
> Abstract 1 
Following the groundbreaking initial experiments performed on graphene [1], 2D crystals aroused a continuously growing interest. 

In this family of materials, hexagonal boron nitride (h-BN) turned out to be a fundamental building block of heterostructures of 2D 

crystals (graphene, WSe2, graphite...), due to its large bandgap and similar lattice constant as that of graphene. Due to their 2D 

nature, 2D crystals are naturally prone to develop various defects, which could alter their properties, such as cracks, wrinkles, or 

peculiar folded geometries. Previous reports have shown that, after a high-temperature annealing, h-BN deposited on a substrate 

with significantly different thermal expansion coefficient exhibits a pattern of wrinkles organised in hexagonal lattice, reminiscent 

of its crystal symmetry [2].  

Here, we first reproduce similar results using several micrometer-large h-BN crystals deposited on top of BaF2 crystals. Using 

atomic force microscopy we characterize the high aspect ratio wrinkles and unveil the complex three-dimensional topography of 

the origami-like junctions between uni-dimensional folds. In addition, 2D crystals are predicted to exhibit coupled mechanical-

electrical properties : a gradient of deformation (such as the one generated perpendicular to the apex of a wrinkle) should 

theoretically induce a local electrical polarisation, i.e. the definition of flexoelectricity [3, 4]. Experimentally, we characterize the 

local electrical polarisation in the vicinity of wrinkles using electrostatic force microscopy (EFM) or Kelvin probe microscopy 

(KPM). The local electrostatic polarisation makes wrinkled h-BN substrates suitable candidates to induce interesting emergent 

functional properties in other materials, in particular in heterostructure configuration [5]. The wrinkled h-BN crystals are also 

characterized using micro-Raman spectroscopy and deviations from the ‘bulk’ Raman spectrum of pristine h-BN are observed, 

probably associated to pseudo-one dimensional modes confined in the wrinkle structure. 

Scheme of the experimental system: four ohmic contacts deposited on the two dimensional 

electron gas (2DEG) are used to perform a 4-point lock-in resistance measurement. A biased 

AFM tip is scanned over the sample surface, at a constant distance d from the 2DEG. A 

magnetic field B is applied perpendicular to the 2DEG plane. The resistance is recorded as a 

function of the tip position.  

> Density of flakes vs temperature and time 7 

• Preliminary results indicate that  

the density of wrinkles 

(measured as the fraction of 

pixels in AFM image 

corresponding to wrinkles) 

strongly increases when the 

annealing temperature is 

increased from 500°C to 

990°C 

(comparing flakes with similar 

thicknesses)  

 

• The annealing time (plateau at 

high temperature) does not 

affect the flake density 
 

 

Variation of the density of the wrinkles depending on the thermal annealing process. Left: for two different 

temperature (500°C and 990°C). Right: for two different period of time (10 min and 25 min). 
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> Angles between wrinkles 

Left: AFM  topography of a hBN flake on BaF2 after thermal annealing (same flake as 

above).  

Right : 2D FFT image of the flake topography.  
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• Wrinkle network mapped using 

AFM (tapping mode) 

• Well-defined orientation between 

wrinkles (f = 60°) 

• no clear relationship between f 

and flake edges (hBN crystal 

lattice)  

Wrinkles profiles of hBN flakes of several thicknesses. 

Blue: 24,5 nm, red: 47 nm, green : 180 nm.  

• aspect ratio of wrinkles (defined by 

height/FWHM) is typically in the range 0.01 to 

0.4 

• height of the wrinkles can reach > 200 nm  

• aspect ratio tends to decrease when 

increasing the flake thickness; much lower 

occurence of high AR wrinkles in thick flakes 

• precise flake geometry not fully resolved 

(cracks on top of the wrinkles ? folded 

wrinkles ?)  
 

