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Abstract 
 
 We have developed a NH3 free high-density nitride process 
(high-density inductively-coupled plasma, HD-IP-CVD) for 
GaAs HEMT MMIC manufacturing, including its use in 
devices passivation and as dielectrics for MIMCAPs. We have 
explored the process optimization in order to minimize the 
adverse effects of high-density nitrides on the performance of 
devices and MMICs. This study suggests that the MMIC 
performance be optimized at ICP source RF power of 
approximately 500 watts. On the other hand, the ramp-up 
breakdown voltage of MIMCAPs of high-density nitrides shows 
an improvement of approximately 50-70% over that of 
standard PECVD. The result indicates that a better nitride 
quality of MIMCAPs can be achieved with HD-ICP-CVD 
process.       
 
INTRODUCTION 
 
 Nitride deposition with SiH4/NH3/N2 has been widely 
used in compound semiconductor industry. Its applications 
include device passivation of metal-semiconductor field-
effect transistors (MESFETs) [1], high-electron-mobility 
transistors (HEMTs) [2-3], and heterojunction bipolar 
transistors (HBTs) [4-6], dielectric layers for metal-
insulator-metal capacitors (MIMCAPs) [7], and glassivation 
to prevent chips from mechanical damage during the large-
volume assembly. In the past, the properties of nitride film 
were investigated to reduce the adverse effects in the 
applications noted above.  The investigation was primarily 
focused on optimizing nitride deposition conditions to 
alleviate the device degradation induced by the nitride 
process [8-12], undesirable high leakage current in 
MIMCAPs [7], and nitride crack induced hermeticity 
problems [13].     
  
 Due to the use of SiH4/NH3/N2 gaseous species in the 
standard plasma-enhanced chemical vapor deposition 
(PECVD), nitrides were detected to have high hydrogen 
concentration. The hydrogen content in the nitrides might be 
released through the subsequent processes, thus degrading 
the device performance. PECVD nitrides are also known not 
to possess enough density to prevent the penetration of 

hydrogen from the housing of integrated microwave 
assemblies (IMAs) for space applications and to protect the 
MMIC chips from being affected by high humidity 
atmosphere for commercial applications. In order to properly 
address these requirements, it is essential to develop a new 
nitride deposition technique capable of producing nitrides 
with low hydrogen content and high density.  Thus, MMICs 
will have better reliability in the hydrogen exposed 
environment and better hermeticity in the high humidity 
environment. 
 
 In this paper, we explored the development of high-
density nitride deposition using inductively coupled plasma 
chemical vapor deposition (HD-ICP-CVD) to passivate 
GaAs PHEMT devices and MMICs. The deposition 
conditions of high-density nitrides were optimized to 
minimize the degradation of devices and MMICs induced by 
the ICP plasma exposure. Furthermore, use of high-density 
nitrides as the dielectric of MIMCAPs was investigated. The 
ramp-up breakdown voltage of MIMCAPs with high-density 
nitrides shows an improvement of approximately 50-70% 
over that of standard PECVD MIMCAPs. The result 
suggests that a better nitride quality of MIMCAPs can be 
obtained with HD-ICP-CVD process.       
 
EXPERIMENTAL 
 

Bethel Material Research developed an HD-ICP-CVD 
system (HiDep2000) for this study. The nitrides were 
deposited with gaseous species of SiH4 and N2 (NH3 free 
process). Due to the HD-ICP-CVD deposition process, the 
nitride films were demonstrated to have lower hydrogen 
content and higher density than those of PECVD nitrides 
[14]. The system is featured with an adjustable plasma RF 
source from 250 watts to 2000 watts and a controllable 
substrate temperature from 50oC to 200oC. More details of 
HD-ICP-CVD novel nitride deposition technique were 
described in Reference 15. In our investigation, GaAs 
PHEMTs with a gate length of 0.15 µm were passivated by 
the first high-density nitride with a thickness of 250Å, 
followed by the second high-density nitride with a thickness 
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of 500Å. The device characteristics were measured before 
and after high-density nitride passivation to evaluate the 
impact of nitride deposition conditions on device 
performance.  The process used here is Northrop Grumman 
Space Technology 0.15 µm GaAs PHEMTs with high 
reliability performance [16]. 
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RESULTS ON DEVICES AND MMICS 
 

To investigate the effects of ICP source RF power on 
device performance, GaAs PHEMTs before and after HD-
ICP-CVD nitride passivation were fully characterized. 
Figure 1 shows the effects of ICP source RF powers from 
500 watts to 2000 watts on device performance (e.g., peak 
transconductacne (Gmp) and maximum channel current (Imax). 
It has been found that device performance strongly depends 
upon the ICP source RF power. Nevertheless, the amount of 
device degradation has been minimized with the ICP source 
RF power less than 500 watts. Higher ICP source RF power 
could introduce damage to the devices, thus leading to the 
degradation of transconductance (Gm), and drain current 
(Ids). The decreases of transconductance and drain current 
are typically observed in the degraded devices, while the Vgp 
(Vg at peak Gm) and pinchoff voltage (Vpo) are slightly 
affected [17]. Furthermore, we have found that the Ids 
degradation rate at more positive Vg is higher than that at 
more negative Vg. This information signifies that the device 
degradation induced by HD-ICP-CVD process is mainly due 
to an increase of access resistance on source and drain 
regions [17]. A separate measurement of source resistance 
(Rs) and drain resistance (Rd) confirms indeed that device 
degradation is due to the increase of Rs and Rd. Figure 2 
shows the Rs and Rd correlation with Gmp on the devices 
passivated by HD-ICP-CVD and PECVD. It has been found 
that Gmp degradation for samples deposited at 2000 watts is 
accompanied with an increase of Rs and Rd.   

