surface 
contaminants. 

In this study, MIM capacitors with 2000 Å thick silicon 
nitride layers are manufactured with the SiH4/NH3 gas 
mixing rate, working pressure, and RF power of the PECVD 
process at 250ºC chamber temperature. We obtained good 
MIM capacitors with very high breakdown electric fields 
(8.0 MV/cm) and a capacitance of about 326.5 pF/mm2, 
which could be applicable for mass production because of 
their good uniformity. In the case of a 13.06 pF MIM 
capacitor (200 µm × 200 µm electrode area), a 97% yield 
and up to 148 V breakdown voltage can be obtained. Finally, 
we report on the benefits of pre-deposition treatments of N2 

annealing and O2/H2 plasma treatment, which can enhance 
nitride adhesion and improve the consistency of MIM 
capacitor reliability performance. 

 
 

2. EXPERIMENTS 
 

In order to improve the yield of MIM capacitors used for 
the IPDs, methods such as source wiping, pre-melting, dry-
etching post-treatment, and metal evaporation rate 
adjustment were proposed. In order to improve the 
breakdown electric field, silicon nitride is deposited at 250ºC 
by PECVD whose process parameters consist of the 
SiH4/NH3 gas mixing rate, working pressure, and RF power. 
The refractive index of the silicon nitride thin films can be 
measured by an ellipsometer, and the surface roughness can 
be analyzed by AFM.  

Figure 1 shows the process for fabrication of the MIM 
capacitors, which is used in the true IPD process. This 
process starts with a first passivation layer which is 
composed of Si3N4 and is deposited by PECVD with a 
thickness of 2000 Å. This layer is necessary to attain an even 
surface over the defects and roughness of the substrate  
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Fig. 1. The fabrication process flow of MIM capacitors. 

 
surface. After the deposition of Si3N4, the wafer is masked 
by a photo resistor to define the structures of the first metal 
layer. Then, a 50/450 nm-thick Ti/Au metal layer is formed 
by electron beam evaporation, which is used as the bottom 
metal layer of the MIM capacitor. At this moment, the 
middle dielectric part of the MIM capacitor is realized. A 
Si3N4 of 2000 Å is deposited by PECVD and masked to 
define the structure. After the deposition step, a reactive ion 
etch (RIE) in oxygen/SF6 is performed to remove the 
undesired layer of the Si3N4. 

Next, a 1000 Å-thick Ti/Au seed metal layer followed by 
an air-bridge post-photo process is deposited by sputter. 
Then, an air-bridge photo process is performed prior to both 
the Cu/Au (6.5 µm/0.5 µm) second metal definition and 
plating process. The Cu/Au plating is performed to make the 
top electrode pad and the air bridge for an MIM capacitor. 
Thus an MIM capacitor is formed with the first metal bottom 
plate, the second metal top plate, and a dielectric layer. After 
the electroplating process, the air-bridge mask is stripped, 
and the dry-etching step of the Ti/Au seed metal is done. 
Finally, all components are passivated with 3000 Å Si3N4 to 
protect them from oxidization and moisture.  

 
 
Fig. 2. AFM images of Ti/Au thin films deposited by condition 1 (a), 2 
(b), 3 (c), 4 (d), and 5 (e). 
 
 
3. RESULTS AND DISCUSSION 

 
3.1 Bottom metal surface roughness of MIM capacitor 

 
By cleaning the metal source in an ultrasonic methanol 

bath and implementing isopropyl alcohol (IPA) pre-
treatments, the bottom metal surface becomes much 
smoother. When this cleaning is implemented in conjunction 
with wiping the carbon residue off the gold melt prior to 
each run, the defective level is reduced by five times and 
yields are improved [12]. Pre-melted materials offer a more 
constant composition and surface topography compared with 
the irregular surface of a pile of randomly sized pieces. So 
the evaporation proceeds more smoothly. Au dry-etching 
post-treatment and metal evaporation rate adjustment are 
also considered. All the conceivable conditions are displayed 
in Table 1. Figure 2 shows five cases of surface roughness, 
all of which are measured by AFM. After IPA cleaning, the  

Table 1. Bottom metal roughness optimization proposal and measured results.
 
 Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 

IPA Cleaning X O O O O 

Pre-melting X X O X O 

Au Etching X X X O X 

Ti Deposition Rate 2.0 Å/sec 1.5 Å/sec 1.5 Å/sec 1.5 Å/sec 1.0 Å/sec 

Au Deposition Rate 3.0 Å/sec 2.0 Å/sec 2.0 Å/sec 2.0 Å/sec 1.5 Å/sec 

RMS Roughness 
Peak Height 

8.6 nm 
224.2 nm 

3.8 nm 
34.8 nm 

3.0 nm 
23.7 nm 

3.4 nm 
33.6 nm 

0.9 nm 
7.3 nm 
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Fig. 3. MIM capacitor yield with/without metal smoothness 
optimization 
 
 
metal surface roughness can be greatly reduced. The surface 
roughness achieved with condition 4 is slightly less than that 
obtained with condition 2. However, we note that Ar-plasma 
Au dry-etching treatment increases the sheet resistance value 
of thin film resistor (TFR), so it cannot be recommended. 
Through condition 2, it is found that the effect of pre-
melting is obvious. On the basis of IPA pre-cleaning and 
metal pre-melting, decreasing the metal deposition rate can 
reduce the surface roughness. Obviously, condition 5 with 
source cleaning and pre-melting under a lower evaporation 
rate shows the best smoothness. Through the bottom metal 
smoothness optimization strategy, MIM capacitor yield is 
improved as shown in Fig. 3. 
 
3.2 Properties of the dielectric layer of MIM capacitor  
 

The breakdown electric field mainly depends on the 
insulator surface morphology and the Si-H bonding of 
silicon nitride thin films. In this paper, PECVD process 
parameters such as the SiH4/NH3 gas mixing rate, working 
pressure and RF power at a 250ºC chamber temperature are 
designed to lower the refractive index for the high 
breakdown electric field. Five PECVD process conditions of 
the insulator layers and the properties of these insulator 
layers are summarized in Table 2. Figure 4 shows the 
breakdown electric field of MIM capacitors for films 1and 5. 
Obviously, the breakdown electric field of film 5 is much 
better than that of film 1. Since the amount of Si in the film  
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Fig. 4. Breakdown electric field of MIM capacitors for films 1 and 5. 
 
 
increases, while that of N decreases, the refractive index of 
the Si3N4 thin films increases as the SiH4/NH3 flow ratio 
increases. The NH3 flow deposited N atoms on to the film by 
bringing about the dissociative adsorption of the SiNH or 
SiH species. This increase in refractive index is due to the 
decreased N-H bonding that occurs with decreasing N 
content. Usually, the increase in the pressure can increase 
the refractive index, which is attributed to an increase in the 
Si content. By increasing the working pressure of PECVD, 
the number of ions generated in the plasma increases, which 
results in a larger ion flux reaching the substrates [13]-[16]. 
By decreasing the deposition rate, the surface roughness can 
be greatly reduced. 

In summary, to manufacture MIM capacitors with a high 
breakdown electric field, a lower working pressure, a higher 
RF power and a lower deposition rate are needed, which can 
reduce the surface roughness and increase the density of 
Si3N4 film. Then, an increase of Si-H bonding as the NH3 
gas mixing rate increases is needed, which can reduce the 
refractive index of Si3N4.  
 
3.3 MIM capacitor for the true SI-GaAs IPDs 
 

Figure 5 shows the current-voltage curves of MIM 
capacitors fabricated using films 1 and 5. These curves are 
used to interpret the breakdown electric field of MIM 
capacitors at 100 nA leakage current. MIM capacitors of 
film 5 have a higher breakdown voltage and a lower leakage 
current at pre-breakdown region than film 1. The breakdown  

Table 2. PECVD process conditions and properties of the Si3N4 films.
 
