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ABSTRACT 

Linear magnetoresistance is generally observed in polycrystalline zero-gap semimetals 

and polycrystalline Dirac semimetals with ultrahigh carrier mobility. We report the 

observation of positive and linear magnetoresistance in a single crystalline 

semiconductor Bi2O2Se grown by chemical vapor deposition. Both Se-poor and Se-rich 

Bi2O2Se single crystalline nano-plates display a linear magnetoresistance at high fields. 

The Se-poor Bi2O2Se exhibits a typical 2D conduction feature with a small effective 

mass of 0.032m0. The average transport Hall mobility, which is lower than 5500 cm2V-

1s-1, is significantly reduced, compared with the ultrahigh quantum mobility of as high 

as 16260 cm2V-1s-1. More interestingly, the pronounced Shubnikov-de Hass oscillations 

can be clearly observed from the very large and nearly linear magnetoresistance 
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(>500% at 14 T and 2 K) in Se-poor Bi2O2Se. A close analysis of the results reveals 

that the large and linear magnetoresistance observed can be ascribed to the spatial 

mobility fluctuation, which is strongly supported by Fermi energy inhomogeneity in 

the nano-plate samples detected using an electrostatic force microscopy images and 

multiple frequencies in a Shubnikov-de Hass oscillation. On the contrary, the Se-rich 

Bi2O2Se exhibits a much smaller transport mobility (<300 cm2V-1s-1) than that observed 

in Se-poor samples and shows a much smaller linear magnetoresistance ratio (less than 

150% at 14 T and 2 K). More strikingly, no Shubnikov-de Hass oscillations can be 

observed. Therefore, the linear magnetoresistance in Se-rich Bi2O2Se is governed by 

the average mobility rather than the mobility fluctuation.  

KEYWORDS: 

linear magnetoresistance; 2D semiconductors; SdH oscillations; spatial mobility 

fluctuations; chemical vapor deposition  
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TABLE OF CONTENT 

 

Searching for materials with a large magnetoresistance has always been of great 

interest in fundamental physics because of the potential applications in the fabrication 

of magnetic sensors and memory devices. Generally, the value of the magnetoresistance 

ratio in conventional conductors is negligible, i.e. less than a few percents, and saturates 

at high magnetic fields. Interestingly, over the past decades, a linear-dependent 

magnetoresistance (LMR), i.e. one in which the resistance increases linearly with 

increasing magnetic fields, was observed in several systems, including zero-band gap 

semiconductors Ag2±δSe,1 Ag2±δTe,2 InSb,3 multilayered graphene,4,5 topological 

crystalline insulators, 6 topological insulators, 7-9 and Dirac materials Cd3As2.10 Both the 

Parish-Littlewood model (PL model or classical model)11, 12 and the quantum-

magnetoresistance model13, 14 have been proposed. The quantum model accounts for 

the LMR in the ultra-quantum limit condition that all the electrons fall into the lowest 

Landau level (n=0) when the magnetic field is strong enough (e.g. in the case of Weyl 

semimetals Cd3As2, for B>40 T).10 The classic model is based on the inhomogeneous 

and random resistive network in polycrystalline samples. This large LMR is a result of 
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the mobility fluctuation or the average mobility, and these materials include Ag2±δSe,2 

Bi2Te39 and graphene foams.5 

Over the last decade, two-dimensional (2D) semiconductors have experienced 

great popularity, particularly in modern electronics, a field in which where they are 

extensively used because of their suitable band-gap and ultrahigh carrier mobility; 

examples include black phosphorus,15 InSe16 and Bi2O2Se.17-37 It is worth noting that 

all the LMRs discussed above, which are governed by classic model, are observed for 

a majority in polycrystalline zero-gap semimetals (Ag2±Se, InSb) and Dirac 

semimetals (Bi2Te3, multilayer graphene) with ultrahigh carrier mobility, instead of 

single crystalline materials. In this work, we observed a linear magnetoresistance in 

both Se-poor and Se-rich Bi2O2Se single crystalline nano-plates grown by chemical 

vapor deposition (CVD). The large LMR in the Se-poor single crystalline nano-plates 

can be attributed to the mobility fluctuation resulting from the inhomogeneity of the 

samples, as shown in the electrostatic force microscope imaging and the Shubnikov de 

