Sub-atmospheric Chemical Vapor Deposition of SiO2 for Dielectric Layers in High Aspect Ratio TSVs
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The formation of TSVs includes a deep Si trench etching and a formation of a dielectric layer along the high-aspect-ratio Si trench to isolate the filling conductive material from the bulk Si. The isolation of the filling conductor from the silicon substrate becomes more important for higher frequencies due to the high coupling to the silicon. The importance of the oxide thickness on the wall can be verified using electromagnetic simulators, such as HFSS®. A SA-CVD with a pulsed flow of ozone is developed and used to deposit an isolation oxide to the walls of deep silicon trenches. The technique provides a good coating of the 100µm depth silicon trenches with the high aspect ratio of 20. Developed technique allows covering the deep silicon trenches by oxide and makes the high isolation of TSVs from silicon substrate feasible which is the key factor for performance of TSVs for mm-wave 3D packaging.

Introduction

While shrinking the transistors in the silicon chips slows down due to various physical and technological problems, e.g. the change-over to EUV lithography, the future downscale will be driven by the integration of components within packages (1, 2). The through silicon via (TSV) as a short interconnect path in such 3D structure can also improve the electrical performance of the whole system. The formation of TSVs includes a deep Si trench etching and a formation of a dielectric layer along the high-aspect-ratio Si trench to isolate the filling conductive material from the bulk Si. The isolation of the filling conductor from the silicon substrate becomes more important for higher frequencies due to the high coupling to the silicon. This effect becomes more dominant when the silicon substrate is low resistive. The conductive material can be a metal like copper or tungsten. Latter one is deposited by CVD with tungsten hexafluoride (WF6).

In chip-to-wafer integration technology the so-called via-last process is used in which the temperature has to keep below 400°C to avoid the heat damage of the MOSFET and bipolar transistors and most of all the Aluminum wiring with its tungsten plugs.

Another concept is the integration of the TSVs after the pre metal dielectric module (PMD), which allows about 480°C for the deposition of the TSV oxide liner (3). 

Several low-temperature deposition techniques such as plasma-enhanced chemical vapor deposition (PECVD), high density plasma CVD (HDP-CVD) and atmospheric-pressure CVD (APCVD) method are widely used for dielectric film formation. The PECVD method has a low step coverage, which is not practicable for the isolation of a TSV. The high density plasma CVD which works at lower pressures with an additional ICP (inductively coupled plasma) source to increase the density of electrons and ions density in the plasma fills a trench or a hole from the bottom up and is for this reason also not appropriate for the isolation of a TSV.

On the other hand, low pressure CVD (LPCVD) method without plasma activation is used for high-step-coverage dielectric formation, but very high process temperature is needed, which are much to high for the thermal budget for via-last or via-middle concepts. 

In this work, we applied sub-atmospheric chemical vapor deposition (SACVD) using tetraethylorthosilicate (TEOS) and ozone (O3) for the deposition of SiO2. We tested several recipes used for the standard back-end of line process flow and screened process parameters such as pressure O3/TEOS ratio and flows and temperature.

To avoid TEOS depletion evoked due to the large surface area of a dense structure of vias and trenches we engineered recipes with a pulsed flow of ozone while the TEOS flow is kept constant. The comparison of pulsed and non-pulsed approach shows that the pulsed mode results in a better conformity.

Simulation

The isolation of the filling conductor from the silicon substrate becomes more important for higher frequencies due to the high coupling to the silicon. This effect becomes more dominant when the silicon substrate is low resistive. The importance of the oxide thickness on the wall can be verified using electromagnetic simulators, such as HFSS®. Fig. 1 shows the basic setup for the electromagnetic simulation. The total area of the silicon is taken as 500µm by 500µm. The large silicon area allows to see the full variation of the electrical field which helps to analyze the loss mechanism. The via size is taken as 5µm by 5µm. The size of the via for the simulations is limited by technology limitations such as aspect ratio of deep via etching, filling of the via and etc. 100µm silicon substrate thickness is used during simulation. The radiation boundary for the simulations is also taken 50µm away from the silicon surface. 
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Fig. 1: EM simulation setup to characterize the insertion loss of single TSV for different thicknesses of isolation oxide layer.  

