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1. Introduction

Hexagonal boron nitride (h-BN) has a layer structure 
similar to that of graphite, and in the case of thin layers 
to graphene, with strong sp2 covalent B-N bonds in the 
plane and weak van der Waals bond between the planes 
[1]. Due to the parameters such as: wide energy gap of 
about 6.0 eV, good dielectric properties and high thermal 
conductivity, material can be used as a gate or substrate 
material in 2D electronics [2,3]. It was found that two-

-dimensional (2D) h-BN is atomically smooth and free 
from the dangling bonds and the surface charge traps 
which makes it a good dielectric material for graphene 
devices [4,5]. To achieve this, it is necessary to deposit 
the layers with good structure and different thicknesses 
in a reproducible manner and to develop non-destructive 
and fast measuring methods for controlling the thickness 

of the produced layers. When analyzing the literature 
data, it can be seen that several measurement methods 
are used to determine the thickness of the produced BN 
layers, and the choice of the method depends largely on 
the type of substrate on which the BN layer is located 
and on the thickness of the layer itself. The authors 
of the works by Q. Paduano et al. [6] and X.Yang et 
al. [7] measured BN thin layers on Al2O3 using X-ray 
reflectometry (XRR). Atomic force spectroscopy (AFM) 
was used to characterize BN layers on sapphire with a 
thickness of the order of single nm [8]. The BN layers 
on Si/SiO2 were measured by Raman spectroscopy [9,10]. 

FT-IR spectroscopy is a technique widely used to cha-
racterize the crystallographic structures of boron nitride 
layers. [7,8,11-13]. The article presents the method for 
determining the thickness of sp2-BN layers on the Al2O3 
substrate based on the analysis of absorption spectra in 
the range of 600-2500 cm-1.

Hexagonal boron nitride (h-BN) is an attractive material for applications in electronics. The technology of devices based 
on BN requires non-destructive and fast methods of controlling the parameters of the produced layers. Boron nitride lay-
ers of different thickness were grown on sapphire substrates (Al2O3) using the MOCVD method. The obtained films were 
characterized by FT-IR spectroscopy using IRR and ATR techniques and by the XRR and SEM methods. We showed that 
by analyzing the ATR or reflectance spectrum in the range of 600-2500 cm-1 we can measure the thickness of a BN layer 
on the Al2O3 substrate. Our measuring method allows measuring the layers with a thickness from ~2 nm to approx. 20 nm.
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          Wyznaczanie grubości warstw BN na podłożu Al2O3 za pomocą   
          spektroskopii FT-IR
Heksagonalny azotek boru (h-BN) jest atrakcyjnym materiałem do zastosowań w elektronice. Technologia wytwarzania urządzeń 
z zastosowaniem warstw h-BN wymaga nieniszczących i szybkich metod kontroli parametrów produkowanych warstw. Warstwy azotku 
boru o różnej grubości wyhodowano na podłożach szafirowych metodą MOCVD. Otrzymane warstwy scharakteryzowano za pomocą 
spektroskopii FT-IR z użyciem technik IRR i ATR oraz metodami XRR i SEM. Pokazaliśmy, że analizując widmo ATR lub odbicia w za-
kresie 600-2500 cm-1 można zmierzyć grubość warstwy BN na podłożu Al2O3. Nasza metoda pomiarowa pozwala na pomiar warstw 
o grubości od ~2 nm do ok. 20 nm.
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2. Experiment

Boron nitride (BN) layers were deposited on the 
Al2O3(0001) substrate using the MOCVD method. Trie-
thylborane (TEB) and ammonia (NH3) were used as 
precursors of boron and nitrogen, respectively. Argon (Ar) 
or hydrogen (H2) was used as the carrier gas.

Samples with BN layers of various thickness were 
characterized by Fourier spectroscopy (FT-IR) using Spe-
cular Reflectance (IRR) and Attenuated Total Reflection 
(ATR). Single reflection ATR accessory with Ge crystal 
(diameter 1,8 mm) and a clamp with digitally controlled 
pressure were used in the studies. Reflection measure-
ments for the tested BN layers were done using an IR 
microscope, the aperture value was set to 100 μm. FT-IR 
measurements were taken in the spectral range from 600 
to 5000 cm-1 with a resolution of 2 cm-1 (ATR) and 4 
cm-1 (IRR) at room temperature on a Bruker Vertex 80v 
FT-IR spectrometer. The BN layers thickness was also 
determined by other experimental techniques such as X-

-Ray Reflectivity (XRR) using a Smartlab Rigaku X-ray 
diffractometer and Scanning Electron Microscopy (SEM) 
on a Field Emission SU8230 Hitachi. 

