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A B S T R A C T   

Sapphire-supported hBN films of different thicknesses are grown using metalorganic vapour phase epitaxy technique by following a flow modulation scheme. Though 
these wafer-scale films are potential candidates for real device applications, they exhibit wrinkling. The wrinkles are a key signature of strain distribution in the films. 
We utilized Raman imaging to study the residual strain distribution in the wrinkled hBN films. An increase in the overall compressive strain in the films with an 
increase in the layer thickness is observed and explained. An empirical relation is proposed for estimating the wrinkle mediated strain relaxation from the 
morphology of the films. Furthermore, we show that the residual strain can be partially released by the delamination of the films.   

1. Introduction 

Recently, thin layers of hexagonal boron nitride (hBN) have attracted 
remarkable attention for their unique physical properties [1]. They are 
often used as buffer layers in the development of a wide range of 
advanced electronic and optoelectronic 2D material based devices [2,3]. 
For example, in the fabrication of capacitors based hBN/graphene/hBN 
heterostructures, a thin layer of hBN serves both as an insulating as well 
as an encapsulating layer [4,5]. 

Unique characteristics of the hBN layers, obtained from mechanical 
exfoliation of bulk crystals, are well-documented. However, the exfoli
ated films find limitations in many applications due to the size restric
tion. In recent studies, the possibility of large scale growth of hBN films 
on lattice mismatched substrates has been discussed [6]. Though these 
dielectric films, grown on a relatively large area, are potential candi
dates as dielectric layers for 2D material based field-effect devices, 
wrinkling has been observed in as-grown layers. 

The physics of wrinkling is complex. It depends on various param
eters, like elastic properties and the thicknesses of both film and sub
strate, substrate anchorage, etc. [7–9]. Quite a few reports in the 
literature have discussed the characteristics of wrinkles in a similar 
system, like graphene [9–12]. During the growth process, strain in the 
films develops due to the opposite polarity of the thermal expansion 
coefficients of the film and the substrate [9]. Wrinkling partially relaxes 
the strain in the films. For example, the relaxation of lateral strain, 
developed at the time of cooling of CVD (chemical vapour deposition) 
grown graphene on solid metallic substrate, results in localized or linear 

wrinkle network in the films [10,11]. Using shear-lag analysis, it has 
been shown that in wrinkled graphene island, the residual strain van
ishes at the boundary and highest at the centre of the wrinkled domain 
[12]. The characteristics of wrinkles of a substrate supported hBN film 
are expected to be very similar to those of graphene, as both have 
negative thermal expansion coefficient and sp2 network atoms in a 
hexagonal arrangement. In the literature, the wrinkles in the as-grown 
hBN films on Cu-foil [13] and sapphire [6] are observed. The above 
studies motivated us to investigate and quantify the spatial non-uniform 
strain distribution in as-grown hBN films and, more importantly, to 
prescribe a possible way to remove it or to limit it to an acceptable value. 

Raman spectroscopy is an indispensable technique to probe the lat
tice strain in 2D materials [14–18]. In this article, we study the residual 
strain distribution in hBN films of different thicknesses, grown on sap
phire substrates by metal organic vapour phase epitaxy (MOVPE) 
technique, using Raman mapping. We observe an overall compressive 
strain in the films from the mapping of the Raman shift of the E2g

high 

phonon mode of hBN. An empirical relation is proposed for estimating 
the residual strain from the morphology of the film. The mapping of the 
Raman line-width reveals an improvement in the crystallinity of the film 
with thickness. Furthermore, we demonstrate that the compressive 
strain in the films can be partially removed by delamination. 

2. Experimental 

hBN films were deposited on commercially available 200 sapphire 
substrates using flow modulation MOVPE growth technique in an 
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Aixtron MOVPE close-coupled showerhead (CCS) reactor. Triethylboron 
(TEB) and ammonia (NH3) were used as boron and nitrogen precursors, 
respectively. The substrate temperature was kept fixed at 1350 �C dur
ing the growth process. The thickness of the films was controlled by 
varying the growth duration. Experiments were also carried out on hBN 
films transferred on SiO2/Si substrates. In the presence of de-ionized 
water, the MOVPE grown hBN films self-delaminate from the sub
strate. The details of the growth and film transfer processes are available 
in Ref. [6]. 