Hass (SdH) oscillation analysis. On the other hand, the much smaller LMR in Se-rich 

Bi2O2Se nano-plates, is governed by the average mobility, in which the Se antisites on 

the Bi site in the 2D (Bi2O2)2+ conduction channel are the main scattering centers. Our 

results shed light on the underlying physical mechanisms of LMR in single crystalline 

Bi2O2Se nano-plates and controlling the linear magnetoresistance in the 2D single 

crystalline semiconductors with ultrahigh mobility. 

 

RESULTS AND DISCUSSION 
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In comparison with other newly discovered 2D semiconductors, Bi2O2Se with a 

ultrahigh mobility possesses a superior air stability,17-37 which does not need to be 

encapsulated into BN to avoid exposing them into air. Because of its layered tetragonal 

crystal structure (I4/mmm, a = 3.88 Ȧ, c = 12.16 Ȧ, and Z =2), both Se-poor and Se-

rich Bi2O2Se grown by CVD prefer to form square morphologies (Figure 1a, 1b).16 The 

Bi2O2Se nano-plates with different types of defects exhibit identical square 

morphologies from the SEM characterizations (Figures S1a-1b, supporting 

information). The corresponding elemental mappings showed no obvious 

inhomogeneity in Bi and Se for both types of samples. Interestingly, different Bi and 

Se molar ratios were obtained by the energy dispersive X-ray (EDX) spectra, as shown 

in Table S1-S6. Typical Raman spectra of Bi2O2Se nano-plates on mica substrates are 

shown in Figure 1c. Two peaks at ~102 and 158 cm-1 that correlate respectively to the 

2

gE  in-plane and 
2

1gA  out-of-plane modes, are observed in both Se-poor and Se-rich 

Bi2O2Se nano-plates, consistent with previous tudies.18 The additional Raman peak at 

~260 cm-1 can be assigned to the mica substrate. The X-ray diffraction (XRD) patterns 

of Se-rich and Se-poor Bi2O2Se nano-plates on mica are presented in Figure 1d, In 

which all the peaks labeled by the pink markers can be attributed to the well-crystallized 

Bi2O2Se structure.18 In addition, the atomic crystal structure of Bi2O2Se is determined 

using the aberration-corrected high-angle annular dark-field scanning transmission 

electron microscope (HAADF-STEM). As the contrast of the STEM image is 

proportional to Z2 (where Z is the atomic number), therefore, the relatively heavy atoms, 

such as Bi and Se, are clearly imaged, whereas the light O columns cannot be observed. 
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From the cross-sectional view STEM images shown in Figures 1e-1f, the layered 

structure of Bi2O2Se consists of (Bi2O2)2+ layers and (Se)2- layers alternately stacked 

along the c-axis, identically with the schematic structure of Bi2O2Se (010) in the inset. 

Importantly, the layer thickness of 0.61 nm is discovered from both the STEM images, 

in consistent with the layer spacing along the stacking orientation.18 The corresponding 

fast Fourier transform (FFT) patterns further demonstrate the high-quality single 

crystalline of as-grown Se-poor and Se-rich Bi2O2Se.  

According to the previous calculation results, the content of Se will significantly 

affect the types of defects in Bi2O2Se.37 As revealed by the theoretical calculations, the 

main conduction channel in Bi2O2Se is the (Bi2O2)2+ layer that contributes to the 

ultrahigh carrier mobility.37 Therefore, the Se vacancies in the Se-poor samples retain 

both their high carrier mobility and high residual resistivity ratio (RRR), without 

destroying the main conduction channel of (Bi2O2)2+ in Bi2O2Se. However, the Se 

antisites on the Bi sites in Se-rich samples will destroy the conduction channel of 

(Bi2O2)2+, resulting in a reduced carrier mobility and RRR value.37 Nevertheless, both 

types of defects make the intrinsic semiconductor Bi2O2Se a self-modulated n-type 

semiconductor with a metallic behavior. 
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Figure 1.  Typical Optical image of Se-poor (a) and Se-rich (b) Bi2O2Se nano-plates. (c) 

Comparison of Raman spectra of Se-rich and Se-poor Bi2O2Se nano-plates on the mica substrates. 

