
SUPPLEMENTARY INFORMATION

Polar-Nonpolar Oxide Heterostructures for 

Photocatalysis

I. The calculations of band edge alignment by GGA+U and HSE.
The band edge alignment should be calculated correctly in order to compare the redox 
potentials of H2O with CBM and VBM of the designed oxide heterostructures. We first 

study STO(001) surface as a test. It is known that for STO surface,  and  
𝑉
𝐻+ /𝐻2

𝑉𝑂2/𝐻2𝑂

are located within the band gap.1-2A slab consisting of 4 layers SrO and 5 layers TiO2 is 
used as shown in Fig. S1 (a). We found that although GGA+U calculation gives a 
reasonable band gap, it does not yield the correct band edge alignment. In comparison, 
HSE gives a reasonable results for both band gap and band edge alignment. Considering 
that HSE calculation is very time-consuming, we use HSE functional to calculate DOS 
shown in Fig.3, in order to make a correct comparison with H2O redox potentials. The 
other properties are calculated using GGA+U. 

Figure S1 Atomic structure (a) and DOS of STO slab calculated by GGA+U (b) and HSE 
functional (c). The redox potentials of H2O is marked by the black and pink lines. The vacuum 
level is marked by the dashed line.

II. The band structure of n-p-type STO/LAO/STO heterostructures with different 
terminations.
n-p-type STO/LAO/STO (001) heterostructures has an indirect band gap. Fig. S2 presents 
the band structures of SrO-SrO, SrO-TiO2, TiO2-SrO and TiO2-TiO2 heterostructures with 
5 uc LAO. One can see that SrO-SrO has the largest indirect band gap and is insulating 
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with 5 uc LAO. However, if we compare the band structures with the absorption intensity 
(Fig.3 (a)), we found that the low energy absorption peaks are associated with the direct 
band gap. TiO2-SrO heterostructure has the largest band gap with very low absorption 
below 1eV. SrO-TiO2 heterostructure has the strongest absorption, corresponding to its 
smallest direct band gap. (Table S2). 

Figure S2  Band structures of SrO-SrO, SrO-TiO2, TiO2-SrO and TiO2-TiO2 heterostructures 
with 5uc LAO. 

SrO-SrO SrO-TiO2 TiO2-SrO TiO2-TiO2

Indirect band gap 
(eV)

0.12 -0.21 -0.13 -0.36

Direct band gap at Γ 
point(eV)

0.28 -0.02 0.71 0.47

Table.S1  Indirect and direct band gap at Γ point of SrO-SrO, SrO-TiO2, TiO2-SrO and TiO2-
TiO2 heterostructures with 5uc LAO.

III. The orbital distribution of CB and VB.
The VB is contributed by O-2p band and the nature of CB depends on the termination. As 
shown in Figure S3, For the SrO-SrO and TiO2-SrO terminations, the CB is dominated by 
dxy orbital. For SrO-TiO2 and TiO2-TiO2 terminations, CB is a mixture of all t2g orbitals. 



Figure S3. The partial DOS of CB for n-p type STO/LAO/STO with different 
terminations.

IV. The light absorption coefficient of n-p STO/LAO/STO heterostructures in different 
directions and in comparison with bulk STO.
Compared to SrTiO3 bulk, there would be an additional absorption peak appearing at 0.2-
0.5 eV region when LAO thickness exceeds 4ucs for SrO-TiO2 type (Fig. S4 (a)), this is 
associated with the decreasing band gap with the increasing LAO thickness. For other 
types, the behaviors are similar. Fig. S4 (b) compares the absorption coefficient between 
xy and z direction (taking 4-6uc LAOs into account), one can see that the peaks at the low 
energy region for xy direction (black, green, pink curves) are lower than those for z 
direction (red, dark blue, light blue curves) (about 0.4 eV lower), indicating that xy 
direction has a stronger absorption. So we show absorption coefficient of xy direction for 
all the cases in the main text.

Figure S4  light absorption of SrO-TiO2 heterostructures with different unit cells LAO 
in different directions.

V. The energy alignment with respect to H2O redox potentials of n-p STO/LAO/STO 
with 5 ucs LAO. 
All the band alignments are very close to those with 3 ucs LAO, hence we can conclude 
that the applicability of the heterostructure is independent of LAO thickness.



