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1. LaOBr synthesis of needles

We were able to reproduce the findings of Haeuseler et al. reported in Ref. [1]. In particular, 

we grew LaOBr from a mixture of La2O3 and anhydrous LaBr3 with an excess of LaBr3 as a 

flux inside a sealed quartz ampule, which produced a mixture of platelets and needles. The 

material was identified to be LaOBr by XRD (Figure S1a) and EDS (La:O:Br = 1:0.7:0.9). 

However, we found this method unsuitable for the synthesis LaOBr crystals with the purpose 

of exfoliation, since the majority of crystals form as needles growing along the <001> direction. 

Additionally, this method consumes a large amount of anhydrous LaBr3 and presents potential 

hazards. In fact, if the LaBr3 contains residual water, it will lead to the formation of gaseous 

HBr upon heating which could cause the ampule to explode.

Figure S1. a, X-Ray diffractogram of LaOBr needles from Haeuseler et al. method1. b, Scanning 

electron microscopy (SEM) image of LaOBr needles produced via this synthesis. Scale bar . c, 200 μm

Magnified SEM image of LaOBr needle. Scale bar: .5 μm
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2. Thermogravimetric analysis

Figure S2. a, TGA analysis of LaBr3 · 7.4 H2O. b,  TGA of the initial dehydration step in different 

atmospheres (Ar vs. Ar/O2). c, TGA of LaBr3 with different levels of hydration in Ar and. Ar/O2 

atmospheres. d, LaBr3 · 7.4 H2O TGA in Ar-atmosphere which is switched to Ar/O2 at 350 °C. e, LaBr3 

· 7.4 H2O TGA in Ar/O2-atmosphere which is switched to Ar at 800 °C.

We conducted thermogravimetric analysis (TGA) coupled with differential scanning 

calorimetry (DSC) on a sample of LaBr3 · 7.4H2O (Figure S2a) in a dynamic Ar/O2 atmosphere 

(64/16 mL min−1). The data indicates that the evaporation of water starts about 70 °C according 

to Eq. (1) until a temperature of 230 °C is reached, corresponding to a mass loss of 25.6% 

(theoretical mass loss 26%). According to DSC, the evaporation of water is endothermic. 

LaBr3 · 7.4H2O (s) → LaBr3 (s)  +  7.4 H2O (g) (1)

The next decomposition (Eq. 2) starts at approximately 350 °C, and corresponds to the 

formation of LaOBr by oxidation of bromide anions to bromine.  The decomposition is finished 
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at about 710 °C and resulted in a mass loss of 29% with respect to the initial mass, which is in 

good agreement with the theoretical value (28.1%). This oxidation is exothermic.

LaBr3 (s) → LaOBr (s) +  Br2 (g)  (2)

Previous works2 have suggested hydrolysis as the mechanism for the formation of LaOBr, as 

in Eq. 3:    

LaBr3(s) +  H2O (l)    → LaOBr(s) +  2 HBr(g)  (3)

However, in our case, we propose the oxidation in dynamic atmosphere with atmospheric 

oxygen as the driving factor in the formation of our LaOBr crystals, following Eq. 4: 

LaBr3(s) +  ½ O2 (g) → LaOBr(s) +  Br2(g)  (4)

To distinguish between these two mechanisms, we have conducted the TG experiments in an 

inert atmosphere (Ar; 160 mL min−1) and in an environment containing oxygen (Ar/O2 = 64/16 

mL min−1) (Figure S2b). In both cases, the mass loss of the first step was almost the same 

(25.8% in Ar, 26.1% in Ar/O2). The small difference in the mass loss was attributed to the 

slightly variable content of water in the initial material. If the TG experiment was performed 

with an initial vacuum step at 30 °C, a certain portion of water was already removed. Therefore, 

the composition had to be corrected based on our observation that the initial loss corresponds 

to the evaporation of water only. Regardless ofthe amount of crystal water, LaBr3 was formed 

followed by subsequent oxidation of bromide to bromine and formation of LaOBr. In case that 

the obtained LaOBr was further heated in an oxygen containing atmosphere (case of Ar/O2 

environment; 64/16 mL min−1), we observed its further oxidtion to La2O3, which started at 

about 900 °C, according to Eq 5. The mass loss of 14.1 % (for 7.4H2O) during this step is in 

excellent agreement with the theoretical value of 14 % (Figure S2c, red and black line). 