(d) XRD spectra of Se-rich and Se-poor Bi2O2Se nano-plates on the mica substrates. Cross-

sectional HAADF STEM images of Se-poor (e) and Se-rich (f) Bi2O2Se nano-plates. Insets give the 

corresponding FFT patterns. 

Figures 2a and 2b represent the temperature dependence of resistivity for Se-poor 

and Se-rich Bi2O2Se nano-plates with different thickness, respectively. All measured 

samples of Bi2O2Se exhibit a metallic behavior, in agreement with the theoretical and 

experimental results reported in previous separate studies.16, 37 In this work, the RRR 

values are ranging from 30-50 for the Se-poor samples (Figure S2a, supporting 

information) and Se vacancies in the (Bi2O2)2+ layers do not affect the main 2D 

conduction channels. In contrast, the RRR values for the Se-rich samples (Figure S2b, 

supporting information) are below 8, which is caused by the significantly destructional 

(Bi2O2)2+ conduction channels in Se-rich samples. These obvious difference in RRR 
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values reveal that (Bi2O2)2+ layer is the main 2D conduction channel in Bi2O2Se and 

prominently contributes to the high carrier mobility, consistent with the previous 

modeling study.37  

 

Figure 2. Temperature- dependent resistivity of Se-poor (a) and Se-rich (b) Bi2O2Se nano-plates. 

The insets in (a) and (b) give the typical Hall bar device, and the white scale bar is 20 m. (c) 

Angular- dependent magnetoresistance in 230 nm thick Se-poor Bi2O2Se (T=2 K, B=14 T). The 

magnetic field is rotating in ac plane. (d) Magnetic field- dependent MR in 230 nm thick Se-poor 

Bi2O2Se at various angles between the magnetic field and the normal direction of the nano-plate 

(T=2 K). (e) The evolution of the SdH oscillations at various angles. (f) FFT spectrum of SdH 

oscillations. (g) FFT frequency as a function of 𝐜𝐨𝐬𝜽−𝟏.  

To experimentally confirm the 2D conduction channels, we determined the 

angular- dependent magnetoresistance (AMR) in a Se-poor Bi2O2Se nano-plate with a 

thickness of 230 nm, as shown in Figure 2c.   refers to the angle between the magnetic 

field and the normal direction of the nano-plate. The angular dependence of the AMR 

obtained under a magnetic field of 14 T at 2 K deviates significantly from the cos2  
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dependence; however, it can be well described by a cos  dependence, a 

characteristic of 2D conduction channel,5, 7 further supporting our observation on the 

2D conduction channel in the (Bi2O2)2+ layer. Surprisingly, the ratio of the angular-

dependent AMR in Se-rich samples is much smaller than that observed in the Se-poor 

samples, and that it does not depend on cos  (Figure S3, supporting information). 

Particularly, the overall resistivity in Se-rich samples is always smaller than that in Se-

poor samples (Figures 2a-2b), indicating a three-dimensional (3D) conduction involved 

in Se-rich samples. 

To find out more information related with Se-poor samples, we measured the 

magnetic field-dependent magnetoresistance at different angles (t=230 nm), as shown 

in Figure 2d. As the angle (θ) between the magnetic field and c-axis of Bi2O2Se 

increased from 0 to 90, the magnetoresistance ratio is quickly suppressed over the 

entire field range, matching well with the angular-dependent AMR in Figure 2c. In 

Figure 2d, we can observe the overlapping of the SdH oscillation on the strong linear 

magnetoresistance background at high magnetic fields. The presence of SdH 

oscillations indicates a high mobility in Se-poor samples. Figure 2e shows the SdH 

oscillations extracted from the MR data measured at different angles (θ) between the 

magnetic field and c-axis of Bi2O2Se, and Figure 2f displays the evolution of the fast 