Figure S5  DOS of four n-p-type STO/LAO/STO heterostructures with 5uc LAO and 
different STO terminations. The redox potential of H2O is marked by the black and pink 
lines.

VI. The light absorption coefficient for n-p type STO/LAO/STO with 3% compressive 
strain.  
Here what is shown is TiO2-SrO type 4ucs STO/6ucs LAO/8ucs STO heterostructure. 
From the absorption figure, we can also see the absorption peak at infrared region, and 
the intensity is even stronger compared to that of 1uc STO/6uc LAO/1uc STO as shown 
by the blue curve in Fig. 4(c) in the main text.



Figure S6  Light absorption of TiO2-SrO type 4ucs STO/6ucs LAO/8ucs STO 
heterostructure with 3% compressive strain.

VII. The STO in the STO/LAO/STO heterostructure can be replaced by TiO2 anatase. 
We have calculated the photoabsorption spectral of TiO2/LAO/TiO2 (001). Figure S7 (a) 
shows the atomic structure of TiO2/LAO(3uc)/TiO2. Similar with STO/LAO/STO, this 
heterostructure has a n-type (LaO)+/(TiO2)0 interface and a p-type (AlO2)-/(TiO2)0 
interface. In Figure S7 (b) we show the absorption spectral of this kind of heterostructure 
with different LAO thickness. It is shown that the heterostructures have a strong 
absorption peak in the range 0.2 ~ 0.5 eV when the LAO thickness exceeds 3 unit cells

Figure S7 The absorption intensity of TiO2/LAO/TiO2 heterostructures with 3uc, 5uc 

and 6 uc LAO. 

VIII. The debate on the origin of 2D electron gas at STO/LAO interface.
There has been active debate about the underlying physical origin of 2D electron gas at 



STO/LAO interface.3-26 In the intrinsic charge reconstruction picture, the electron is transferred 
from the LAO surface to the interface above a critical LAO thickness to suppress the divergence 
of the electric potential associated with the polar field in the LAO overlayer (known as the “polar 
catastrophe”).6, 9, 16 Other possibilities for mitigating the polar catastrophe has also been proposed 
such as including redox screening11-13 and interface intermixing14-15. In the redox screening model , 
the polar field in the LAO is expected to be minimal.13-14 And in the interface intermixing model, 
the electrostatic potential in LAO is shifted.27

The main success of polar catastrophe scenario is that it very accurately predicts the critical 
thickness observed by Thiel et.al., which is a robust result that has been replicated in several 
groups.5-6, 17-18 This critical thickness is also predicted by first principles calculations on 
stoichiometric STO/LAO slabs.4, 19-20 Among many of the direct/indirect evidences which support 
the polar catastrophe scenario 3-6, 9, 17-25, Singh-Bhalla et.al. measured a bulid-in electric field of 80 
mV/Å across LAO by carrying out tunneling measurements between the electron gas and metallic 
electrodes on LaAlO3.23 In addition, the capacitance measurements reveal the presence of induced 
dipole moment across the heterostructure. 

It is helpful to convince the electric field in LAO predicted by first principles calculations can 
be realized in the experiments by comparing the calculated electrostatic potential with the 
experimental results. We estimated the electric field of LAO/STO with a 5 uc LAO based on the 
first principles calculations on stoichiometric STO/LAO slabs as shown in Figure 8 (a). The bulid-
in electric field we obtained is 113 mV/Å, which agrees well with previous first principles 
investigations,4, 19-20 however, larger than the experimental results. We believe this disagreement 
may be induced by the electrode attached to LAO surface. To simulate the real experimental 
conditions, we also calculated the electric field by attaching an Au over layer as the electrode as 
shown in Figure S8 (b). The field decreases to 83 mV/Å after Au capping. This results from the 
additional charge transfer from Au to STO near the LAO/STO interface. The calculated electric 
field of LAO/STO with Au electrode is in excellent agreement with the measurements by Singh-
Bhalla et.al.23 This supports that our proposed STO/LAO with minimal oxygen vacancies can be 
realized in the experiments and the electric field in LAO can be retained. 

Figure S8 The electrostatic potential (V) versus distance perpendicular to the (001) interface (z) 

of n-type STO/LAO heterostructure (5uc LAO) with and without Au electrode.  
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