A tapping mode AFM (SCANASYSTAIR, MultiMode 8, Bruker) was 
used to observe the surface morphology and measure the film thickness. 
For micro-Raman spectroscopy, a triple grating spectrometer (T64000, 
Horiba, France) was used in the subtractive mode. The unit was equip
ped with a Peltier cooled CCD detector (Synapse, Horiba, France), a 
water-cooled Argon–Krypton ion laser (Innova 70C Spectrum, Coherent, 
USA) and an optical microscope (BX41, Olympus, Japan). To collect the 
backscattered radiation, 100 � (numerical aperture 0.90) objective lens 
was used. Spectra were recorded using 514 nm laser excitation 

wavelength with 2.0 mW power on the sample. Point by point Raman 
mapping of the films over 1.98 μm � 0.88 μm with a step size of 0.220 
μm on films was carried out using a computer controlled motorized XY 
stage. 

3. Results and discussion 

Fig. 1(a)-(c) exhibit characteristic AFM images of some of the films 
grown for different time durations. The colour scale in the right of each 
panel marks the nanoscale topographical information of the surface of 
the films. The formation of wrinkles throughout each film is observed. 
From the height line profiles (not shown), we have measured the 
thickness (h) of the films. In this article, we study the films of thick
nesses, 2 � 1 nm, 5 � 2 nm, 10 � 2 nm, 20 � 3 nm, and 40 � 3 nm. 

To describe the kinetics of wrinkles, two parameters, wrinkle 
wavelength, λ (see the inset of Fig. 1(d)), and wrinkle height, h, (same as 
amplitude) [7,8], are often used. The wrinkled domains in the films are 
non-uniform in shape (see Fig. 1(a)–(c)). Thus, to estimate λ, we fol
lowed the procedure described in Ref. [13] by measuring the average 
length of two crossed lines across each domain (see Fig. S1). Nearly 80 
domains from several image frames of each film were analysed. The 
variation of the mean values of λ with h, as measured from the AFM 
images, is shown by symbols in Fig. 1(d). The error bars in λ are the 
standard deviations of the values of the measured parameter. The solid 
line is a guide to the eyes to follow the λ vs. h plot. We find that the 
characteristic of the wrinkles varies significantly with the film thickness. 

Raman spectra of the E2g
high phonon mode of the films are shown by þ

symbols in Fig. 2(a). The topmost spectrum is that of bulk hBN. The red 
dashed line marks the blue shift in the spectra of the films. As mentioned 
earlier, wrinkling may leave a residual strain in the films. The wrinkled 
surface topography in Fig. 1 and hence, the possibility of spatial non- 
uniform residual strain in the films indicates that the structural char
acteristics may not be uniform over the film area. Thus, the single point 
Raman measurements (shown in Fig. 2(a)) may not reflect the true 
consequence of wrinkling in the films. To address this issue, we carry out 
Raman mapping, over a reasonably large area encompassing multiple 
wrinkled domains. The Raman image provides an overall (mean) char
acteristic of the entire film. In this imaging technique, spectra are 
collected at each point of a raster-scanned sample. False colour images, 
which are based on the spectral parameters of the characteristic Raman 
mode of the films, are then generated. 

The map of Raman line-width, revealing the variation is crystallinity 

Fig. 1. Surface morphology of (a) 2 nm, (b) 20 nm and (c) 40 nm thick hBN 
films on sapphire substrates at room temperature. (d) The variation of average 
value of the wrinkle wavelength, λ, with the film thickness, h. The solid line is a 
guide to the eyes. Inset of (d) schematically defines the wrinkle wavelength λ. 

Fig. 2. (a) Raman spectra of hBN films of 
different thicknesses, including bulk hBN for 
reference. The net fitted spectrum for each sam
ple, obtained by fitting the data points 
(þsymbols) using a Lorentzian function is shown 
by the solid line. The red dashed line marks the 
shift in the spectra of the films. Mapping of the 
Raman shift of the E2g

high mode for (b) 2 � 1 nm (c) 
5 � 2 nm, (d) 10 � 2 nm, (e) 20 � 3 nm and (f) 
40 � 3 nm thick hBN films. The scale bars are in 
cm� 1. (g) Variation of the mean value of Raman 
shift of the E2g

high mode with film thickness, as 
obtained by analysing each spectrum of the 
mapped area. The vertical error bar to each data 
point is the standard deviation of all values ob
tained by analysing all spectra in the corre
sponding image frame. The solid line is a guide to 
the eyes. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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in the films, is discussed in the supplementary information (S2). Fig. 2 
(b)–(f) present characteristic map of Raman shift of the E2g

high vibrational 
mode of hBN films of thicknesses 2 � 1 nm, 5 � 2 nm, 10 � 2 nm, 20 � 3 
nm, and 40 � 3 nm, respectively. The colour bar on the top of each panel 
exhibits the scale in cm� 1. For a better comparison of the change in this 
parameter with the thickness of the films, the colour scale bars are kept 
the same for all images. Raman shift exhibits non-uniformity over the 
scanned area. The saturation in colour in some of the images (say for 
Fig. 2(e) and (f)) indicates that the ranges of the measured parameters 
are greater than the range used in the scale bar. The far field diffraction 
of laser light limits us to relate the observation to the domain charac
teristics of these films. However, the Raman images render their overall 
structural properties. 