Fourier transformation (FFT) spectra with increasing angles. We can find the main 

frequency of 283 T (θ=0) and its double frequency of ~560 T. The main frequency in 

this thick nano-plate is quite close to that obtained in single crystals grown with the 

chemical vapor transport technique.20 Using the Onsager relation 
2 / (2 )FF k e = , 
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we obtain a Fermi radius of 
8 18.64 10 mFk −=  , which corresponds to a 2D carrier 

density of 1.189×1013 cm-2. To gain more insights into the quantum oscillations, we 

analyzed more closely the quantum oscillation measured on the 230 nm thick Se-poor 

sample; the following results were obtained: effective mass (m*=0.032 m0), Fermi 

velocity ( Fv =3.13×106 m/s), Dingle temperature (TD=4.1 K), quantum scattering time 

( q =2.96×10-13 s), mean free path (l=926 nm) and quantum mobility ( q =16260 cm2V-

1s-1) (Figure S4, supporting information). To better understand the 2D conduction in the 

Se-poor Bi2O2Se, we plotted the extracted frequency vs. cos-1 in Figure 2g. This 

figures clearly shows an increase in frequency with cos-1, linearly, at low angles, 

which is a typical 2D feature of a Fermi surface. The deviation from linear dependence 

at higher angles may be ascribed to the fact that the mean free paths required by 

quantum oscillations are beyond the thickness of 230 nm, when the angle are 75 and 

90. Although the SdH oscillation at 90 cannot be identified or observed even the 

magnetic field is applied as strong as 14 T due to the open orbit, the FFT data is also 

included in Figure 2f for comparison. Our observation further demonstrates the 2D 

conduction in Se-poor Bi2O2Se. On the contrary, we could not observe any quantum 

oscillation in Se-rich Bi2O2Se nano-plates. 

Another important feature shown in Figure 2d is the linear magnetoresistance 

(LMR) in the Se-poor Bi2O2Se. Figure 3 shows the LMR as a function of the magnetic 

field at various temperatures, for both the Se-poor and Se-rich samples (four Se-poor 

and two Se-rich). Several features could be noted. 1) The MR ratios in Se-poor samples 

are greater than those in Se-rich samples, and all of them decrease as the temperature 
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increases. 2) Although the LMR increases linearly with the magnetic field at strong 

fields (B>6 T for Se-poor samples and B>9 T for Se-rich samples), for all six samples 

with different thicknesses, it should be noted that the low-field, non-linear dependence 

in Se-poor samples is significantly different from that in Se-rich samples, indicative of 

the different physical mechanisms dominating the electrical transport in two types of 

samples. 3) The most important feature in Figure 3 is that the quantum oscillations 

appear at high field in all four Se-poor samples, but vanish in two Se-rich samples, 

which may indicate that the mobility in Se-rich samples is much smaller than that found 

in Se-poor samples. Other previous studies predicted the mobility in Se-poor Bi2O2Se 

single crystals to be higher than that found in Se-rich crystals,37 similarly to what we 

observed in this study. The presence of strong SdH oscillations, at high fields, exclude 

the ultra-quantum limit as origin of the unsaturated, linear magnetoresistance observed 

in Se-poor Bi2O2Se single crystals.13, 14 
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Figure 3. Magnetic field- dependent LMR in all Se-poor and Se-rich Bi2O2Se with various 

thickness. (a) Se-poor t=19 nm, (b) Se-poor t=22 nm, (c) Se-poor t=28 nm, (d) Se-poor t=230 nm; 

(e) Se-rich t=170 nm, (f) Se-rich t=90 nm. 