 

SiH4/NH3 
mixing rate 

Pressure 
(Torr) 

RF Power
(W) 

Deposition Rate
(nm/s) 

Refractive 
Index 

RMS 
(nm/s) 

Breakdown Field 
(MV/cm) 

Film 1 1.507 1.9 25 0.95 1.96 1.125 6.2 

Film 2 1.507 1.9 60 0.95 1.92 0.914 6.4 

Film 3 1.507 0.9 60 0.95 1.90 0.925 6.6 

Film 4 1.507 0.9 60 0.64 1.90 0.885 6.8 

Film 5 0.957 0.9 60 0.64 1.88 0.862 8.0 
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Fig. 5. Voltage-current properties of MIM capacitors for films 1 and 5. 

 
electric field of film 5 is about 8.0 MV/cm, and the 
breakdown voltage is about 148 V. There is a reliability 
problem in respect of film 1; due to the high incipient 
leakage current, the MIM capacitor is subjected to a 
continuous electrical stress which leads to a continuous 
leakage current that degrades MIM capacitors at the bias 
voltage or current. The data for all films are measured using 
a DC measurement system, which consists of a probe station 
and a parameter analyzer. 
 
3.4 Reliability test of MIM capacitor 
 

In order to test the reliability performance of nitride films, 
we performed a pressure cooker test (PCT) on MIM 
capacitors. The breakdown voltage and leakage current are 
tested when the I-V characteristics are measured up to 150 V. 
Film 5 shows a typical failure rate of 12%, however, we note 
that there is a severe breakdown voltage degradation from 
film 1 with a typical failure rate which is 5 times or greater 
than the worst result for film 5.  

To improve the reliability of the consistency of silicon 
nitride film, the pre-deposition treatment is explored. Pre-
deposition treatment, including N2 annealing and O2/H2 
plasma treatment, which are evaluated on film 5 (we call it 
film 6) are shown to improve the consistency of the 
reliability performance of MIM capacitors. With the pre-
deposition treatment, the breakdown failure rate from film 6 
is almost zero, so that a notable benefit of pre-treatment 
highlights how an interface between the nitride and the 
metal electrode (Au) plays a crucial role in the reliability of 
the MIM capacitors. We propose a possible mechanism for 
removing this organic and oxidative contamination of the 

 
metal surface, which is to use N2 annealing or O2/H2 plasma 
treatment. These processes enhances nitride adhesion to the 
metal electrode and reduces the delamination of the nitride 
thin film in the high-pressure, high-temperature, and high- 
humidity environment of the PCT. The breakdown failure 
rate from film 6 (with the pre-deposition treatment) was 
compared to film 5 (without pre-deposition surface 
treatment) and summarized in Table 3. 
 
 
4. CONCLUSIONS 
 

In order to increase the yield of MIM capacitor, IPA pre-
cleaning, metal pre-melting, and metal evaporation rate 
adjustment are proposed in this study. For the PECVD 
process, MIM capacitors have been manufactured with a 
high breakdown electric field. The refractive index of silicon 
nitride is decreased by decreasing the SiH4/NH3 gas mixing 
rate and the density of silicon nitride is increased by 
increasing the working pressure and RF power. As the 
SiH4/NH3 gas-mixing rate and deposition rate are decreased, 
the RMS values of silicon nitride thin films are decreased 
and the breakdown electric fields are improved. These 
results imply that the breakdown electric field depends on 
the surface morphology and the Si-H bonding of silicon 
nitride thin films. Furthermore, the incipient leakage current 
is also increased when the working pressure and RF power 
are not optimized in the PECVD process. 

The results observed from both films in reliability 
performance confirmed that the film composition, 
particularly the Si to N ratio, which is crucial for MIM 
capacitor reliability. Pre-deposition treatments, including N2 
annealing and O2/H2 plasma treatment, are evaluated to 
show the improvement in reliability of the MIM capacitor 
and the reduction of performance variability. 

