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The Editor 

JoVE, 

 

Dear Editor, 

We would like to submit the manuscript, Controlled fractional unit cell growth of LaAlO3/SrTiO3 

interfaces near the critical thickness and its scattering properties by C. J. Li et al., for 

consideration in JoVE. 

The  two dimensional electron gas (2DEG) generated at the LaAlO3/SrTiO3 (LAO/STO) interface 

has been a very exciting development over the last decade and the potential for oxide electronic 

devices based on these interfaces would require a clear understanding of the electronic transport 

properties at these interfaces and our ability to manipulate them at will. 

For this purpose, we developed a standard protocol for controlled fractional unit cell growth of 

LAO, patterning the 2DEG and characterization of the patterned 2DEG. Using these techniques, 

we have successfully identified the exact critical thickness for the metal-insulator transition of 

3.65 uc. Further, the carrier carrier scattering, strain and Kondo induced scattering are three 

major scattering mechanisms affecting the transport properties of LAO/STO interfaces. In this 

paper, we illustrate the detailed procedures of the experiments to make it available to wide 

research community and applicable to other oxide interface systems.   

We feel techniques described in this paper are simple and general enough and will lead to a 

broad interest in general oxide thin film fabrication and characterization community and hence 

eminently suited for publication in JoVE. 

Sincerely, 

Changjian Li and T. Venkatesan.  
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SHORT ABSTRACT: 63 
We present a standard protocol for growing sub-unit-cell LaAlO3 near the critical thickness of 64 
the LaAlO3/SrTiO3 metal-to-insulator transition using pulsed laser deposition with in-situ 65 
reflection high energy electron diffraction (RHEED). Electric field effect measurements of these 66 
sub-unit-cell interface samples reveal different scattering mechanisms.  67 
 68 
LONG ABSTRACT:  69 
The two-dimensional electron gas (2DEG) at the interface between a polar (LaAlO3 or LAO) and 70 
non-polar (SrTiO3 or STO) insulating oxide offers opportunities to develop multifunctional 71 
devices. The prospect of this interface will depend on both its performance compared to 72 
existing technologies and its ability to integrate with complementary metal-oxide-73 
semiconductor (CMOS) technology. As a measure for the 2DEG electronic quality, the carrier 74 
density and mobility are commonly used, and they strongly relate to the quality of the hosting 75 
material and interface. A good understanding of the material growth and interface formation 76 
therefore would be required to be able to control and tune the electron density and mobility. 77 
Using pulsed laser deposition with in-situ reflection high energy electron diffraction (RHEED), 78 
we demonstrate the control of LAO growth at sub-unit-cell precision. While it is commonly 79 
observed that the LAO/STO shows a metal-to-insulator transition (MIT) at around 3 to 4 unit-80 
cells (uc) of LAO, our results demonstrate that it occurs precisely at 3.65 uc (with the last LAO 81 
layer having only 65% coverage). Near this critical value, we further show that the electron 82 
mobility is sensitive to the degree of the surface coverage, carrier density (which can be varied 83 
by back gating) and magnetic scattering (which is seen at high carrier concentrations). In this 84 
paper, the sample fabrication and characterization processes are elaborated and we propose 85 
that these processes are also applicable for growing other (oxide) interfaces.  86 
 87 
INTRODUCTION:  88 
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Since the first report by Ohtomo and Hwang1
, two-dimensional electron gas (2DEG) at the 89 