 

> Thickness and aspect ratio  

Aspect ratios of hBN flakes 

depending on their 

thickness. The points are 

aspect ratios measured 

while the cross represents 

the mean value for each 

flake. Blue: 24,5 nm, red: 47 

nm, green : 180 nm.  
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> Wrinkles Junctions 

Examples of several junctions of wrinkles. On the left of each couple of images, an AFM 

topography of the whole hBN flake. On the right, a zoom on peculiar junctions. 

• complex « origami-like » 

topography at wrinkle junctions, 

with sharp out-of-plane angles  

• the simple geometry predicted 

and observed in [2] is not found 

here 

• suspended regions observed 

between some wrinkles, in 

particular in the thicker flakes 

(related to delamination ?) 
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> Origami model and flexoelectricity  2 

Origami-like model for wrinkle junctions. a) Schema of the folding of an hBN sheet. b), c) and 

d) shows the various size of the unit cell. e) model for the smallest hBN junction possible [2]  

Previous report on annealed hBN on Si 

substrate found wrinkles aligned with 

crystal directions, in « origami geometries » 

with simple junctions 

Flexoelectricity : electrical 

polarization induced by a strain 

gradient 

 expected to be strongly 

enhanced at nanoscale 

 visible in BN origamis ?  

Flexoelectric properties: an intense 

mechanical coupling between 

cuvature and electric field is predicted 

in BN bilayers [4] 

> Generating wrinkles in hBN flakes 

1. Exfoliation (« scotch-tape ») of hBN on 

freshly-cleaved BaF2 monocrystal 

2. Rapid thermal annealing, up to 990°C, 

typically during 25 min 
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x 50 

Optical micrograph (x50) of exfoliated  

hBN flakes on a BaF2 substrate 

Optical micrograph (x50) of exfoliated  

hBN flakes after thermal annealing 

Temperature profile during thermal annealing 

Very different thermal expansion 

coefficient for BaF2 (a = -18.1.10-6 

1/°C) and h-BN (a = -2,7.10-6 1/°C) 

=> wrinkled flakes after cooldown 

(details of the mechanisms are not 

clear)  

x 50 
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> Conclusions and perspectives  9 
Marin observations :  

• High density of wrinkles can be generated in hBN 

/ BaF2 upon annealing 

• contrary to previous report, we find no clear 

relation between wrinkles orientation and lattice 

orientation 

• complex geometries found at wrinkle junction 

• EFM contrast difference between wrinkled and 

flat regions in h-BN  
 

 

Some open questions :  

- what is the origin of the contrast in EFM 

frequency-shift images ?  

- what about other materials ? what about 

bending-dependent materials properties ?  

- what about using wrinkles to extract 

mechanical properties of 2D materials ?  

- what about origamis in heterostructure 

stacks ?  
 

 

> EFM contrast 

Frequency shift variation with the tip potential for several kind of wrinkles. 

Variation of minimal potential and the curvature of the parabola with the aspect ratio of the wrinkles   

Top left: AFM Topography of hBN flake. Top right : EFM image of the same flake with variation of the tip potential 

(from -10V to 10 V). Bottom left: : EFM image of the flake with a tip potential of 5V. Bottom right: Plot of the 

baseline frequency variation with the tip potential (red: on the top of the wrinkle, blue: on a flat region) 
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• EFM-mode images (mapping of the cantilever 

frequency f) acquired at constant distance from 

surface  

 

• Note : sample and substrate are insulating 

 

• Contrast observed in f images at given Vtip 

between the flat regions of the flake and the 

top of the wrinkles  

artefact or sign of an electrical polarisation 

on the top of wrinkles ?   

 

Relationship between Df vs Vtip (Df is 

frequency shift between flat and 

wrinkled regions) and wrinkle aspect 

ratio ?  

 

Parabolic fit to  

Df = C * (Vtip-V0)
2 

 

Curvature C is significantly increasing 

with increasing aspect ratio, and V0 is 

slightly decreasing 
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