3. Result and discussion

The ATR spectra in the range of 600-1800 cm-1 for 
several samples with different layer thickness are shown in 
Fig. 1. The measured reflection spectra of these samples in 
the same spectral range are shown in Fig. 2. The course of 
the absorption spectra indicate that the investigated boron 
nitride had a structure with a sp2 bonds (sp2-BN). Absorp-
tion lines observed in the spectra at 1370 cm-1 and at 825 
cm-1 correspond to transverse E1u(TO) and longitudinal 
A2u(LO) optical phonon of the sp2 bonded BN (h-BN/r-
-BN) respectively. In the figure 1 and 2 it will be seen 
that the intensity of the absorption lines originating from 
vibrations of B-N bonds in-plane (E1u, (TO)) increases 
with the increasing layer thickness.

This fact was used to develop a method for determi-
ning the thickness of BN layers on an Al2O3 substrate 
from absorption measurements. Using the SCOUT [14] 
program, a numerical model of the studied structures was 
created, in which BN layer thickness was one of the pa-
rameters. Theoretical ATR or reflection spectra were then 
calculated from this model. The thickness of the layers 
was determined by the best fit of the theoretical spectrum 
to the experimental data.

The calculated spectra of the Al2O3/BN structure were 
obtained by a standard multilayer technique [15]. The 
dielectric function ε(ω) of the Al2O3 substrate and the BN 
layers were described by the damped harmonic oscillator 
model for each IR-active phonon. We used a modified 
classical dielectric function model for calculations, where 
the contribution from the TO phonon damping constant 
and the LO phonon damping constant are independent 
of each other [7]

where ε∞ is the high-frequency dielectric constant, ωTOj, 

Fig. 1. ATR spectra of sp2-BN layers with different thickness 
deposited on an Al2O3 substrate.
Rys. 1. Widma ATR warstw sp2-BN o różnej grubości osadzo-
nych na podłożu Al2O3.

Fig. 2. Reflection spectra of sp2-BN layers with different thick-
ness deposited on an Al2O3 substrate.
Rys. 2. Widma odbicia warstw sp2-BN o różnej grubości osadzo-
nych na podłożu Al2O3.

1

ωLOj are the resonance frequencies of the jth TO and LO 
phonons and γjTO, γjLO are damping constants for each of 
the phonons. In the case of the Al2O3 substrate, the inte-
raction of the electromagnetic wave with free carriers was 
also taken into account using the Drude-Lorentz model 
[16] and the dielectric function took the form 

2

ε(ω) = ε∞∏j

ω2
jLO - ω2 - iγjLO ω

ω2
jTO - ω2 - iγjTO ω

ε(ω) = ε∞∏j

ω2
jLO - ω2 - iγjLOω

ω2
jTO - ω2 - iγjTOω -

ε∞ωp
2

ω2 + iωγ

The term ωp is the plasma frequency, given as 

ωp
2 =

4πNe2

m*ε∞

3

where N, m*, e and γ are the free-carrier concentration, 
effective mass, electron charge and free-carrier damping 
constant, respectively.
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The parameters used to calculate the Al2O3 spectrum, 
such us the frequency of the TO and LO phonons of the 
E1u mode and the A2u mode as well as their damping co-
efficients and the dielectric constant ε∞ = 3.1 were taken 
from the papers [16,18,19]. In the case of BN layers, the 
initial values of the parameters were assumed to be the 
data from the works [20,21,22]. Phonon frequencies for 
the A2u mode were ωTO = 783 cm-1, ωLO = 828 cm-1 and 
for the E1u mode ωTO = 1367 cm-1, ωLO = 1610 cm-1 and 
the dielectric constant ε∞ = 4.3. The actual frequencies 
ωTO and ωLO and their damping coefficients for a given 
BN layer were determined experimentally by means of an 
optimum fit of the theoretical spectrum to the spectrum 
measured for the tested sample. In reflection measu-
rements, the angle of incidence of the electromagnetic 
wave on the sample was 11º and 16° for measurements 

on the microscope and in the ATR the wave penetrates 
the sample as in the case of transmission measurements, 
hence the value of the dielectric constant for the BN 
layer is ε∞ = 4.3, which corresponds to the value of the 
dielectric constant for E┴c.