interface between a polar insulator LaAlO3 (LAO) and non-polar insulator SrTiO3 (STO) has 90 
attracted extensive research in order to understand its origin2-5 and explore its properties6-8 and 91 
potential applications.9-12 To exploit the 2DEG in electronic devices, the ability to control and 92 
tune its electronic properties is a prerequisite. A good understanding on the 2DEG scattering 93 
mechanism is thus required, which directly relates to the interface carrier density and mobility.  94 
 95 
It is generally observed that the insulator-to-metallic transition at the LAO/STO interface occurs 96 
when the LAO thickness is around 3-4 unit-cells (uc). However, the observed values of carrier 97 
density and mobility at the critical thickness tend to vary from one report to another, and this 98 
might be due to that the precise LAO thickness is less controlled. In previous studies15, the top 99 
(last) LAO layer during deposition is usually assumed to be an integer of unit cells, i.e. a layer 100 
with a complete coverage. In this paper, we established a method to precisely control the 101 
growth of LAO layer with sub-unit-cell precision near the critical thickness of between 3 and 4 102 
uc by monitoring the RHEED intensity oscillation during the LAO growth using PLD. In addition, 103 
we developed a technique to create micron patterns of the 2DEG based on lithographically 104 
patterned amorphous AlN layer before the growth of the LAO polar layer. The motivation is 105 
that a good recipe to chemically etch oxide layer is not yet established while the ion-beam 106 
etching technique may result in defects formation on the STO surface that may lead to an 107 
unwanted surface conductivity. Furthermore, an ion beam etching facility is not always 108 
available in every research lab. Another alternative is a lift-off process. However, as the 109 
deposition temperature to produce a crystalline LAO is relatively high (650 °C and above), a 110 
normal photoresist cannot withstand the high temperature. We have developed a process to 111 
pattern amorphous AlN as a replacement for the photoresist, and in this case a negative image 112 
of the desired pattern has to be produced. The use of AlN as a mask allows the subsequent 113 
deposition of LAO to be performed at high temperatures. The area uncovered by AlN defines 114 
the final pattern of our structures and the deposition of LAO directly on this area produces 115 
interface conductivity, while the LAO deposited on AlN remain insulating. This process allows 116 
patterning of the 2DEG without complicated and damaging etching process.  117 
 118 
The carrier density and mobility of the samples were characterized using Hall effects, showing 119 
that the 2DEG starts to emerge when the LAO thickness is 3.65 uc (65% coverage of the fourth 120 
LAO layer) and the 2DEG mobility is sensitive to the surface coverage above this critical value. In 121 
order to understand the relation between carrier density and mobility, the 2DEG density was 122 
tuned using electric field with the STO substrate as the dielectric. The Hall and field effect data 123 
show that the mobility depends on the coverage of the top LAO layer and carrier density, 124 
indicating that it is governed by various scattering mechanisms including carrier-carrier, strain 125 
induced defect, and magnetic (only observed at high carrier concentration) scatterings. These 126 
results provide guidance in tuning the 2DEG and designing future oxide electronics.  127 
 128 
PROTOCOL:  129 
 130 
1. Substrate preparation  131 
 132 



   

1.1 Obtain commercially available single- or double-side polished single-crystal STO (001) 133 
substrates of 0.5 mm thick and 5x5 mm2 surface area.  134 
 135 
1.2 Immerse and ultrasonically soak the as-received STO substrates in 0.1 L deionized water 136 
for 10 min. The topmost layer of SrO domains will form Sr-hydroxide complex, which can be 137 
dissolved in acidic solution. 138 
 139 
1.3 Immediately dip the substrates into 50 mL buffered hydrofluoric acid (BHF) solution and 140 
ultrasonically soak for 30 s. Subsequently, rinse the substrates with deionized water and dry 141 
them with nitrogen spray. The BHF will selectively etch away the SrO domains, producing 142 
practically perfect TiO2 termination on the STO surface.  143 
 144 
1.4 To remove the remnants of the previous treatments and facilitate recrystallization, 145 
anneal the substrates in a furnace in an atmospheric pressure, with the following steps; heat up 146 
to 950 °C at a rate of 5 °C/min, keep at 950 °C for 1.5 hours, and cool down to room 147 
temperature at a rate of 3 °C/min.  148 
 149 
1.5  Perform atomic force microscopy (AFM) in a tapping mode with a scanning rate of 1 Hz 150 
over an area of 3×3 µm2 in order to characterize the surface morphology according to 151 
manufacturer’s protocol.  152 

