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Two-dimensional (2D) materials exhibit properties very 
different from their 3D counterparts, which affects device 
design and leads to new opportunities. Understanding the 
flow of carriers in a 2D device requires knowledge about 
contact barriers, doping, screening, and tunneling between 
2D materials. In 2D field effect transistors (FETs), IV curves 
show significant quantitative variations in performance, 
with some FETs being highly conductive, others ‘good’ and 
some failing. Given the nature of 2D devices, it makes 
sense to explore microscopic characterization techniques.
Using Kelvin Probe Force Microscopy (KPFM) we visualize 
potentials across the entire device. This enables detailed 
study of the FET including potentials of the channel and 
contacts as the back gate varies. It also allows us to make 
correlations between microscopic and macroscopic 
performance, and to study failure mechanisms. 

Introduction

Building a 2D FET
(d) A line cut through these KPFM data and (e) its 1:1 
correspondence to applied voltages confirm the KPFM 
measurement accuracy.
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Kelvin Probe Force Microscopy (KPFM)

(a) Schematic of atomic force 
microscopy (AFM). 
(b) AFM topography image of 
graphene on gold.
(c) Corresponding surface 
potential, as bias is varied,  
measured using KPFM.
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Mechanically exfoliated films are lifted off the SiO2
substrate  and layered together using a polycarbonate 
(PC) on poly-dimethylsulfate (PDMS) stamp to form 
device structures. Ultimately, they are melted down over 
gold contacts.

(d) (e)

repeat for 
more layers

dissolve PC in chloroform 
anneal to remove residue.

melt PC

KPFM Data on WSe2 Transistor

Results and analysis

• Expect a linear KPFM response with gate, over insulators.
• KPFM signal over WSe2 saturates, apparently showing 

band edges and ambipolar doping.
• Slope of BN data (0.89±0.02) is slightly suppressed from 

expected 1:1 response. 
• Changes in KPFM signal with gate bias are similar in 

‘clean’ and contaminated regions.
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600 mV

• Monolayer WSe2 channel, Gr contacts and gate. 
Contact held at 0V bias, gate bias (Vgate) varied.

• Average signal from each region was analyzed as a 
function of Vgate: gated and ungated BN, gated and 
ungated bilayer graphene contact, gated WSe2.

• A slight signal drift due to evolution of the tip was 
corrected using data from ungated regions.
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KPFM image shows the 
device underlying a BN 
encapsulating layer.

Conclusions and future directions

• FM-KPFM measurements have better 
spatial sensitivity; some suppression 
of signal can be expected in these AM-
KPFM data due to averaging effects.

• This approach can also be applied to a 
fully encapsulated FET. 

  Figure 2. (a) Topography and (b) KPFM of a 
2D hetero-bilayer Gr/WSe2 with 1V gate bias. 
A layer of BN covers the gate and separates it 
from the bilayer. (c) Topography and (d) 
KPFM of an encapsulated WSe2 FET, structure 
shown in Figure 1a, with gates at -0.5V and 
contacts grounded. The region labeled ‘gate’ 
has only BN over the gate. The channel 
response is offset from the contacts by about 
0.2V, as expected. In addition to FET response, 
these KPFM images allow separate 
measurement of individual regions, including 
gate, contact, graphene, and Gr/WSe2 bilayer, 
as a function of gate bias.  
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• Successfully observed microscopic response of FET to 
gating using KPFM; data includes information about 
doping, contact barriers, and other effects.

• Ambipolar doping appears to be observed. Will confirm 
with transistor I-V measurements.

• Work function 
changes with gate 
bias reflect shifts in 
chemical potentials 
and charge densities 
in the FET.
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