To uncover the LMR origin in single crystalline Bi2O2Se, we investigated the Hall 

effect of all six samples and estimated the carrier density ( / ( )xyn B e= ) and transport 

mobility ( /t H xxR = ) (Figure S5-7, supporting information). The n-type carrier 

density calculated from the Hall effect is summarized in Figure S8 (supporting 

information). The carrier densities for both types of samples increases as the 

temperature rises, which is a typical characteristic of semiconductors, but the carrier 

density in Se-rich samples is much greater than that in Se-poor samples. Compared with 

the carrier density in traditional doping semiconductors that exponentially increase with 

the temperature, we found that the carrier densities in both Se-rich and Se-poor samples 

exhibited a weak temperature dependence and were always on the same order 

magnitude for temperatures ranging from 2 to 300 K. This is consistent with theoretical 

calculations in Bi2O2Se, in which the Fermi level shifts into the conduction band instead 

of impurity energy level.37 

To further uncover the physical origin of LMR, we analyzed the quantum 

oscillations obtained in all Se-poor samples and plotted the FFT spectrum of the 

quantum oscillations in Figure S9 (supporting information). Compared to the FFT 

spectrum of the 230 nm thick sample, much more peaks ranging from 100 to 300 T are 

found in the FFT spectrum of the thinner Se-poor Bi2O2Se. In addition, the behaviors 

of the peaks, such as the relative intensity and shape of the peaks, are also very different. 
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All above indicate that the area of Fermi surfaces strongly depends on the thickness of 

the Bi2O2Se. This is presumably caused by the inhomogeneous distribution of the Se 

vacancies, even in one nano-plate in the initial growth stage using CVD. By growing 

the nano-plate to a much thicker one, the density of defects in the whole sample 

decreased and the crystal was better crystalized, since the atoms had a much longer 

relaxation time to reach more stable states. In the thick and better crystalized nano-

plates, the Fermi surface became smooth and regular; we even observed the atomic 

terraces in AFM images of the thicker sample (Figure S11d, Supporting information). 

Consequently, we observed an intrinsic quantum oscillation frequency of ~283 T in the 

corresponding FFT spectrum (Figure 2f). The inhomogeneous distribution of defects in 

Bi2O2Se reminded us of the classical model as the origin of the LMR.11 

According to the classical PL model, the LMR ratio is proportional to the average 

mobility (  ) and mobility fluctuation (  ), respectively, when / 1    and 

/ 1   . To explore whether the classical model is dominated in our observed LMR, 

we plotted the MR ratio as a function of the transport mobility from the Hall effect for 

Se-rich and Se-poor samples respectively in Figures 4a and 4b (temperature dependent 

transport mobility and MR ratio in Figure S10, supporting information). It is evident, 

in comparison with Se-poor samples, that the MR ratio and mobility obtained from Se-

rich samples are much lower. More importantly, the MR ratio depends linearly on the 

average mobility, indicating that the LMR in Se-rich samples can be described by the 

classical PL model for / 1   .11 As it has been reported previously,37 the Se 

antisites on Bi-site in (Bi2O2)2+ layers in Se-rich nano-plates severely decrease the 
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carrier mobility, because the Se antisites play the role of scattering centers. However, 

the MR ratio measured in the Se-poor samples that have a much higher mobility shows 

a nonlinear dependence on the mobility (Figure 4b). From the analysis of the SdH 

oscillations, we find that the quantum mobility in Se-poor samples is as high as 16260 

cm2V-1s-1 at 2 K, whereas the average transport mobility (  ) at the same temperature 

is lower than 4500 cm2V-1s-1 (Figure S10, supporting information). The quantum 

mobility is susceptible both to the small angle scattering and large angle scattering, but 

the average transport mobility is susceptible only to the large angle scattering.38-39 This 

suggests that the small angle scattering is dominated in Se-poor samples. The 

significant difference between large quantum mobility and small transport mobility 

reminder us of the spatial mobility fluctuation in our Bi2O2Se samples. Therefore, the 

LMR that depends nonlinearly on the average mobility in Se-poor samples might be 

ascribed to case 2 of the PL model, i.e. the strong fluctuation in mobility ( / 1  

).11 
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Figure 4.  MR ratio as a function of Hall mobility in Se-poor (a) and Se-rich (b) Bi2O2Se. Typical 

AFM image of Se-poor (c) sample and Se-poor (d) sample. The corresponding EFM images (e) and 

(f) are shown for comparison. The sharp contrast in EFM images with the domain size of 0.5-1 um, 

suggesting the spatial inhomogeneity of Fermi energy in Se poor samples. However, we cannot 

observe a similar domain feature in the EFM image of the Se-rich sample. 