Fig. 2(g) plots the variation of the mean value of Raman shift over the 
scanned area with film thickness and vertical error bars are the standard 
deviation. The measured Raman wavenumber (1367 cm� 1) of the E2g

high 

phonon mode of bulk hBN is shown by a dashed line in Fig. 2(g). Due to 
non-resonant experimental condition, and low laser power used in our 
measurements, the signal to noise ratio of the hBN spectrum was low. 
This resulted in large standard deviation of the data points, especially for 
thinner films. Nonetheless, we observe a blue shift in Raman wave
number of the films from its bulk value. It is also interesting to note there 
is an increasing trend in Raman shift with the increase in film thickness. 
For free-standing exfoliated films, the frequency of the intralayer E2g

high 

vibrational mode is independent of the number of layers [16,17]. Thus, 
the observed increase of the same mode in Fig. 2(g) for hBN/sapphire 
contradicts the behaviour of the suspended films. 

Below we argue several possibilities, which can result in a shift of the 
phonon mode of a film. (i) Laser heating can give rise to a red shift in the 
phonon mode [18]. Measurements on a single point were carried out 
with an acquisition time of hours. We did not find any shift in the 
spectrum. Furthermore, heat dissipation via the substrate is expected to 
be higher in the case of thinner films than in the thicker ones. In addi
tion, the thermal conductivity of hBN films increases with the decrease 
in film thickness [18]. Thus, one expects a higher rise in temperature in 
thicker films and hence a red shift in their phonon wavenumber than in 
the thinner layers, which contradicts the observation in Fig. 2(g). Thus, 
we strongly believe that the increase in temperature due to absorbed 
laser power by the films is not the origin of the observed blue shift with 
the increase in the thickness of the films. (ii) We rule out the role of 
substrate doping in the shift of the phonon mode, as hBN is a high band 
gap insulator [19]. (iii) The strain in a film modifies the deformation 
potential and optical phonon interaction, and hence, results in a shift of 
the phonon frequency [20]. Elimination of the possibilities (i) and (ii) 
mentioned above, strongly suggests that the observed blue shift of 
Raman frequency in Fig. 2(g) originates from the residual strain in the 
wrinkled films. 

By solving the dynamical equation of the phonon mode under strain 
in a 2D hexagonal lattice, one obtains the shift in phonon frequency as 
(to the first order) [15]. 

Δω� ¼Δωh �
1
2

Δωs ¼ � ωusγðεllþ εttÞ �
1
2

βωusðεll � εttÞ: (1)  

Δωh and Δωs are shifts in phonon frequency due to hydrostatic and shear 
strain in the films, respectively. γ is the Grüneisen parameter. β corre
sponds to the shear deformation potential in the lattice. ωus is the E2g

high 

mode frequency of the unstrained bulk hBN. εll and εtt are strain tensor 
components, l being parallel to the direction of strain, and t is perpen
dicular to the same. Symmetry breaking ðεll 6¼ εttÞ of the lattice can give 
rise to a splitting of the E2g mode. Under biaxial strain with εll ¼ εtt, the 
E2g mode does not show any splitting due to the cancellation of the shear 
deformation. As we did not observe any splitting of the E2g mode even 
when measured at 150 and 78 K (not shown), we believe that only a 
biaxial strain with εll�εtt is present in the hBN films. In Eqn. (1), 
considering only the hydrostatic component of the net strain tensor, we 

find [14,15]. 

εll¼ εtt ¼ εr ¼ � Δω=2γωus
(2) 

A positive value of Δω (blue shift in Raman wavenumber) renders a 
compressive strain, while for a tensile strain Δω is negative. We find the 
value of γ for different film thicknesses from Ref. 15. The estimated 
values of the mean residual strain, εr, of the films of different thick
nesses, as obtained by subtracting the mean value of the Raman shift of 
films from Raman shift of bulk hBN in Fig. 2(g), are plotted in Fig. 3(a) 
by green up-pointing triangle symbols. We find higher compressive 
mean residual strain in the thicker films. 