The infrared reflectance or the ATR spectrum was 
calculated as a function of the wavenumber and then fitted 
to the measured spectrum by adjusting the values of the 
parameters where one of the parameters was thickness 
of the layer. Figures 3 and 4 show the experimental and 
calculated ATR and reflectance spectra obtained by curve 
fitting for the BN layer thickness of about 4 nm, and Fi-
gures 5 and 6 for the BN layer thickness of about 13 nm. 

To assess the developed method of analysis of absorp-
tion spectra and the correctness of BN layer thickness 
determination on Al2O3 using FT-IR spectroscopy, the te-

Fig. 3. ATR spectrum (red line) and fitted calculated curve 
(blue line). The determined layer thickness is 4.3 nm.
Rys. 3. Widmo ATR (linia czerwona) i krzywa dopasowania 
(linia niebieska). Wyznaczona grubość wynosi 4,3 nm.

Fig. 4. Measured reflection spectrum (red line) and fitted 
calculated curve (blue line). The determined layer thickness 
is 4.6 nm.
Rys. 4. Widmo odbicia (linia czerwona) i krzywa dopasowa-
nia (linia niebieska). Wyznaczona grubość wynosi 4,6 nm.

Fig. 5. ATR spectrum (red line) and fitted calculated curve (blue 
line). The determined layer thickness is 13.6 nm.
Rys. 5. Widmo ATR (linia czerwona) i krzywa dopasowania 
(linia niebieska). Wyznaczona grubość wynosi 13,6 nm.

Fig. 6. Measured reflection spectrum (red line) and fitted calcula-
ted curve (blue line). The determined layer thickness is 13.5 nm.
Rys. 6. Widmo odbicia (linia czerwona) i krzywa dopasowania 
(linia niebieska). Wyznaczona grubość wynosi 13,5 nm.
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sted samples were also measured by X-Ray Reflectometry 
(XRR). The layer thickness was obtained by fitting the 
calculated reflectance to that measured using the Global-
Fit2 program provided by the Rigaku Corporation. Figures 
7 and 8 show the examples of typical XRR profiles me-
asured for the BN layers on Al2O3, for the 2.09 nm and 
7.77 nm thick layer, respectively. 

Several samples selected from those with a BN layer 
over 5 nm thick, were characterized also using a scanning 
electron microscope (SEM). SEM observations were ma-
de on the cross-sections of the samples. Representative 
images for two different layer thickness are shown in 
Figures 9,10. As it can be seen in the presented images, 
the surfaces of the thick sp2-BN layers were not smooth. 

The surface morphology of the BN layer and graininess of 
the structure affect the accuracy of thickness determination 
in each measurement method used in the work. Since BN 
thick layers have a pronounced roughness, each measu-
rement method determines the average thickness value. 
Nevertheless, the correlation of the results between the 
methods is good. The layer thicknesses obtained from the 
ATR, IRR and XRR measurements are given in Table 1. 
Figure 11 shows the relationship between the data from 
the ATR and IRR measurements and the results obtained 
from the XRR measurements.

In the case of thin sp2-BN layers, up to approx. 2 nm 
thick, the thicknesses determined using ATR and IRR were 
in most cases slightly smaller than those determined from 

Fig. 7. Measured reflectometric profile and fitted curve. The 
determined layer thickness is 2.1 nm.
Rys. 7. Zmierzony profil reflektometryczny i krzywa z dopaso-
wania. Wyznaczona grubość warstwy to 2,1 nm.

Fig. 8. Measured reflectometric profile and fitted curve. The 
determined layer thickness is 7.8 nm.
Rys. 8. Zmierzony profil reflektometryczny i krzywa z dopaso-
wania. Wyznaczona grubość warstwy to 7,8 nm.