Fig. 2 shows the cross section of typical electrical field distribution of the TSV. It can be clearly seen that the electrical field is distributed all over the lossy silicon. The penetration of the electrical field creates the main loss of TSV which should be minimized. Minimization of the penetration of electrical field to silicon provides low loss TSVs by keeping the electrical field in via. The proper way to limit the penetration of the electrical field to silicon is using thicker isolation layers.
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Fig. 2: Typical electric field distribution of TSV. The penetration of the electrical field into silicon can be seen easily from the figure.  

Fig. 3 shows the simulated insertion loss of single via for different oxide isolation thicknesses with a substrate resistivity of 50 ohm-cm. It can be clearly seen that the increase of the thickness of the oxide improves the performance and decreases the loss, especially for higher frequencies. The effect becomes much important especially for the higher frequencies. Thick oxide layers are necessary for such high frequencies. However, deposition of oxide to such deep trenches is a challenging process, which needs special effort. The oxide thickness after the simulations was selected as 200nm to keep the insertion loss less than 0.3 dB up to 100GHz as seen in Fig. 3.
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Fig. 3: Insertion loss versus frequency of a single TSV for different thickness of isolation oxide. TSV dimensions; diameter of 10µm and depth of 100 µm. 

Experimental

Deep Silicon Via formation by Bosch process 

The structures through silicon via-structures were prepared by using a Bosch-Process on a tegal 200 etch system. In this equipment a deep reactive-ion etching (DRIE) a highly anisotropic etch process is used to create deep, steep-sided holes and trenches in the Si wafers, with aspect ratios of 20:1 or more.

The through silicon via structures were prepared by using a Bosch process. The DRIE system used in this study was the Tegal 200. The etch reactor is equipped with a high density, low pressure ICP (inductively coupled plasma) plasma source which is operated at 13.56 MHz. The source power generator delivers a maximal power of 5500 Watt. The cathode can be operated in a radio frequency (RF) mode at 13.56 MHz with a maximal power of 1000 Watt and in a low frequency (LF) mode at 100 to 460 kHz with a maximal power of 300 Watt, respectively. In the LF mode, the bias source can be pulsed to maintain the bias power only during the time needed to remove polymers. Therefore, the selectivity to the mask material can be clearly improved. The process gases are introduced into the top of the reactor. The gas flows can be pulsed by fast MFC’s. The gases are dissociated and ionized in the ICP source and downstream to the electrostatic chuck carrying the wafer. The positive ions are accelerated to the wafer by passing the plasma sheet generated between plasma and wafer surface. The chuck temperature was 0 °C during the DRIE process. The reactor wall is protected by a heated liner (130 °C) to avoid a heavy deposition of polymers and to maintain constant plasma condition of the chamber wall. A 1600 l s-1 turbo molecular pump (Alcatel ATH 1600MT) located below the wafer chuck produces a net gas flow from the gas inlet to substrate holder. The chamber pressure was controlled by a throttle valve. 

The used Bosch process consisted of a repeating cycle of polymer deposition in a C4F8/O2 plasma and silicon etching in a SF6 plasma. The feature sidewalls were rough (scallops) due to the cyclic nature of this process. The etch rate was 3 µm/min. The deep structures were etched over a 2 µm thick i-line photoresist mask. 
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Fig. 4: TSV hole structure after DRIE and cleaning

Fig. 4 shows a typical TSV structure after DRIE and cleaning. The profile was steep nearly 90 degrees. The etch depth was adjusted to 80 µm and the structure diameter was 4 µm (aspect ratio of 20:1). The scallops size was 50 nm on top of the TSV and nearly 10 nm on the structure bottom. In general, scallops on the feature bottom are smaller than on the feature top. The reason for that is probably to find in the aspect ratio dependent diffusion of reactive etch species (F radicals) to the silicon surface and of etch products away from the etched area. The diffusion rates are reduced with increasing etch depth and hence also the silicon etch rate.

