
Articles
https://doi.org/10.1038/s41563-020-0737-1

Ultrafast hot-hole injection modifies hot-electron 
dynamics in Au/p-GaN heterostructures
Giulia Tagliabue   1,2,12, Joseph S. DuChene1,2,12, Mohamed Abdellah3,4,12, Adela Habib5, 
David J. Gosztola   6, Yocefu Hattori3, Wen-Hui Cheng   1,2, Kaibo Zheng7,8, Sophie E. Canton   9,10, 
Ravishankar Sundararaman5, Jacinto Sá   3,11 ✉ and Harry A. Atwater   1,2 ✉

1Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology, Pasadena, CA, USA. 2Joint Center for Artificial Photosynthesis, 
California Institute of Technology, Pasadena, CA, USA. 3Department of Chemistry-Ångström Laboratory, Uppsala University, Uppsala, Sweden. 
4Department of Chemistry, Qena Faculty of Science, South Valley University, Qena, Egypt. 5Department of Materials Science and Engineering, Rensselaer 
Polytechnic Institute, Troy, NY, USA. 6Center for Nanoscale Materials, Nanoscience and Technology Division, Argonne National Laboratory, Argonne, IL, 
USA. 7Department of Chemistry, Technical University of Denmark, Kongens Lyngby, Denmark. 8Department of Chemical Physics and NanoLund, Lund 
University, Lund, Sweden. 9ELI-ALPS, ELI-HU Non-Profit Ltd, Szeged, Hungary. 10Attoscience Group, Deutsche Elektronen Synchrotron (DESY), Hamburg, 
Germany. 11Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland. 12These authors contributed equally: Giulia Tagliabue, Joseph S. 
DuChene, Mohamed Abdellah. ✉e-mail: jacinto.sa@kemi.uu.se; haa@caltech.edu

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

NATURE MATERiAlS | www.nature.com/naturematerials

http://orcid.org/0000-0003-4587-728X
http://orcid.org/0000-0003-2674-1379
http://orcid.org/0000-0003-3233-4606
http://orcid.org/0000-0003-4337-8129
http://orcid.org/0000-0003-2124-9510
http://orcid.org/0000-0001-9435-0201
mailto:jacinto.sa@kemi.uu.se
mailto:haa@caltech.edu
http://www.nature.com/naturematerials


Supplementary Information for: 
 

Ultrafast Hot-Hole Injection Modifies Hot-Electron Dynamics  
in Au/p-GaN Heterostructures  

 
Giulia Tagliabue1,2†, Joseph S. DuChene1,2†, Mohamed Abdellah3,4†, Adela Habib5, David J. 
Gosztola6, Yocefu Hattori3, Wen-Hui Cheng1,2, Kaibo Zheng7,8, Sophie E. Canton9,10, Ravishankar 
Sundararaman5, Jacinto Sá3,11*, Harry A. Atwater1,2* 
 
1Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology, Pasadena, California 91125 United States.  
2Joint Center for Artificial Photosynthesis, California Institute of Technology, Pasadena, California 91125 United States.  
3Department of Chemistry-Ångström Laboratory, Uppsala University, 75120 Uppsala, Sweden.  
4Department of Chemistry, Qena Faculty of Science, South Valley University, 83523 Qena, Egypt. 
5Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, 110 8th Street, Troy, New York 12180, United States.  
6Center for Nanoscale Materials, Nanoscience and Technology Division, Argonne National Laboratory, Argonne, Illinois 60439, United States.  
7Department of Chemistry, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark.  
8Department of Chemical Physics and NanoLund, Lund University, Box 124, 22100, Lund, Sweden.  
9ELI-ALPS, ELI-HU Non-Profit Ltd., Dugonicster 13, Szeged 6720, Hungary.  
10Attoscience Group, Deutsche Elektronen Synchrotron (DESY), Notkestrasse 85, D-22607 Hamburg, Germany.  
11Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw 01-224 Poland. 

 
 
†These authors contributed equally 

 
 

 
 
Supplementary Fig. 1 | Characterization of Au/p-GaN heterostructures used for ultrafast 
pump-probe studies. (a) Quantitative energy-level diagram of the Au/p-GaN heterojunction 
showing the height of the interfacial Schottky barrier (ΦB = 1.1 eV), the location of the p-GaN 
conduction band (ECB), the valence band (EVB), and the p-GaN band gap (Eg = 3.4 eV) relative to the 
Au Fermi level (EF). The energy scale, E (eV) is referenced to the vacuum level. We note that the 
band alignment at the Au/p-GaN interface prevents the transfer of hot electrons to the p-GaN 
conduction band for incident photon energies below 2.4 eV. (b) SEM image of Au nanoparticles 
dispersed on p-GaN substrate along with (c) corresponding size-distribution histogram exhibiting a 
mean diameter of 7.3 ± 2.4 nm.  
 
 



 

 
Supplementary Fig. 2 | Characterization of Au/Al2O3 heterostructures used for ultrafast pump-
probe studies. (a) AFM image of Au nanoparticles dispersed on Al2O3 substrate along with (b) 
corresponding size-distribution histogram exhibiting a mean diameter of 12.2 ± 4.0 nm. (c) 
Absorption spectrum of Au nanoparticles on Al2O3 support with maximum absorption of 8.71% at 
the surface plasmon resonance of 536 nm. 
 
 
 
 

 
Supplementary Fig. 3 | Characterization of Au/SiO2 heterostructures used for ultrafast pump-
probe studies. (a) AFM image of Au nanoparticles dispersed on SiO2 substrate along with (b) 
corresponding size-distribution histogram exhibiting a mean diameter of 14.7 ± 5.7 nm. (c) 
Absorption spectrum of Au nanoparticles on SiO2 support with maximum absorption of 13.1% at the 
surface plasmon resonance of 546 nm. 
 