Fig. 9. SEM image of BN layer with thickness ~10.7 nm.
Rys. 9. Obraz SEM warstwy BN o grubości ~10.7 nm.

Fig. 10. SEM images of BN layer with thickness ~19.5 nm.
Rys. 10. Obraz SEM warstwy BN o grubości ~19.5 nm.
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XRR. It is known that very thin layers may not fully cover 
the substrate, which may cause the observed differences, as 
the intensity of the absorption line depends on the number 
of bonds present in the measured area. The thickness di-
stribution on the sample can also affect the result obtained 
from each of the measurement methods, because each 
method collects data from an area of a different size, and 
the measurements were not carried out at the same place 
on the sample. A Visible drastic difference between the 
results from XRR and FT-IR and SEM for one sample 
may result from the error or limitations occurring in the 
numerical analysis of XRR spectra itself.

The bias of this technique has not been established. The 
repeatability of the measurement depends mainly on the qu-
ality of the BN layer. The BN layers with a thickness of <3 
nm were sufficiently smooth and the repeatability for ATR 
or reflection measurements was <3%. For thicker BN layers, 
the uniformity of the thickness over the entire sample was 
not so good, therefore the repeatability of the measurement 
was worse, reaching 20%. The deviation of the simulated 
and measured spectrum was better than 2x10-4.

Fig. 11. BN layers thicknesses obtained from ATR and IRR 
measurements as a function of thickness determined by XRR.
Rys. 11. Grubości warstw BN otrzymane z pomiarów ATR and 
IRR w funkcji grubości określonej metodą XRR.

Sample 
no. 

XRR 
d [nm]

ATR 
d [nm]

Refl. 
d [nm]

1 1.20 1.14 1.05
2 1.76 1.12 -
3 1.88 1.16 1.2
4 1.82 10.4 10.1
5 1.85 1.4 1.2
6 2.09 1.82 1.9
7 2.22 2.4 2.13
8 2.35 3.67 3.6
9 2.11 1.42 1.84

10 2.60 2.7 -
11 3.02 2.8 2.4
12 3.55 5.94 -
13 4.33 4.49 4.0
14 4.59 4.3 4.6
15 5.50 5.41 5.9
16 7.77 8.7 8.55
17 7.11 6.84 -
18 12.90 13.6 13.5
19 18.70 16.8 16.4

4. CONCLUSIONS

In this report, we presented a method for determining the 
thickness of BN layers grown on an Al2O3 substrate using 
FT-IR spectroscopy. We showed that the thickness of a BN 
layer can be measured by analyzing the ATR or reflectance 
spectrum in the range of 600-2500 cm-1. Our measuring 
method allow measuring the layers with a thickness from 

~2 nm to approx. 20 nm. The results of BN layers thickness 
obtained with the use of the developed method were compa-
red with the results from the XRR method. The correlation 
between the results from these two methods is good.

REFERENCES

[1] Geim A.K., Grigorieva I.V.: Van der Waals hetero-
structures. Nature (2013), 499, 419.

[2] Jang S.K., Yuon J., Song Y.J., Lee S.: Synthesis and 
Characterization of Hexagonal Boron Nitride as a 
Gate Dielectric. Sci. Rep. (2016), 6, 30449.

[3] Kim K.K., Hsu A., Jia X., Kim S.M., Shi Y., Dres-
selhause M., Palacios T., Kong J.: Synthesis and 
characterization of hexagonal boron nitride film as 
a dielectric layer for graphene devices. ACS Nano 
(2012), 6(10), 8583.

[4] Gannett W., Regan W., Watanabe K., Taniguchi T., 
Crommie M.F., Zettl A.: Boron nitride substrates for 
high mobility chemical vapour deposited graphene. 
Appl. Phys. Lett. (2011), 98, 242105.

[5] Lee G.H., Yu Y.J., Lee C., Dean C., Shepard K. L., 
Kim P., Hone J.: Electron tunnelling through atomi-

Tab. 1 Summary of BN layer thicknesses on Al2O3 obtained from 
XRR, ATR and IRR measurements
Tab. 1 Zestawienie grubości warstw BN na Al2O3 uzyskanych z 
pomiarów XRR, ATR i IRR



Determination of the thickness of BN layers on the Al2O3 substrate by FT-IR spectroscopy 

20                          MATERIAŁY ELEKTRONICZNE  (Electronic  Materials), 2020, 48, 1 - 4

cally flat and ultrathin hexagonal boron nitride. Appl. 
Phys. Lett. (2011), 99, 243114.