Silicon dioxide deposition using a SA-CVD TEOS process

For the deposition of the dielectric layer SiO2 an Applied Materials DxZ SA-CVD chamber was used. This Chamber is part of an Applied Materials Centura cluster for processing of 200 mm wafers. Tetraethylorthosilicate (TEOS) was used as the precursor. It is a widely established precursor for the deposition of SiO2. The SA-CVD process is part of our back-end of line process flow in 0.25 µm pilot line. For this purpose the SA-CVD is used as the gap fill part in a inter layer dielectric (ILD) followed by a PE-CVD process also using TEOS with much higher deposition rate to grow the oxide (IMD) in which via holes between the metal levels are created after planarization by chemical mechanical polishing (CMP). Typical SA-CVD process parameters for the TSV via fill are summarized in the following Tab. 1.

TEOS is carried out with He gas. He and O2 gases are used as dilution gases and the reactor is evacuated using a dry pump. TEOS is a liquid at ambient conditions and must be evaporated to get into the reaction chamber. That is done using a Stec Horiba system consisting of a liquid flow meter and a plunger valve and a vaporizer heated to 130°C. The gas feeding lines between the evaporator and the chamber inlet are heated to avoid a re-condensation of the TEOS fume on the way to the reactor.

Tab. 1: SA-CVD process parameters for the TSV via fill

	TABLE I.  SA-CVD process parameters for the TSV via fill

	Parameter
	Value
	Name of unit

	Heater temperature
	400 °C
	

	Pressure 
	450 torr
	

	Carrier gas flow
	3000…6000 sccm
	Standard cubic centimeter

	Continuous TEOS flow 
	320 mgm
	Milligram per minute

	Ozone cycle time
	5 s
	

	Purge cycle time
	5…15 s
	


As a reactive co-reactant and oxygen source ozone (O3) is used. An ozonizer generates 12.5 % O3 in O2 gas by silent discharge. The process pressure is controlled by a throttle valve from a view torr up to a maximum value of 450 torr.

Results of the TSV liner deposition

The structural test die


The structural test die for the evaluation of the step coverage along the TSV consists of via holes and trenches with different openings of 4.8 up to 6 µm. The resulting depth after the etch process are also a little different ranging from 90 to 120 µm. But generally, the aspect ratio is at least 18, which is much higher than in (4). 

The distances of via holes and trenches in this test structure layout are very small (Fig. 5), so we can assume a strong increase of the surface to be covered by silicon oxide. Actually, one can calculate after formula [1] a 17-times higher surface area than for blanket wafer. 
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Fig. 5: FIB Image of a TSV array consisting of via holes right from the middle is a FIB cut observable


SR = (Pi*d*D + a^2)/a^2,
[1]


where SR is the surface ratio, d is the diameter, D is the depth, and a is the lithographical pitch (in this case quadratic). The bowing of the bottom of the TSV hole is neglected in this calculation. For d = 5 µm, D = 100 and a = 10, we get SR of 16.7. Also neglected is the increase of the surface by roughness of the TSV walls caused by the scallops.

This has to keep in mind to understand the results of the first SA-CVD approach.

Continuous flow approach


First tests were done using a “continuous flow” recipe, were the TEOS and O3 flow was kept constant for the whole deposition step with duration of about 100s. But the step coverage was not as good as expected. This first approach shows that the filling of TSVs is completely different to filling of gaps between the etched metal lines in the ILD module. There it is usual to reach a step-coverage of more than 90% by using the continuous flow SA-CVD technique. 

The coverage of the side walls of the TSV was investigates by SEM cross-section pictures. As can be seen in Fig. 6 down to 3 µm in the trench there is almost no change in the oxide layer thickness observable. But at the bottom of the TSV there is now oxide visible. This result is unsatisfactory. 
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Fig. 6 SEM Cross section of continuous flow SA-CVD oxide in a via hole for TSV isolation; a) at the top b) at the bottom

Going out from this result a different approach must be found to get a silicon dioxide liner layer down to the bottom of the deep TSV. Sleekx et al suggested a pulsed flow process for vias with aspect ratio of 10 (2x20 and 5x50 µm) (4). These approach on our TSVs with much higher aspect ratio of 20 (5x100 or 6x120) should be more promizing than the results obtained by using the continuous flow recipes.