2LaOBr (s) +
1
2O2→ La2O3 (s) +  Br2 (g)  (5)
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However, in case of an inert (Ar; 200 mL min−1) environment, we observed the formation of 

LaBr3 and its evaporation soon after its melting point (785 °C)3 without formation of LaOBr 

(Figure S2c). 

To further clarify the reason why the O2 environment is a key element for the formation of 

LaOBr, we performed an additional TGA analysis as reported in Figure S2d-e. In the case of 

Figure S1d, LaBr3 was heated in an Ar atmosphere (160 mL min−1) up to 300 °C, and no mass 

loss was observed. Then, the atmosphere was changed to Ar/O2 (144/16 mL min−1). At 350 °C, 

we observed the start of the formation of LaOBr, followed by the subsequent formation of 

La2O3 (Figure S1d). On the other hand, if the hydrate was heated in an Ar/O2 atmosphere 

(144/16 mL min−1), as in Figure S2e, LaOBr was finally formed. Further heating of LaOBr in 

Ar atmosphere (160 mL min−1) only up to 1000 °C did not cause any significant change to the 

material (Figure S1e). 

3. Crystal size and morphology

Crystal growth with our method (see main text and Methods) produced LaOBr crystals as thin 

platelets with varying sizes up to 1 mm. Some corners appear slightly rounded due to the minor 

dissolution of LaOBr during the separation and cleaning steps (Figure S3).

Figure S3. a, SEM image of LaOBr crystals in the form of thin platelets. Scale bar: . b, Magnified 200 μm

image on the edge of a single platelet with a thickness of ~ . Scale bar: .10 μm 20 μm
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4. Density functional theory for Raman modes

The calculations were performed using density functional theory (DFT) in Quantum  Espresso.4 

The calculations used PBEsol5 or vdW-DF3-opt16 functionals, with the norm-conserving (NC) 

or projector-augmented wave methods (PAW). The initial crystal structure of LaOBr 

(consisting of two La, Br and O atoms) was obtained from Ref. [7]. The cell was optimized to 

a minimum using a K mesh of 4×4×4 and a , followed by structure relaxation 𝐸𝑐𝑢𝑡 =  250 𝑅𝑦

using a K mesh 6×6×6 and plane wave cut-off energy . This structure was used 𝐸𝑐𝑢𝑡 =  500 𝑅𝑦

for the calculation of the theoretical Raman (and IR) spectra to help with the assignment of 

Raman modes (Figure 1e in the main text).

The primitive cell of LaOBr is composed of six unique atoms in its structure (two formula 

units) and belongs to the P4/nmm space group (tetragonal PbFCl-type lattice). Therefore, there 

are 18 vibrational modes:

Γ = 3𝐸𝑔 +1𝐵1𝑔 +2𝐴1𝑔 +3𝐸𝑢 +3𝐴2𝑢 (5)

In particular, the  and  modes are IR active, since two of six modes are acoustic modes. 𝐸𝑢 𝐴2𝑢

Instead, , and  are Raman active. The DFT results are summarized in Table S1.𝐴1𝑔 𝐵1𝑔 𝐸𝑔

DFT Pseudopotential Eg1 A1g1 Eg2 A1g2 B1g Eg3

VDW-DF3-OPT1 NC 108.5 124.9 133.8 186.5 315.8 412.6
VDW-DF3-OPT1 PAW 123.1 137.1 139.2 188.2 318.7 412.0
PBEsol PAW 115.9 136.1 141.1 188.3 317.5 411.3
Experimental  109.5 127.3 132.3 188.5 329.0 427.1

Table S1. DFT results obtained as described in Supplementary Note 4.
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5. X-ray photoelectron spectroscopy

Figure S4. a, La 3d XPS spectrum. b, O 1s XPS spectrum. c, Br 3d XPS Spectrum. d, Survey Spectrum.