[6] Paduano Q., Snure M., Weyburne D., Kiefer A., 
Siegel G., Hu J.: Metalorganic chemical vapour de-
position of few-layer sp2 bonded boron nitride films. 
Journal of Crystal Growth (2016), 449, 148.

[7] Yang X., Nitta S., Nagamatsu K., Bae Si-Young, Lee 
Ho-Jun, Liu Y., Pristovsek M., Honda Y., Amano 
H.: Growth of hexagonal boron nitride on sapphire 
substrate by pulsed-mode metalorganic vapour phase 
epitaxy. Journal of Crystal Growth (2018), 482, 1.

[8] Snure M., Paduano Q., Kiefer A.: Effect of surface 
nitridation on the epitaxial growth of few-layer sp2BN. 
Journal of Crystal Growth (2016), 43, 616.

[9] Gorbachev R.V., Riaz I., Nair R.R., Jalil R., Brit-
nell L., Belle B.D., Hill E.W., Novoselov K.S., Wata-
nabe K., Taniguchi T., Geim A.K., Blake P.: Hunting 
for Monolayer Boron Nitrde: Optical and Raman 
Signatures. Small (2011), 7(4), 465.

[10] Li J., Kutty R.G., Liu Z.: Controlled Synthesis of 
Atomically Layered Hexagonal Boron Nitride via 
Chemical Vapor Deposition. Molecules (2016), 27, 1636.

[11] Zhang X.W., Boyen H.G., Yin H., Ziemann P., Ban-
hart F. : Microstructure of the intermediate turbostra-
tic boron nitride layer. Diamond & Related Materials 
(2005), 14, 1474.

[12] Yu K., Kim J., Lee C., Jang A.R., Shin H.S., Kim K.S., 
Yu Y.J., Choi E.J.: Infrared study of large scale h-BN 
film and graphene/h-BN heterostructure. Appl. Phys. 
Lett. (2016), 108, 241910.

[13] Caban P.A., Teklińska D., Michałowski P.P., Gaca J., 
Wójcik M., Grzonka J., Ciepielewski P., Możdżo-
nek M., Baranowski J. M.: The role of hydrogen 

in carbon incorporation and surface roughness of 
MOCVD-grown thin boron nitride. J. Cryst. Growth 
(2018), 498, 71. 

[14]  Theiss W.: Program SCOUT, Hard- and Software.
[15] Dumelow T., Parker T.J., Smith S.R.P., Tilley D.R.: 

Far-infrared spectroscopy of phonons and plasmons 
in semiconductor superlattices. Surface Science Re-
ports (1993), 17(3), 151.

[16] Gervais F., Piriou B.: Anharmonicity in several-polar-
-mode crystals: adjusting phonon self-energy of LO and 
TO modes in Al2O3 and TiO2 to fit infrared reflectivity. 
J. Phys. C: Solid State Phys. (1974), 7(13), 2374.

[17] Perkowitz S.: Infrared and Milimeter Waves: vol.8. K.J. 
Button (ed). Academic Press New York, 1983 p. 71.

[18] Schubert M., Tiwald T. E., Herzinger C. M.: Infrared 
dielectric anisotropy and phonon modes of sapphire. 
Physical Review B (2000), 61(12), 8187.

[19] Barker A.S., Jr: Infrared Lattice Vibrations and Die-
lectric Dispersion in Corundum. Physical Review 
(1963), 132 (4), 1474. 

[20] Geick R., Perry C. H., Rupprecht G.: Normal Mo-
des in Hexagonal Boron Nitride. Physical Review B 
(1966), 146(2), 534.

[21] Ohba N., Miwa K., Nagasako N., Fukumoto A.: 
First-principles study on structural, dielectric and dy-
namical properties for three BN polytypes. Physical 
Review B (2001), 63, 115207.

[22] Hoffman D.M., Doll G.L., Eklund P.C.: Optical pro-
perties of pyrolytic boron nitride in the energy range 
0.05-10 eV. Physical Review B (1984), 30(10), 6051.