In the reaction chamber, after the growth is stopped and the sub
strate is allowed to cool, while the sapphire tries to contract, the hBN 
film has a tendency to expand. Once the strain in the film is beyond a 
critical value, the effect is manifested by the bending (local decohesion) 
of the film from the substrate (wrinkling) [8]. We argue that the relax
ation of strain by bending is more effective for fewer layers, as with the 
increase in the number of layers the interplanar van der Waals inter
action also plays a role and hinders strain relaxation by bending 
(wrinkling). 

To estimate the strain relaxed by wrinkling, first we find the expected 
strain in the films (prior to wrinkling) due to the difference in the elastic 
properties of the film and the substrate. For substrates with a positive 
thermal expansion coefficient, it has been shown that the evolution of 
strain in hBN films follows a linear relation [21,22] according to 

following the relation εth ¼

Z Tf

T0

​ ðαs � αf Þ ​ dT. This expression is ex

pected to be valid for small strains in smooth films [21]. In the present 
case of the MOVPE grown films, the initial (T0) and final (Tf) tempera
tures are 1350 and 27oC, respectively. αf and αs are the linear thermal 
expansion coefficients of the hBN film and sapphire substrate, respec
tively. Using αf ¼ � 2:96� 10� 6 þ 1:91T� 10� 9=

∘C[22] and 
αs ¼ 4:5� 10� 6 þ 6:2ðTþ273Þ � 10� 9=∘C [23], the calculated biaxial 
compressive strain (εth) is typically 1.6% before wrinkling occurs in the 
films. Although wrinkling reduces a part of this compressive strain, the 
film may not be strain free, as revealed from the residual strain mea
surements in Fig. 3(a). The expected overall strain relaxation (εw) in the 
films by wrinkling is then estimated by considering εw ¼ εth-εr and 
plotted in Fig. 3(a) by red down-pointing triangle symbols. 

Fig. 3. (a) Variation of residual strain (εr) (left scale) and strain relaxation (εw) 
by wrinkling (right scale) with film thickness. (b) Change in εw with λ/h. The 
solid line is the fit the data point using the empirical relation, discussed in 
the text. 
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Using the finite element theory it has been demonstrated that the 
strain in a substrate supported wrinkled film follows a power law 
behaviour with the wrinkle wavelength (λ) and thickness (h) of the film 
[7,8,24]. For example, for a viscous substrate, the strain in the film is 
proportional to the square of the ratio of h and λ [8]. To best of our 
knowledge, such a study is still unavailable in the literature for hBN 
films grown on a substrate with opposite polarity of thermal expansion 
coefficient. By fitting εw in Fig. 3(b) with a polynomial function of (λ/h) 
we propose an empirical relation 

εw¼ � 0:3
�λ

h

�0:05
(3)  

for an estimation of the strain relaxed by wrinkling from the surface 
morphology of the hBN films on sapphire. 

Furthermore, we investigated the residual strain distribution in the 
delaminated films. Fig. 4(a) shows a characteristic AFM image of the 
delaminated 20 nm film. By comparing the AFM image of the same film 
on a sapphire substrate (as-grown) in Fig. 1(b), we note that the 
delaminated film is free of wrinkles. A similar change in surface 
morphology is observed in AFM images of the delaminated 40 nm thick 
hBN film. Raman map of the E2g

high phonon mode of the 20 nm delami
nated film is shown in the inset of Fig. 4(a). The mapping of strain in this 
delaminated film, using Eqn. (2), is shown in Fig. 4(b). To map the 
strain, we considered the difference in Raman shift at each point of the 
mapped area of the film (as shown in Fig. 4(a)) and bulk hBN. A similar 
map for substrate-supported film, as obtained by using the data in Fig. 2 
(e), is shown in the inset. We find that the strain distribution is signifi
cantly less in the delaminated film. Weak van der Waals like interaction 
prevails between delaminated film and SiO2/Si substrate [25]. Thin hBN 
films have less bending moduli [26]. Thus, they easily corrugate. The 
uneven surface of the substrate renders a nominal strain distribution in 
the films. A similar observation is reported by Cullen et al, in which 
authors have shown that the uneven surface of SiO2 is responsible for 
strain in transferred exfoliated graphene layers [27]. 

4. Summary 

In summary, we have probed non-uniform residual strain distribu
tion in MOVPE grown hBN films using Raman mapping. The variation in 
compressive strain distribution with film thickness is discussed. An 
empirical relation is proposed for the estimation of overall strain relaxed 
by the wrinkling from the morphology of the films. The present study 
not only discusses the strain profile of the as-grown hBN films of varying 
thicknesses but also reveals a possible way to obtain strain-free hBN 
films for future applications. 
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