MIM capacitors were fabricated with a high yield and 
high breakdown electric field as proposed. The breakdown 
electric field and capacitance were about 8.0 MV/cm and 
320 pF/mm2 ±10%, respectively. Their property yield for 
mass productivity is above 97% and the breakdown voltage 
is over 148 V in the case of 13.06 pF MIM capacitor. 
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Table 3. Comparison of film 6 incorporating pre-deposition treatment with film 5.

 Film 6 with N2 annealing Film 6 with O2/H2 plasma 
treatment Film 6 with both of them Film 5 

Wafers 1 2 3 4 5 6 7 

Fail Rate 4% 5.2% 2% 1.8% 0% 0.3% 12% 



Trans. Electr. Electron. Mater. 10(5) 147 (2009): C. Wang et al. 151 

REFERENCES 
 

[1] R. Ulrich and L. Schaper, Integrated Passive Component Technology, 
(IEEE Press/Wiley, New York, 2003), p. 23. 

[2] J. G. Tenedorio and P. A. Terizian, IEEE Electron Device Lett. 5, 
199 (1984). 

[3] E. Y. Chang, G. T. Cibuzar, and K. P. Pande, IEEE Trans. Electron 
Devices, 35, 1412 (1988). 

[4] Y. C. Chou, R. Lai, G. P. Li, H. Jun, P. Nam, R. Grundbacher, H. K. 
Kim, Y. Ra, M. Biedenbender, E. Ahlers, M. Barsky, A. Oki, and D. 
Streit, IEEE Electron Device Lett. 24, 7 (2003). 

[5] R. T. Yoshioka, L. E. M. de Barros, J. A. Diniz, and J. W. Swart, Int. 
Microw. Symp., (SBMO/IEEE MTT-S, APS and LEOS-IMOC 
California, USA, 1999), p. 108. 

[6] C. J. Sandroff, R. N. Nottenburg, J. C. Bischoff, and R. Bhat, Appl. 
Phys. Lett. 51, 33 (1987). 

[7] A. Kapila, V. Malhotra, L. H. Camnitz, K. L. Seaward, and D. Mars, 
J. Vac. Sci. Technol. B, 13, 10 (1995). 

[8] G. B. Park, Trans. Electr. Electron. Mater. 9, 231 (2008). 
[9] T. Matsuo, M. Esashi, and H. Abe, IEEE Trans. Electron Devices, 

26, 1939 (1979).  
[10] J. Scarpulla, D. Eng, S. Olson, and C. S. Wu, IEEE Int. Rel. Phys. 

Symp., (IEEE, San Diego, USA, 1999), p. 128. 
[11] H. Y. Li, Y. M. Khoo, N. Khan, K. W. Teoh, V. S. Rao, H. B. Li, E. 

B. Liao, S. Mohanraj, V. Kripesh, and K. Rakesh, IEEE Electr. 
Compon. Tech. Conf., (IEEE, Florida, USA, 2008), p. 1709. 

[12] C. Wang, C. Qian, G. I. Kyung, B. Shrestha, and N. Y. Kim, IEEE 
Asia Pac. Microw. Conf., (IEEE, Hong Kong, China, 2008). 

[13] Y. T. Kim, S. M. Cho, H. Y. Lee, H. D. Yoon, and D. H. Yoon, 
Surf. Coat. Technol. 174, 166 (2003). 

[14] Y. T. Kim, S. M. Cho, Y. G. Seo, H. D. Yoon, Y. M. Im, S. J. Suh, 
and D. H. Yoon, Surf. Coat. Technol. 171, 34 (2002). 

[15] J. Y. Sin, H. D. Park, K. J. Choi, K. W. Lee, J. Y. Lee, and J. W. 
Hong, Trans. Electr. Electron. Mater. 10, 97 (2009). 

[16] M. S. Jeon and K. Kamisako, Trans. Electr. Electron. Mater. 10, 75 
(2009).

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