 

 
 

 

 
Figure 2. Correlation of Rs and Rd versus Gmp on the devices of 
HD-ICP-CVD nitride deposited with an ICP source RF power 
of 2000 watts and PECVD.   
 

During the HD-ICP-CVD nitride deposition, the 
source and drain recess regions were exposed to the high-
density plasma atmosphere.  The surface properties of the 
recessed AlGaAs regions could be damaged owing to the 
non-optimized deposition conditions. The damaged 
AlGaAs regions will further deplete the channel carrier, 
thus causing the increase of the Rs and Rd.  In the case of 
ICP source RF power of 2000 watts, Rs and Rd could be 
increased up to 70%. This effect has been minimized 
with ICP source RF power less than 500 watts.  The 
device DC characteristics degradation also leads to 
worsen RF characteristics (e.g., cut-off frequency, and 
maximum stable gain). Figure 3 shows the effects of ICP 
source RF power on Ft, illustrating reduction of Ft from 
89-90 GHz at ICP power of 500 watt to 70-75 GHz at 
2000 watts.                 
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       Figure 3. The dependence of Ft on ICP source RF power 
    (PECVD exhibits Ft of 85-90 GHz).                    
Figure 1. The dependence of ∆Gmp and ∆Imax on ICP 

source RF power. (PECVD shows negligible changes
of ∆Gmp and ∆Imax after passivation).                   
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To investigate the effect of HD-ICP-CVD nitride 
deposition conditions on MMIC performance, Ka-band 
balanced amplifiers were fabricated for this study. The 
dependence of noise figure at 35 GHz on ICP source RF 
power is shown in Figure 4. It is noticed that as ICP 
source RF power is increased, noise figure of the 
amplifier increases. The increase of noise figure was 
attributed to an inferior device performance in those 
passivated with high ICP source power. However, the 
associated gain performance measured at 35 GHz is 
shown to be insensitive to the ICP source power in the 
range of 500 watts to 1000 watts (shown in Figure 5). 
This could be attributed to the amplifiers used in this 
study being less sensitive to the device parameter 
variations. 

 
 
Figure 4. The dependence of MMIC noise figures on ICP source RF 
power (MMICs processed with PECVD nitrides exhibit the noise 
figure performance of 3.5-3.6 dB at 35 GHz).      

               

 
Figure 5. The dependence of MMIC associated gain on ICP 
source RF power (MMICs processed with PECVD nitrides 
exhibit the associated gain performance of 13.5-14 dB at 35 
GHz).   

The best MMIC performance was achieved at ICP source 
RF power less than 500 watts. However, the quality of 
nitride films, i.e. hydrogen content and nitride density are 
deteriorated at much lower ICP source RF power [18]. 
Therefore, there is a tradeoff between MMIC performance 
and nitride quality, depending on the nitride deposition 
conditions of ICP source RF power. From our investigation, 
the compromise of MMIC performance and nitride quality 
was achieved at ICP source RF power of approximately 500 
watts.    

 
RESULTS ON MIMCAPS 
  
 The HD-ICP-CVD process was also investigated for its 
use as dielectric of MIMCAPs. The first nitride was 
deposited at ICP source RF power of 500 watts and substrate 
temperature of 170oC. The second nitride was deposited at 
ICP source RF power of 500 watts and lower substrate 
temperature of 85oC due to the liftoff 2nd nitride process 
employed in our technology. The ramp-up breakdown 
measurement of MIMCAPs was used to evaluate the quality 
of HD-ICP-CVD MIMCAPs. The results were compared to 
those of MIMCAPs deposited with PECVD nitrides. As 
shown in Figure 6, it is evident that the ramp-up breakdown 
voltage of HD-ICP-CVD nitride is improved by 
approximately 50-70% over that of PECVD MIMCAPs. 
This result suggests that high-density nitride could be an 
alternative candidate for the MIMCAPs in MMICs. 
Especially, it will be able to meet the requirement of having 
either high ramp-up breakdown voltage, or moderate 
breakdown voltage but with a higher unit capacitance (i.e. a 
thinner nitride film).  
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     Figure 6. Ramp-up breakdown voltage of MIMCAPs:  
   HD-ICP-CVD versus PECVD.   
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CONCLUSIONS 
 
 We have developed high-density nitrides with gaseous 
species of SiH4 and N2 process (NH3 free) for GaAs PHEMT 
MMIC manufacturing, including its use in devices 
passivation and as dielectrics for MIMCAPs. We have 
observed a tradeoff of MMIC performance and nitride 
quality with respect to hydrogen content and nitride density. 
While higher quality nitride could be obtained with higher 
ICP source RF power, device performance is degraded due 
to damage induced by the high-density plasma in the 
exposed recess regions. From this study, the compromise 
between MMIC performance and nitride quality could be 
obtained at an ICP source RF power of approximately 500 
watts. Furthermore, the ramp-up breakdown voltage of 
MIMCAPs with high-density nitrides shows an 
improvement of approximately 50-70% over that of standard 
PECVD MIMCAPs. The result indicates that a better nitride 
quality of MIMCAPs can be achieved with HD-ICP-CVD 
process.  
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ACRONYMS 
 

HD-ICP-CVD: High Density Inductively Coupled 
Plasma Chemical Vapor Deposition   
PECVD: Plasma-Enhanced Chemical Vapor Deposition 
MIMCAP: Metal-Insulator-Metal Capacitor 
MESFET: Metal-Semiconductor Field Effect Transistor 
HEMT: High Electron Mobility Transistor 
HBT: Heterojunction Bipolar Transistor 
MMIC: Monolithic Microwave Integrated Circuit 
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