The survey spectrum shown in Figure S4a shows the absence of surface impurities, as only La, 

Br, and O are present. Furthermore, the intensity of C 1s from adventitious contamination is 

very low, suggesting a clean surface of LaOBr. The La 3d spectrum in Figure S4b comprises 

doublet located at 835.5 eV and 852.5 eV, originating from La 3d5/2 and La 3d3/2, 

respectively. The La 3d components are further split into multiplets with the second component 

located at 839.8 eV for La 3d5/2 and 856.5 eV for La 3d3/2 . The multiplet splitting of 4.0 - 

4.3 eV is narrower than that previously reported for La2O3 (4.6 eV),8 but larger than that of 

LaBr3 (3.7 eV),9 possibly due to presence of both La-O and La-Br bonds within the structure. 

The structure of the spectrum and the presence of multiplets is believed to be caused by a shake-

up process where electrons from O 2p band are transferred to an empty La 4f orbitals.10 Other 

effects such as hybridization between La 4f and O 2p orbitals may also contribute to the 

observed phenomenon.11 The O 1s spectrum in Figure S4c shows two features located at 529.9 

and 532.4 eV. The high intensity peak at 529.9 eV is associated with La-O bond, well in 

agreement with previous reports, while the second peak can be ascribed to adventitious oxygen 

contamination.11 Finally, the Br 3d spectrum in Figure S4d reports a doublet composed of two 

spin components at 70.4 (Br 3d5/2) and 71.4 eV (Br 3d3/2), indicating a single oxidation state of 

Br in LaOBr.
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6. Photoluminescence excitation measurements

Figure S5. Cathodoluminescence spectrum of a bulk LaOBr crystal with emission wavelength at 501 nm 

(4f-4f transition of a praseodymium impurity).

The photoluminescence excitation (PLE) spectra of our LaOBr crystals are shown in Figure 2f 

in the main text. The emission wavelength is set at 501 nm (2.47 eV), corresponding to the 

4f-4f transition of a praseodymium impurity.12 A cathodoluminescence spectrum of LaOBr is 

shown in Figure S5 to show the praseodymium impurity transitions. To estimate the bandgap 

of  LaOBr from our PLE signal, we applied a density of states (DOS) model as described in 

Ref. [13]. The model is applicable with assumption of direct bandgap of the material which is 

fulfilled in the case of LaOBr.14 Such a model gives an estimate of the bandgap energy of 5.30 

eV and a characteristic Urbach energy of 0.39 eV. We note that the obtained bandgap is 

comparable to that reported in previous works by diffuse reflectance measurements (5.38 eV).15 

Furthermore, the high value of the characteristic Urbach tail energy suggests that several 

distinct mechanisms, like crystal disorder, impurities or phonon-related absorption, contribute 
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to sub-bandgap absorption. Following the model in Ref. [13], we obtained a fitting parameter 

β ≈ 1, which indicates that localized states are the dominant origin for the sub-bandgap 

absorption rather than electrostatic fluctuations or the Franz-Keldysh effect. Moreover, a 

distinct peak at 5.12 eV is observed, probably related to an exciton bound on an unknown 

defect. All the above-mentioned effects make the exact bandgap value determination 

challenging. Nonetheless, our analysis reveals a gap that is lying above 5 eV in energy, thus 

making LaOBr a wide-gap high-k dielectric.