 153 
1.5.1. Use the built-in AFM software to open and analyze the obtained image files. If 154 
necessary, subtract any background and measurement artifacts. A single TiO2 terminated 155 
surface should show clear atomic terraces.  156 
 157 
1.5.2. Determine the root mean square (rms) roughness of the surface and the width and 158 
height (should correspond to the lattice constant of STO of around 0.4 nm) of the terraces. 159 
Export the processed images into .jpg file. Figure 1 shows the evolution of the STO surface 160 
morphology captured after each treatment step.  161 
 162 
2. Photolithography  163 
 164 
2.1 Load and secure a BHF treated STO substrate onto a spin coater, coat with 0.5 mL 165 
poly(methyl methacrylate) (PMMA) photoresist, and immediately spin at 3000 rpm for 1 min. 166 
Unload the substrate from the spin coater and bake it on a hot plate at 120 °C for 1 min. Repeat 167 
this procedure for all other substrates. 168 
 169 
2.2 Load and secure the substrate in the UV mask aligner. Align the pre-designed mask (with 170 
Hall bar structures) on the sample and expose for 8 s. The Hall bar mask is manufactured using 171 
laser writing process with the bar dimension of 160 µm in length and 100 µm in width (see 172 
Figure 2a). Repeat this procedure for all other substrates. 173 
 174 
2.3 Unload the substrate from the mask aligner and immerse in PMMA developer for 1 min. 175 
The positive image of the Hall bar will be obtained on the surface. Repeat this procedure for all 176 
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other substrates. 177 
 178 
3. AlN sacrificial mask deposition  179 
 180 
3.1 Secure the aluminum nitride (AlN) target on a Pulse Laser Deposition (PLD) target 181 
holder, and glue the backside of one of the STO on a substrate holder using ~2 mL silver paint 182 
and place the holder on a hot plate for ~10 min at 100 °C to dry the silver paint and allow a 183 
good thermal contact between the holder and substrate. Load both the target and substrate 184 
holders into the PLD deposition chamber. 185 
 186 
3.2 Adjust the substrate-target distance to 7 cm and wait for the base pressure of the PLD 187 
chamber to reach at least 1 × 10-7 Torr.  188 
 189 
3.3 After the expected base pressure is obtained, introduce pure oxygen into the deposition 190 
chamber and adjust its flow until a stable pressure of ~1 × 10-6 Torr is achieved. 191 
 192 
3.4 Align the Laser optics, adjust the Laser power and to obtain an energy fluence of 1.5 193 
J/cm2 on the target surface, and set the repetition rate to 5 Hz. Rotate and raster the target 194 
during laser ablation to uniformly ablate the target surface area.  195 

 196 
3.5 Start a predeposition by ablating the AlN target with the laser with the target shutter 197 
closed to clean the AlN target. After 5 min predeposition, open the target shutter to start the 198 
deposition.  199 

 200 
3.5.1. To produce a uniform layer, rotate the substrate during laser ablation. After a 30 min 201 
deposition to obtain 100 nm thick AlN, stop the deposition by switching-off the laser. The 202 
growth rate of AlN has been previously calibrated. An amorphous AlN layer is produced and it 203 
fully covers the previously structured photoresist.  204 
 205 
3.6 Stop all target and substrate rastering and rotation, and switch-off the oxygen flow. 206 
Unload the substrate from the chamber.  207 
 208 
3.7 Immerse the substrate into a beaker filled with ~50 mL acetone and ultrasonically soak 209 
for 1 min. Rinse the substrate with deionized water and make sure photoresist is completely 210 
removed. 211 

 212 
3.8  Observe the obtained Hall bar pattern under an optical microscope; a representative 213 
pattern is shown in Figure 2a. Repeat the cleaning process if necessary.  214 
 215 
4. LAO Film deposition  216 
 217 
4.1 Using the same process as 3.1, load a LAO single crystal target and the STO substrate 218 
obtained from section 3 into the PLD chamber.  219 
 220 



   