To support our claim on the mobility fluctuation, with respect to Se-poor samples, 

we looked back and explored the physical origin of the mobility fluctuation in Bi2O2Se. 

First, the magnetic field dependence of the Hall resistivity in all Se-poor samples was 

found nonlinear (Figure S5-7, supporting information), strongly suggesting that the two 

band models with different carrier mobilities played a major role in these samples. On 

the other hand, as discussed above, the FFT spectra of SdH oscillations obtained from 

Se-poor samples showed several distinct quantum oscillation frequencies (Figure S8, 

supporting information) that can probably be attributed to the spatial fluctuated Fermi 

energy and fluctuated Fermi surface areas, due to the inhomogeneous distribution of Se 

vacancies in the Se-poor Bi2O2Se. 

To further verify the spatial inhomogeneity of the work function or Fermi energy 

in Se-poor Bi2O2Se, we studied samples using electrostatic force microscopy (EFM). 

We compared the atomic force microscopy (AFM) images with the EFM images of the 

Se-poor and Se-rich Bi2O2Se samples, as shown in Figures 4c-4f. The contrast in the 

EFM images could directly give us information about the spatial distribution of the 

Fermi energy in Se-poor Bi2O2Se. Interestingly, compared to the Se-rich sample, we 

found that the EFM image of Se-poor Bi2O2Se showed a typical granular- like feature 
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with a sharp contrast in the scanning region, which is distinctly different from the 

corresponding surface morphology (AFM). The value obtained for the typical size of 

the granular-like domain in Se-poor samples was 0.5~1.0 um. The different brightness 

in the EFM images in Figure 4e suggests a spatial variation of Fermi energy in Se-poor 

nano-plate samples, which is probably attributed to the inhomogeneous distribution of 

Se vacancies in all Se-poor nano-plate samples. According to the DFT calculations, the 

Fermi energy position will shift significantly, depending on the type and concentration 

of defects, whereas the electron and hole bands keep unchanged.37 Therefore, the 

observed spatial Fermi energy fluctuations in the EFM images are in good agreement 

with the multi-peaks in the FFT spectrum of SdH oscillations (Figure S9, supporting 

information), because the area of Fermi surface, which depends on the location of Fermi 

level, is directly related to the SdH oscillation frequency. As the nano-plate thickness 

increases, the granular- like domains in Se-poor samples vanishes gradually (Figure 

S11, supporting information). Nevertheless, the EFM image of Se-rich Bi2O2Se in 

Figure 4f is much more homogeneous (Figure S12, supporting information), and 

without a typical granular-like domain distribution. Therefore, the spatial 

inhomogeneity in Se poor samples uncovered by the EFM images is consistent with our 

transport analysis of the spatial mobility fluctuation induced- linear magnetoresistance 

in Se-poor Bi2O2Se samples. 

CONCLUSION  
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In summary, we have successfully grown Se-poor and Se-rich Bi2O2Se nano-plates 

through chemical vapor deposition. The presence of a 2D conduction channel in the 

(Bi2O2)2+ layer was shown by the angular dependence of the magnetoresistance and the 

Shubnikov de Hass oscillations. Higher and lower mobilities are respectively found in 

Se-poor and Se-rich Bi2O2Se nano-plates; a linear magnetoresistance were also 

observed in both Se-poor- and Se-rich- Bi2O2Se single crystals of different physical 

origins. The linear magnetoresistance in Se-rich Bi2O2Se nano-plates were found to be 

controlled by the average mobility, whereas the one in Se-poor samples was governed 

by the fluctuation of the mobility fluctuation. These results were directly verified by 

transport analysis and spatial Fermi energy fluctuation, using electrostatic force 

microscopy. Our findings are important steps forward in the physical understanding 

and tuning of the linear magnetoresistance in single- crystalline semiconductors. 

 

METHODS 

CVD growth of Se-poor and Se-rich Bi2O2Se nano-plates 

The Bi2O2Se crystal quintuple layers were grown by chemical vapor deposition. 