We note that the PLE spectra in Figure 2f follow the intrinsic absorption spectrum till the 

high absorption above bandgap occurs. Such high absorption leads to the excitation of a region 

with limited depth, causing the PLE signal to drop, as previously reported for PLE 

measurements on hBN.16 This explains the incongruence at energies higher than 5.5 eV with 

respect to the ideal monotonic model reported in Ref. [13].
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7. Benchmarking LaOBr against other 2D dielectrics

Material Exfoliation 𝜅 𝑬G SS 𝑰𝑶𝑵/𝑰𝑶𝑭𝑭 Leakage

LaOBr Yes 9 5.3 85 108 <10-4

hBN 17,18 Yes 5 6 69 108 <10-4-10-1*

Mica 19 Yes 8.1 10.5 72 108 -

Bi2SeO5 
20 Yes 16 3.6 70 108 <10-6

STO 21,22 No 17-20 3.3 66 108 <10-2

BTO 23 No 4700 3.3 - 105-107 -

LaOCl 24 No - 5.9theo 77 107 -

Sb2O3
 25 No 11.5 4 64 108 10-7

theo Value taken from theoretical calculations. *No exact value given; value estimated from graph.

Table S1

To emphasize the potential of LaOBr as a layered dielectric, we assembled Table S1 showing 

the properties of known 2D dielectrics. Here, we compare material-specific parameters such as 

bandgap and dielectric constant, as well as characteristic figures of merit when the material is 

used in a TMDC based FET. Additionally, for each material, we indicate whether it has been 

demonstrated to be exfoliable from its bulk.

Some materials show exceptionally high dielectric constants (Bi2SeO5, STO, BTO), but are 

limited by their small bandgaps (3.6 eV or less). Other materials (LaOCl, Sb2O3) show 

promising properties, but have so far only been accessible through thin film growth methods, 

which makes them less accessible for creating high-quality van der Waals heterostructures. 

Instead, the dielectric integration of mica with 2D materials is hindered by the inherent 

hydrophilicity of its surface.26,27 The hydroxyl-terminated surface has been reported to attract 

a strongly bound water adlayer leading to a large hysteresis in graphene channel devices, due 

to strong and persistent hole doping.28 
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Out of all these materials, LaOBr suffers from no major shortcomings. It can be exfoliated 

easily, features a high dielectric constant and bandgap, and shows overall good device 

performance.
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Figure S6. LaOBr stairs and roughness a, LaOBr flake with stairs of different heights, as reported in 
Figure 2 in the main text. Scale bar: . b, Roughness scan of a flat LaOBr region highlighted in (a). 6 μm
We measure a standard deviation of 254.5 pm and an average deviation of 190.4 pm in height, 
indicating a smooth surface comparable with other exfoliated high-quality 2D materials as hBN.29,30 c, 
Flake of LaOBr on a SiO2 substrate (270 nm) as in Figure 2d in the main text. Two shaded lines in light red and 
dark red represent two height measurements obtained by AFM. Scale bar: . e, Height measurements of the 10 μm
flakes in (c) obtained by AFM, with colors corresponding to the light red and dark red shaded lines in (c).
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Figure S7. Graphene field-effect structure fabrication (device A). a, LaOBr flake exfoliated on a 
PDMS (gelpak) substrate. Scale bar: . b, Graphene monolayer flake (grey) as exfoliated on a 25 μm
SiO2 substrate. c, The LaOBr flake is picked up by a PC stamp and transferred over the graphene 
layer, as described in the Methods section. d, Ti/Au lines are evaporated to form drain/source and top 
gate electrodes, giving the graphene field-effect structure as reported in Figure 3 in the main text.
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Figure S8. Dual-gate measurements of graphene field-effect device B. a, Optical micrograph of 
the graphene field-effect device B, with the graphene layer highlighted in grey. The role of the Ti/Au 
electrodes is labeled. Scale bar: . b-c, Drain-source current  (b) and resistance  (c) as a 25 μm 𝐼𝐷𝑆 𝑅
function of the applied top gate voltage  for different fixed values of . The range of bottom gate 𝑉𝑇𝐺 𝑉𝐵𝐺
voltages is swept between 0 V and 60 V. The obtained Dirac point shift is reported in Figure 3 in the 
main text.
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Figure S9. Static dielectric constant and bandgap of dielectrics. The three exfoliable layered 
dielectrics up-to-date (hBN,31,32 Bi2SeO5,