Pulsed flow process

The cross-section SEM images of a TSV filled with a O3-pulsed recipe are shown in Fig. 7. The image shows a full oxide coverage even at the bottom of TSV. The SiO2 thickness was measured at five different positions along the depth of the via hole using SEM cross section. 
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Fig. 7: SEM Cross section of SA-CVD oxide filled via hole for TSV isolation; a) at the top b) at 25% c) in the middle of the TSV d) at 75%, and e) at the bottom
From that SEM cross section pictures (Fig. 6) it can seen, that all the inner TSV surface is covered by silicon oxide. To get are more detailed information of the geometric properties of the films the thickness was measured using these SEM cross section images with the Digital Imaging Processing System software from point electronic. 

Fig. 8 shows the measured thicknesses with respect to the depth of the trench structure for both hole and trench structure. At the bottom of the holes we have reached a thickness of about 40% of the thickness at the top of via using developed pulsed SA-CVD technique. But, at the half of the whole depth, which might correspond with aspect ratio of 10, which is used for the simulation, step coverage of 60% was reached. Between Half and ¾ of the depth a step in the thickness can be assumed (see Fig. 7). 

From the prospective of the oxide liner deposition, it would be advantageous to reduce the aspect ratio. A reduction of the aspect ratio to 10 would be an apropriate way. But there are two options to decrease the aspect ratio: a) Decrease the depth to 50 µm, means to thin the wafers at the end of the back-end processes down to 50 µm, with the possible drawback of difficult handling. b) Increase the diameter of the via or the width of the trenches from 5 to 10 µm but leave the depth at 100 µm (as simulated), that leads to the disatvantage of the necessartity of a very thick tungsten filling.
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Fig. 8: Measured thicknesses in dependence of the depth for the hole and a trench structure

Process trends

To find the optimum process parameters a variation of the different influencing variables is necessary. The step coverage as presented in Fig. 9 can be calculated according to equation [2]:

% step coverage = (tb/th)*100
[2]

tb = oxide thickness at the bend on the bottom of via hole

th = oxide thickness at the horizontal surface 

The increase of the He carrier gas flow leads to a decrease of the step coverage from 45 to 35%. The extension of the purge cycle time from 5 to 15 seconds increases the step coverage slightly. The change of the process temperature was no option for this work, because of the regimentation of the standard-backend use of this process chamber. So the aim was to find the best process parameters without changing global chamber parameters like the heater temperature. 
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Fig. 9: Step coverage in dependence of He gas flow variation and purge cycle time

The homogeneity of the film deposition on wafer scale was tested by two different experiments. We performed the SEM cross section in the wafer center and at the edge. No observable differences were found. Of cause, for the process development further efforts are required. Especially the electrical parameters like dielectric constant and breakdown voltage of the oxide film inside the via hole are important parameters. On the other hand, the thickness outside of the via holes at the horizontal surfaces are easy accessible by using ellipsometry. The result of the mapping of the thickness is shown in Fig. 10. The measured mean thickness is 2099 angstroms, and the standard deviation is 4.7%. The range, as an important characteristic for the subsequent chemical mechanical polishing in the entire process flow, is about 34 nm. Nevertheless, the profile is quite rotationally symmetric.
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Fig. 10: Mapping of the layer thickness of the pulsed SA-CVD SiO2
Conclusion


To keep the insertion loss less than 0.3 dB up to 100GHz the oxide thickness has to be 200nm according to the simulations. To fulfill these goals the SA-CVD technique was applied. A first approach using conventional continuous flow SA-CVD showed a limited filling behavior. At the bottom of the TSV no oxide was observable.  The cross-section SEM images of a TSV filled with a pulsed SA-CVD show full oxide coverage even at the bottom of TSVs. At the bottom of the holes we have reached a step coverage of about 40%. On the other hand at the half of the whole depth, which corresponds with aspect ratio of 10, a step coverage of 60% was observed. The increase of the He carrier gas flow leads to a decrease of the step coverage and the extension of the purge cycle time increases the step coverage a little.

Acknowledgments

The authors wish to thank Mrs. G. Morgenstern for the excellent preparation of the SEM images.

References

1. Tummala R., IEEE Spectr. 43 44 (2006)

2. M. J. Wolf, DTIP (2008)

3. E. Jung, DTIP (2008)

4. E. Sleeckx, ECS Trans. 25 (8), 659 2009

_1351340789.unknown

_1356941960.bin