4.2 Wait for the base pressure of the chamber to reach 1 × 10-7 Torr.  221 
 222 
4.3 Introduce pure oxygen into the deposition chamber and adjust its flow until a stable 223 
pressure of 1 × 10-3 Torr is achieved. 224 
 225 
4.4 Turn on the RHEED electron gun and set the voltage to 25 kV and filament current to 1.5 226 
A. Open the valve between the RHEED and deposition chamber. Turn on the RHEED CCD 227 
camera.  228 
 229 
4.5 Adjust the z-position and rotation-angle of the substrate with respect to the electron 230 
beam until a good RHEED pattern is observed on the CCD camera. An example of a good RHEED 231 
pattern is shown in Figure 3 for different steps for thin film growth. The z-position is ~86 and 232 
the rotation angle is not fixed.  233 
 234 
4.6 Heat up the substrate heater at 15 °C/min until it reaches and stabilizes at 900 °C 235 
(corresponding to a substrate temperature of about 750 °C). Wait for about 5 minutes.  236 
 237 
4.7 Repeat step 3.4 and set Laser fluence at 1.5 J/cm2 and repetition rate at 2 Hz, and 238 
perform predeposition for 5 mins. Meanwhile, observe the RHEED pattern and, if necessary, 239 
adjust again the sample position to get a good RHEED pattern (see Figure 3).  240 
 241 
4.8 Start deposition by opening the target shutter. Using the RHEED software, monitor the 242 
intensity of the specular spot (specified in Figure 3) of the image on the CCD camera. The 243 
software will display and record a real time evolution of the spot intensity, showing a periodic 244 
oscillation. Figure 4c and 4d show examples of the intensity oscillation.  245 

 246 
4.9 Determine the periodicity of the oscillation by counting the peak-to-peak duration. One 247 
period corresponds to one unit-cell (~0.4 nm) growth of LAO. The growth rate in our chamber 248 
with the deposition parameters described above is 0.025 uc/sec.  249 
 250 
4.10 Based on the growth rate, stop the laser at the desired LAO thickness. For example, to 251 
obtain 3.50 uc samples, stop the laser at 140 sec mark. Figure 4 shows an example of the sub-252 
unit-cell growth control process.  253 
 254 
4.11 Stop all target and substrate rastering and rotation, and set the substrate temperature 255 
to 25 °C at 10 °C/min while keeping the pressure the same as the deposition pressure.  256 

 257 
4.12 When the sample temperature reaches 100 °C or lower, switch off the oxygen flow. 258 
Unload the sample from the chamber. 259 

 260 
4.13  Anneal the sample by heating it up to 600 °C at 10 °C/min in a furnace with an oxygen 261 
flow at 0.5 bar. Keep the sample in the furnace for 1 hour and subsequently cool it down to 262 
room temperature at 10 °C/min. This step removes oxygen vacancies from the sample and 263 
minimizes their contribution to the conductivity.  264 



   

 265 
4.14 Repeat steps 4.1 to 4.13 for deposition of different LAO thicknesses (3.5, 3.65, 3.8 and 4 266 
uc). 267 
 268 
5. Atomic force microscopy  269 
 270 
5.1 Load the sample onto the AFM sample stage.  271 
 272 
5.2 Load the AFM cantilever and make an adjustment to the laser and photodiode suitable 273 
for scanning in a tapping mode.  274 
 275 
5.3 Scan the sample surface with a scanning rate of 1 Hz and scanning area of 3 × 3 µm2. 276 
 277 
5.4 Analyze the AFM images with the same method discussed in section 1.5. Some obtained 278 
images are shown in Figure 4. 279 

 280 
5.5 Repeat steps 5.1 to 5.4 for other samples with different thicknesses (3.5, 3.65, 3.8 and 4 281 
uc).  282 
 283 
6. Hall and electric field effects  284 
 285 
6.1 Paste a sample on a copper plate by uniformly covering the backside of the sample with 286 
approximately 2 mL silver paint. This ensures a good electrical contact between the copper 287 
plate and the substrate and allows electric fields to be applied to the STO substrate through the 288 
copper plate for the field effect measurement. 289 
 290 
6.2 Using approximately 2 mL low temperature grease, secure the copper plate on a sample 291 
holder suitable for the physical properties measurement system (PPMS) with the sample 292 
surface facing up. 293 
 294 
6.3 Form electrical connections between the sample and sample holder by Al wire for each 295 
respective electrical pads using ultrasonic wire bonder with a bonding power of 270 W and 296 
duration of 30 msec. The connection layout for the samples is shown in Figure 2b.  297 
 298 
6.4 Load the sample holder into the PPMS chamber and stabilize the temperature by 299 
inputting a set point of 300 K. Set the measurement (driving) current to 1 µA and the potential 300 
range of the source meter for the gate voltage to 50 V.  301 
 302 
6.5 Switch on the applied magnetic field and sweep the field from 0 to 9 T while measuring 303 
the longitudinal or perpendicular (Hall) resistance through their respective potential 304 
connections. (Figure 2b)  305 