The precursors were Bi2O3 (Sigma-Aldrich, ≥ 99.5% purity) and Bi2Se3 (Sigma-

Aldrich, ≥ 99.5% purity) powders. In the center of the reaction chamber, the Bi2O3 

powder (300 mg) was placed in a ceramic boat and was heated at 610 °C. The Bi2Se3 

powder was put at the upper stream (8 cm) side of the furnace to obtain the Bi2O2Se 

nano-plates. The mica substrates (Electron Microscopy Sciences) were placed in the 

downstream 10 cm-16 cm far away from the hot center. The gas flow was kept with 
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Ar=200 sccm, and the chamber pressure was controlled at 500 Torr. First, the center of 

the furnace was gradually heated from room temperature to 610 °C at a ramping rate of 

25 °C/min, then kept at this temperature for 15 min, and lastly naturally cooled to room 

temperature. The final Se-rich and Se-poor Bi2O2Se nano-plates were collected on the 

mica substrate in the downstream 13~14 cm and 12~13 cm far away from the hot center, 

respectively. 

Bi2O2Se nano-plates device fabrication 

Bi2O2Se was transferred onto the SiO2 (280 nm)/Si wafer substrate using a PMMA-

mediated method. Bi2O2Se was firstly coated with a layer of poly (methyl methacrylate) 

(PMMA) (950 PMMA A8, Micro Chem) by spin coating followed by at 150 ºC baking 

for 10 min. Then, the sample was soaked in a 2% HF water bath for 10 min. The 

PMMA/Bi2O2Se was gently peeled off and deposited on the SiO2/Si substrates. 

PMMA/Bi2O2Se /wafer substrate was baked for 1 h at 120 ºC. The PMMA was 

removed by acetone and cleaned by isopropyl alcohol (IPA). We prepared the 

alignment markers on SiO2(280 nm)/Si substrates in advance, which helped complete 

the alignment process during the e-beam lithography (EBL). After the transfer, The 

Ti(10 nm)/Au(70 nm) electrodes were patterned by standard EBL (Crestec 9100), 

deposited by e-beam evaporation, and followed by a standard lift-off process. 

Characterization and transport measurements 

Grown samples were systematically characterized using optical microscopy (Witec 

alpha 300 confocal Raman microscope) equipped with a confocal spectrometer and a 

633 nm- excitation laser. Typical laser spot was 1~2 µm. The thickness of Bi2O2Se 
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devices was determined by atomic force microscope (AFM, Cypher ES model from 

Asylum Research Oxford Instruments). A standard Al-coated silicon cantilever with 

spring constant of 1.7 N/m and tip curvature < 10 nm was used as a probe. The 

resonance frequency was ~70 kHz. X-Ray powder diffraction (XRD) of the sample was 

also collected using a Bruker AXS D8 DISCOVER with a DAVINCI X-Ray 

diffractometer with Cu-Kα1 radiation (λ = 1.54186 Å) in the range of 10°-80° (2θ) with 

a time setting of 0.1 second per step and a step length of 0.002°. High-angle annular 

dark-field scanning transmission microscopy (HAADF-STEM) was performed to 

obtain the cross-section TEM image along the [001] direction. The sample was prepared 

in a Helios G4 UX Dual Beam focus ion beam (FIB) system. The cross-section TEM 

image was conducted using FEI Titan Thermos TEM. The morphology, microstructure, 

and elements mapping of the samples were characterized by scanning electron 

microscope (SEM, Nova Nano 630, FEI). 

The magneto-transport measurements were carried out on a physical- property 

measurement system (Dynacool system, Quantum Design Inc.), using standard lock-in 

and four-probe methods in which the temperature ranged from 2 to 300 K, and the 

magnetic field was up to 14 T. The Fermi energy inhomogeneity in Bi2O2Se nano-plates 

were evidenced by electrostatic force microscopy (EFM). EFM was performed using 

an MFP-3D (Asylum Research) scanning probe microscope in tapping mode, with a 

conductive tip and an elevation height of 50 nm. 
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