20 and our LaOBr crystals) are compared with 3D bulk 
oxides:33 In particular, we focused on bulk materials that are commonly used in combination with 2D 
semiconductors in electronic and photonic devices. Blue squares and red circles indicate 2D and 3D 
dielectrics, respectively. LaOBr is characterized by a bandgap close to that of Si3N4 (5.3 eV), and a 
static dielectric constant that is slightly higher than that of ALD-Al2O3 ( ). 𝜅 ∼ 8
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Figure S10. Breakdown field of bulk LaOBr. a, Frenkel-Poole plot of Breakdown Device BD1. 
Breakdown appears as sudden linear increase of at a field of .  b, AFM image of 𝐽/𝐸 𝐸BD = 8.35 MV cm ―1

BD1 showing the LaOBr flake on top of a gold electrode. The dielectric thickness was measured as 𝑡 = 29 
. c, The breakdown field values for three devices are plotted in relation to their dielectric thickness. nm

Here, the average breakdown field was determined as . We note that this value 𝐸𝐵𝐷 = 7.85 ± 0.47 MV cm ―1

works as an approximate estimate of the breakdown field in LaOBr. Furthermore, when comparing the 
individual values for all BD devices, we observe a trend of decreasing breakdown field with increasing 
dielectric thickness. This behavior aligns well with previous observations reported for materials like hBN 
and SiO2.34 The underlying reason for this behavior is attributed to an intensified local electric field in 
thicker dielectrics for the same applied voltage, due to the contributions of both the applied field and the 
material polarization.35
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Figure S11. MoS2-LaOBr transistor fabrication. a, Exfoliated flakes of few-layer graphite on a SiO2 
substrate, highlighted by black contour lines. b, As described in the Methods section in the main text, 
flakes are picked up successively by a PC stamp over a PDMS substrate. Here, the optical micrograph 
shows the LaOBr flake (blue), the first material to be picked up by the PC stamp, and the MoS2 flake 
(red), successively picked up by LaOBr by van der Waals bonds. Then, the stamp is transferred on the 
graphene flakes in (a) in order to form a laterally contacted MoS2 layer with LaOBr as top dielectric. c, 
The evaporated Ti/Au drain/source and top gate electrodes complete the MoS2 field-effect transistor 
with LaOBr as gate dielectric. d-e, AFM height measurements of the gate LaOBr dielectric (20 nm) and 
the 4L-MoS2 flake (3.2 nm).
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Figure S12. Device images. a-d, Optical micrographs of the graphene field-effect devices (a,b), the 
MoS2 field-effect transistor (c) and the MoSe2 gated device (d) prior to the top-gate lithography step. 
The images showcase high-quality interfaces with morphological uniformity. Scale bar: .10 μm
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Figure S13. Hysteresis with different scan speeds. Gate sweeps of a MoS2 transistor at fixed bias 
( ) and different scan speeds of 50 mV/s (black) and 100 mV/s (red). The two curves show 𝑉𝐷𝑆 = 20 mV
comparable hysteresis, with a wider window for the slower scan.



20

Figure S14. Temperature-dependent MoS2 characteristics. Gate sweeps of a MoS2 transistor at 
fixed bias ( ) and different temperatures in logarit. The subthreshold swing of all curves is 𝑉𝐷𝑆 = 20 mV
comparable, thus confirming the low density of interfacial defective states , as estimated in the main 𝐷𝑖𝑡
text. In agreement with this, the measured hysteresis is comparable independently on temperature, 
with maximum values always in the range of 100 mV. These observations confirm that high-quality van 
der Waals interfaces are obtained between MoS2 and LaOBr in our device.
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