 306 
6.6 Observe any leakage current through the bottom STO gate through a multimeter during 307 
application of a gate voltage. The leakage current must be less than 10 nA.  308 



   

 309 
6.7 Repeat step 6.4 for different applied gate voltages (from -50 V to 50 V with a 10 V step) 310 
and for different temperatures (300, 200, 100, 50, 20, 10, 5 and 2 K).  311 
 312 
6.8 Repeat steps 6.1 to 6.6 for other samples with different thicknesses (3.5, 3.65, 3.8 and 4 313 
uc).  314 
 315 
6.9 Analyze the resistance-magnetic field dependence curves and calculate the carrier 316 
density and mobility of the samples by using the following relations:  317 

𝑛 = −
1

𝑒∙𝐻𝑎𝑙𝑙 𝑠𝑙𝑜𝑝𝑒
 (1) 318 

𝜇 =
𝐿

𝑅𝑊
∙

1

𝑛𝑒
=

𝐿

𝑅𝑊
∙ (−𝐻𝑎𝑙𝑙 𝑠𝑙𝑜𝑝𝑒) (2), 319 

where n and µ are carrier density and mobility, respectively, R is the linear resistance, Hall slope 320 
is the gradient of the Hall resistance versus magnetic field, L and W are the length (160 µm) and 321 
the width (100 µm) of the Hall bar, respectively, and e is the elementary charge.  322 
 323 
The magnetoresistance (MR) is defined as MR(B)= R(B)-R(0)/R(0) × 100 %, where R(B) is the 324 
resistance at an applied magnetic field B and R(0) is the resistance at zero magnetic field. 325 
 326 
REPRESENTATIVE RESULTS:  327 
The substrate preparation process greatly affects the quality of STO surfaces. Figure 1 shows 328 
the evolution of the surface morphology before and after BHF and thermal treatment. The as-329 
received substrates show a very smooth surface without atomic terraces. After BHF treatment, 330 
terraces start to form but with diffusive edges. The terrace edges become sharp only after 331 
thermal annealing, indicating the formation of atomically flat surface ideal for layer-by-layer 332 
growth (step 2).  333 
 334 
Figure 2a shows a Hall bar that is defined by depositing an amorphous AlN mask. There are four 335 
of such structures on every 5x5 mm2 area of the substrate. After LAO deposition, the Hall bar 336 
region (which is not covered by AlN) becomes conducting while the rest remains insulating. 337 
Figure 2b shows a schematic of the electrical connections for the Hall effect measurement 338 
including a voltage gatefor applying electric field.  339 
 340 
The thin film growth is monitored by an in-situ RHEED. Figure 3 shows a typical RHEED pattern 341 
at room temperature (a) and at the deposition temperature before (b) and after (c) the 342 
deposition.  343 
 344 
Following the above protocol, we have successfully fabricated LAO/STO interfaces with a LAO 345 
thickness varying from 3.5 to 4 uc. The differences in morphology between 3 and 3.5 uc LAO 346 
grown on STO are shown in Figure 4a and 4b and the RHEED oscillations during the LAO growth 347 
for 3.6 and 3.8 uc are shown in Figure 4c and 4d, respectively. 348 
 349 
The resistance data of different samples with a LAO thickness increased in a sub-unit-cell step 350 
between 3 and 4 uc provide us a more precise critical thickness (3.65 uc) of the LAO/STO 351 



