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Doping is key for increasingly 
small semiconductor devices
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Now I don’t think that I need to convince any of you that doping is important for semiconductor devices, they’re present in every integrated circuit, photovoltaics, etc. But as devices get smaller and non-planar geometries like FinFETs or nanowires start to become more commonly used, we need a way to effectively dope these structures – something that can produce a shallow and uniform doping profile on potentially non-planar surfaces.
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But current industry techniques have limitations. There’s ion implantation, which is not as effective for shallow implants, can damage the crystalline surface of the wafer, and also involves hazardous materials (toxic gases like arsine, phosphene, etc). There’s also solid phase diffusion, which uses spin-on polymer dopants and thermal diffusion: it forms a glassy skin on the surface and has to be etched, and relies on hazardous materials (typically flammable, corrosive). 



MLD provides ultra-shallow, high 
concentration doping
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What this project proposes is using molecular monolayer doping, or MLD, to create the ultra-shallow high concentration doping that is currently needed. Starting with a silicon wafer with a hydrogen terminated surface, this is placed in a chemical bath of a dopant containing compound and a solvent for 2 hours at 120degC. The dopant compound attaches to the sites where the hydrogens were through a process called thermal hydrosilylation. When the wafer is removed from the bath, the reaction stops, then a layer of silicon dioxide is deposited to trap the dopant compound at the surface of the wafer, then a rapid thermal anneal step diffuses the dopant into the surface of the wafer to create these ultra-shallow junctions.
The compound we use is diethy vinylphosphonate, which has a phosphorus atom in the middle for the dopant, and the vinyl group attaches to the silicon surface. 



Goal:  Create MOSFETs with 
MLD doped source/drain

1. Develop a process to 
fabricate MOSFETs 
with MLD doped 
source/drain

2. Design MLD process 
chamber and 
characterize results

3. Fabricate and 
characterize devices
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The main goal of this project is to create MOSFETs with MLD doped source and drain. To achieve this goal, I needed to develop a process for fabrication, work with other chemistry students on the project to redesign the MLD process chamber and characterize results, and then fabricate and characterize the devices made.



Process flow designed for 
MOSFETs with MLD doped S/D
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Three main process requirements:

Ensure S/D areas are not too far from gate/channel – MLD may not completely dope edges of features, prove MLD can be patterned with SiO2
Minimize thermal budget post-MLD (no processing > 700°C to avoid additional dopant diffusion) 
Minimize possibility of junction spiking (nickel silicide)




Mask levels designed to fit 
processing constraints

• λ-based design rules
• λ = 10 μm
• Gate length was not 

controlled by λ, set to 
0.5, 1, 2, 5, 10 μm

• Transistors with 
variable widths, 
inverter circuits, and 
resistors included in 
designs
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Contact cuts are inset from source/drain edge by λ and λ by λ 
Metal extends λ beyond underlying features, λ space between metal lines
Gate length was not controlled by λ, set to 0.5, 1, 2, 5, 10 μm




MLD process chamber designed 
to be low-cost and functional
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Developed with Megan on the MLD team

Apparatus must:
Evenly heat solution
Internally condense solution
Immerse 6” wafer in solution
Allow argon flow in/out

Created using items bought from home goods stores and items from chemistry stockroom



Patterned wafers doped via MLD 
are uniform and follow bulk trend
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Piece, 
RS (Ω/□)

6” wafer, 
RS (Ω/□)

Single 
MLD 1058.8 2189.0

Double 
MLD 769.6 1646.1
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Sheet resistance is the best metric for MLD
For a single MLD, the whole MLD process from HF etch to HF etch is done, then for double MLD the process is repeated on the same sample
Small 1x2cm pieces are doped under same conditions as wafers to determine bulk sheet resistance, since 4-pt probe of patterned wafers will not give accurate readings due to probe spacing assumption
Trends and uniformity of patterned wafers are compared to bulk sheet resistance values
Values generally fall within one standard deviation and sheet resistance decreases after double MLD
After the wafers are doped, the rest of the process is completed, and the devices are ready to be tested



GIDL

Transfer characteristic shows field 
effect behavior
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The transistors show field effect behavior, confirming that process design produced successful devices. 
This particular device had a length of 10um and width of 110um, and had a threshold voltage of -0.3V, a subthreshold swing of about 150 mV/dec, and an on/off ratio of about 6 orders of magnitude



Gate-induced 
drain leakage

GIDL confirms dopant diffusion 
to gate edge and beyond 
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Some devices exhibit gate-induced drain leakage, which is current leakage at gate biases below the threshold voltage due to the inversion of drain region that underlaps the gate. This is not generally desirable, but it does confirm that the dopants from the MLD process diffused under the gate region – the process was purposefully designed with the source/drain underlapping the gate to correct for MLD potentially not doping the edge of source/drain.



Current scales linearly with 
increasing W  

1236TH ANNUAL MICROELECTRONIC ENGINEERING CONFERENCE
ROCHESTER INSTITUTE OF TECHNOLOGY4/17/2018

Presenter
Presentation Notes
Transistors of various lengths and widths were tested, and it was confirmed that for each gate length, current scales linearly with increasing gate width



Output characteristics reveal 
significant series resistance
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The output characteristics of the device show high series resistance. The dotted line represents what these curves should look like, but the curvature of the measured data is due to the series resistance. As shown on the right, series resistance can consist of several components, from contact resistance, external resistance, spreading resistance… each of these components act like resistors on the source and drain, effectively reducing the voltages that the transistor “sees” and decreasing current. This series resistance could be due to junction spiking, which would indicate an issue with the Ni silicidation process, or possible due to the active area being overetched and exposing p-regions on the outside of the source/drain, which could form parasitic diodes and also contribute to resistance.



Conclusions and future work
• MOSFETs with source/drain doped via MLD 

successfully fabricated and characterized
• Devices demonstrated field effect behavior
• Chamber design for MLD process was successfully tested 
• Proved that MLD can be patterned using SiO2

• Future work:
• Determine cause of high series resistance and revise 

process to minimize issue
• Use a less isotropic etch for FOX or redesign masks to 

improve device yield
• Use a better quality gate oxide – possibly hi-k
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