 
 
 
 

 
 



 
 
 
 

 
Supplementary Fig. 4 | Influence of hot-hole collection [%] on the change in electron density 
ΔNe for Au/p-GaN heterostructures at various values of absorbed energy density Uabs. With 
increasing removal of hot holes from the Au nanoparticles, the value of ΔNe ranges between ~0.3% 
to ~3% depending on the amount of pump energy absorbed by the Au nanoparticles.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

 
 
Supplementary Fig. 5 | Characterization of solid-state Au/p-GaN photodiode that operates via 
hot-hole injection. (a) Schematic of the plasmonic device geometry, showing Au nanoantennas 
supported on p-GaN substrate. Electrical contact is made to the p-GaN support and to the Au contact 
pad to complete the circuit. (b) Atomic force microscopy (AFM) image of the Au nanoantennas, 
showing a height of around 20 nm and a width of around 60 nm. (c) Determination of the Schottky 
barrier height at the Au/p-GaN interface by taking the square root of the device responsivity as a 
function of the incident photon energy. Extraction of the barrier height via this method indicates an 
interfacial Schottky barrier (ΦB) of 1.1 eV at the Au/p-GaN interface. We note that this value is the 
same as previously obtained for the Au nanoparticles on p-GaN substrates, confirming that the solid-
state photodiodes serve as an appropriate experimental platform for evaluating the energy-dependent 
injection probability (Pinj) for hot holes at the Au/p-GaN interface. (d) The external quantum 
efficiency (EQE) of the device (blue curve) and the corresponding absorption spectrum of the Au 
nanoantennas (black curve). There is a broad peak in absorption located around 1.6 eV attributable 
to the surface plasmon resonance of the Au nanoantennas. (e) The internal quantum efficiency (IQE) 
of the device (grey curve) plotted relative to the incident photon energy is obtained by dividing the 
EQE of the device by the absorption spectrum. The retrieved injection probability Pinj (red curve) was 
obtained from the IQE spectrum, as noted in the Methods section, and is plotted as a function of the 
hot-hole energy below the Au Fermi level. A detailed description is also given below in the extended 
discussion of the Au/p-GaN hot-hole device.  
 
 



 
Extended Discussion of the hot-hole device IQE and determining the injection probability 
function Pinj(ε) for hot holes at the Au/p-GaN interface.  

 
We fabricated solid-state plasmonic devices composed of Au nanoantennas on p-GaN 

supports (Supplementary Fig. 5a,b) according to our previous report9. As shown in Supplementary 
Fig. 5c, the height of the interfacial Schottky barrier (ΦB) is 1.1 eV, consistent with that of the Au/p-
GaN heterostructures used for ultrafast spectroscopy. Supplementary Fig. 5d (grey curve) shows that 
the Au nanoantennas exhibit a surface plasmon resonance mode located around 1.6 eV. The external 
quantum efficiency (EQE) of the device (Supplementary Fig. 5d, blue curve) is largely featureless 
from 1.6 eV to 2.3 eV, before exhibiting a steep increase in EQE around 2.4 eV. The internal quantum 
efficiency (IQE) of each device was determined by normalizing the measured EQE by the absorption 
spectrum of the nanoantenna (Supplementary Fig. 5e, grey curve). The IQE of the Au/p-GaN device 
slowly rises across the entire visible spectrum before exhibiting a dramatic increase at higher photon 
energies (hv > 2.4 eV). This steeply increasing portion of the IQE spectrum is consistent with 
theoretical predictions of the energy distributions of photo-excited hot carriers generated via 
interband transitions26,27. As the incident photon energy is continually increased above the onset of 
interband threshold for Au (hv > 1.8 eV), an ever-increasing fraction of hot holes are generated within 
the d-bands of the metal that possess enough energy to surmount the interfacial Schottky barrier (ΦB 
= 1.1 eV) and inject into the p-GaN valence band. 

The IQE of a plasmonic hot-carrier device is determined by both the energy distribution 
Pgen(ε,𝜔) of the hot carriers that reach the metal-semiconductor interface and the injection probability 
Pinj(ε) at the interface, according to the following equation: 

  𝐼𝑄𝐸 𝜔  𝑃 𝜀 𝑃 𝜀,𝜔 𝑑𝜀
ℏ

                                                    (1) 

where ε is the energy of the carrier with respect to the metal Fermi level. For hot-electron devices, 
the assumption of a parabolic band is reasonable (even for interband excitations) and therefore the 
injection probability function Pinj(ε) can be easily estimated using the Fowler model. However, for 
hot-hole devices, the parabolic band approximation fails due to the presence of the d-bands and an 
expression for Pinj(ε) cannot be straightforwardly obtained. 

Considering again equation (1), we observe that combining the ab-initio calculations of 
Pgen(ε,𝜔)  with the experimental results for IQE(ε), it should be possible to retrieve the value of Pinj(ε) 
for the Au/p-GaN hot-hole device. Therefore, we can use this information to retrieve a function Pinj(ε) 
such that:  

𝑚𝑖𝑛 𝐼𝑄𝐸 𝑃 𝑃 𝑑𝜀  

 

Under the constraints:            𝑃 𝜀
0  𝜀 Φ
0  𝜀 Φ  

 
where :  𝜀,𝜔: Φ → 𝜔   with 𝜔   being the considered photon energy.  
 
Supplementary Fig. 5e (red curve) shows the function Pinj(ε) that was obtained with such an analysis 
for the Au/p-GaN device. The Pinj(ε) function is relatively flat until ε > 1.9 eV, where a small peak is 
observed around 2.1 eV, before exhibiting a dramatic increase above ε > 2.4 eV.  