   

insulator-to-metallic transition. Furthermore, the carrier density and mobility can be extracted 352 
from the field effect data, through equations (1) and (2), for different LAO thicknesses at 353 
different gate voltages, providing us the density dependence of the carrier mobility. As depicted 354 
in Figure 5, this dependence suggests that the carrier-carrier scattering plays an important role 355 
at the LAO/STO interface.  356 
 357 
Figure 1. Evolution of the substrate surface morphology during BHF treatment. AFM images of 358 
(a) an as-received, (b) a BHF treated, and (c) a BHF treated and thermally annealed STO 359 
substrate. It shows selective etching and recrystallization processes makes atomically flat 360 
surfaces.   361 
 362 
Figure 2. Hall bar and Hall effect measurement. (a) Optical microscopy images of the Hall bar 363 
defined by a lithographically patterned amorphous AlN layer. The “6” shape mark is at the back 364 
of the substrate. (b) The wiring layout for the Hall and electric field effect.  365 
 366 
Figure 3. Evolution of RHEED patterns during the LAO growth: (a) before deposition at room 367 
temperature, (b) before deposition at 900 °C and (c) after deposition at 900 °C, respectively. 368 
The red oval enclosed spot is the spot which intensity is monitored.  369 
 370 
Figure 4: Sub-unit-cell control of the LAO growth on a STO substrate. AFM images of a (a) 3 uc 371 
and (b) 3.5 uc LAO sample obtained by scanning the sample surface over the Hall bar area. The 372 
3 uc sample shows atomically smooth terraces, while the 3.5 uc sample shows island 373 
formations on the terraces. (c) and (d) show RHEED oscillations during the growth of 3.6 and 3.8 374 
uc of LAO, respectively. 375 
 376 
Figure 5: Density dependence of the carrier mobility at 2 K for samples with different LAO 377 
thicknesses.  378 
 379 
DISCUSSION:  380 
The sample fabrication protocol described above allows sub-unit-cell control of LAO growth on 381 
a STO substrate in LAO/STO heterojunctions as shown in Figure 4. The growth control relies on 382 
the in-situ RHEED monitoring in a PLD system, and this protocol might be applicable to other 383 
material systems which exhibit a layer-by-layer growth mode. For materials having other 384 
growth modes, such as island growth, there is no periodic oscillation of the RHEED intensity 385 
expected, and thus sub-unit-cell control cannot be achieved with this method.  386 
 387 
The introduction of AlN as a sacrificial mask is a reliable and robust technique to create sub-388 
micron patterns on oxide heterostructures. This technique is much simpler and avoids the 389 
possibility of a defect formation under the etched oxide layer, which is commonly observed 390 
during ion-milling and may introduce a redundant conducting surface. The approach here 391 
would be applicable to create sub-micron structures in other (oxide) interfaces and 392 
heterojunctions.  393 
 394 
The electric field effect is a powerful technique to continuously tune carrier density (see Figure 395 



   

5 where carrier density is tuned from 1 x 1013 – 5 x 1013 cm-2) of a material system without 396 
changing its structural and chemical composition. In this study, electric field effects using a back 397 
gate configuration with STO as the dielectric is utilized. Even though a large gate voltage is 398 
typically needed, the main advantage of such a configuration is that the STO substrate exhibits 399 
a large dielectric constant, in particular at low temperatures below 60 K, allowing a carrier 400 
modulation of up to 5 × 1014 cm-2. A larger carrier modulation of up to 1 × 1015 cm-2 with a low 401 
gate voltage (of a few volts) can now be achieved by utilizing ionic liquid in an electronic double 402 
layer transistor (EDLT) configuration, a technique that is becoming popular nowadays.  403 
 404 
In this protocol, the critical step is the photolithography process. The UV exposure time and 405 
development time of the photoresist should be carefully controlled. If it is underdeveloped, 406 
there is some photoresist residual left on the substrate. As a result, acetone will lift off a larger 407 
area than the desired Hall bar pattern, causing the conducting path to not be defined properly. 408 
The poorly defined conducting channels affect the transport measurement results. To solve this 409 
problem, exposure and develop time have to be optimized experimentally.  410 
 411 
In conclusion, the experimental protocol discussed in this paper allows a sub-unit-cell control of 412 
the LAO layer and sub-micron patterning in the LAO/STO interfaces. The electrical 413 
characterization of samples prepared by following this protocol provide a better understanding 414 
on the scattering mechanism of the 2DEG in the vicinity of the metal-to-insulator transition. 415 
This protocol should be applicable to other (oxide) interface systems. 416 
 417 
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