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Abstract 
On the path for high brightness electron beams, Gallium 

Nitride (GaN) is one promising candidate for a photocath-
ode material. In this contribution, we report on the contin-
uation of the study to optimize the crystallization quality 
and crystallography of Mg doped GaN samples on copper 
substrates which are synthesized by RF magnetron sputter-
ing. 

SEM and XRD results show that the pretreatment meth-
ods and the sputtering conditions (temperature, sputtering 
power and partial pressure of the reactive gas) can both af-
fect the morphology and crystal quality of GaN films. The 
initial QE measurements of these samples are done in our 
newly build in-situ QE measurement system and first re-
sults of QE analyses done at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) are presented in a dedicated contribu-
tion.  

INTRODUCTION 
High performance photocathodes are required as high 

brightness electron sources for particle accelerators, free-
electron lasers (FEL), and synchrotron- and THz radiation 
sources. GaN based photocathodes could be a possible so-
lution because of its high quantum efficiency (QE), high 
thermal stability and low dark current [1-3]. GaN is a III-V 
semiconductor material with a wide band gap of 3.4 eV. By 
means of a Cs/O activation process, a negative electron af-
finity (NEA) at the surface can be produced and more than 
10% QE can be achieved [4-6]. The typical preparation 
methods for GaN thin films are metalorganic chemical va-
por deposition (MOCVD) and molecular beam epitaxy 
(MBE), which require high reaction temperatures 
(> 1000 °C) for epitaxial growth of single crystal GaN on 
dielectric substrates such as sapphire [6]. In this contribu-
tion, we continue to study the feasibility of polycrystalline 
GaN films as a photocathode material by using rf magne-
tron-sputtering on copper. The use of metallic instead of 
dielectric substrates bears some important advantages such 
as thermal stability, no electron depletion and clean instal-
lation.  

For a photocathode, it is necessary to produce p-type 
GaN by Mg doping to form the downward band bending 
around the contact surface which can produce an effective 
NEA surface and increase the escape rate of excited elec-
trons [5]. But due to the growth method of GaN, donor im-
purities such as N and O vacancies are "unintentionally" 
formed leading to n-type doping with a background carrier 
concentration of n×1018-1019/cm3 for RF magnetron-sput-
tering [7-9]. 

   The Mg ionization energy in GaN is about 223 meV [10], 
i.e. only a few percent of Mg acceptors can be activated 
and form hole carriers. This also indicates, that a heavy 
doping level is necessary to prepare a p-type GaN:Mg. 
However, a high Mg concentration will also increase lattice 
defects, which results in a shorter electron diffusion length. 
Consequently, Mg concentration control is essential. 

In this contribution, we deposited p-type GaN:Mg films 
on OFHC copper substrates by means of rf magnetron-
sputtering. The main influencing factors that affect the 
morphology and crystal quality of the GaN films are stud-
ied, and initial QE measurements are performed. 

EXPERIMENT 
After the pretreatment (electropolishing [11], hydrogen 

plasma etching or in-situ ion-gun cleaning) of the polycrys-
talline copper substrates, Mg doped GaN films are depos-
ited by rf magnetron-sputtering. Three of four sputtering 
cathodes are used in the coating system. Two of them are 
high purity GaN (6 N) and the other one is Mg (10 at.%) -
GaN (4 N). The Mg content is modified by controlling the 
sputtering power of all tree targets, with the total power of 
100 W, sputtering time of 60 min and sputtering tempera-
ture of 600 °C. The sputtering atmosphere is a mixture of 
N2 (70%) and Ar (30%) with a total gas flow of 100 sccm. 
The total pressure is maintained at 8.0×10-3 mbar. The base 
pressure of the system is in the range of 10-8 mbar. 

After deposition, the sample is transferred to the quan-
tum efficiency (QE) measurement system in vacuum. Here 
the sample is tilted by 60° to be perpendicular to the inci-
dent light. Then the sample is activated by Cs utilizing a 
dispenser (SAES GETTERS S.p.A., Italy) filled with Cae-
sium chromate (Cs2CrO4) which is reduced to Cs during 
heat up to temperatures above 550 °C. The photoelectrons 
are collected by a ring anode which sits 20 mm away from 
the sample. The system has been reported in a previous 
contribution [12]. For the activation and initial measure-
ment, the bias voltage of the anode is set to 150 V and the 
background pressure increases to about 1.5×10-7 mbar due 
to the Cs evaporation. In addition, a GaN sample was meas-
ured after surface cleaning and heat treatment at 350 °C in 
ultra-high vacuum in a measurement system at HZDR.  

The morphology and texture of GaN films were meas-
ured by SEM and XRD. Samples prepared by different pre-
treatment methods and the same sputtering conditions are 
analyzed for comparison. 

RESULTS AND DISCUSSION  
As shown in Fig. 1, the measured GaN film thickness is 

about 350 nm. Also shown is the surface morphology of 
GaN films grown on copper substrates prepared by  ___________________________________________  
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Table 1: Crystal Analyses of GaN Films with Different Mg Contents and Pretreatment Methods 
Pretreatment Mg (at.%) Peak Position (10-11) 2θ (°) FWHM (°) Grain Size (nm) 
Electropolishing 0 36.71 0.3550 24.62 

4 36.64 0.3224 27.10 
Hydrogen plasma cleaning 0 36.70 0.3622 24.12 

4 36.63 0.3395 25.73 
 

 
Figure 1: SEM images of GaN samples of (a) a cross sec-
tional view on Si, and surface view of GaN on copper pre-
treated by (b) hydrogen plasma cleaning, (c) electropolish-
ing, (d) ion-gun cleaning. 

different pretreatment methods. The red lines in the SEM 
picture represent the grain boundary of the underlaying 
copper substrate. The results show that the GaN film has 
different arrangements on the substrate pretreated by hy-
drogen plasma (Fig. 1 b). The lower corner on the right 
shows the typical ordered morphology of a heteroepitaxial 
grown thin film. More in-depth studies are in progress. 
Through electropolishing and in-situ ion-gun cleaning pre-
treatment, GaN films grown on different copper crystals 
exhibit uniform morphologies.  

As shown in Fig. 2 and Table 1, all GaN films exhibit a 
wurtzite structure with no particular texture and a predom-
inant refraction peak at 1011 . In Fig. 2 the 1011  peak 
positions of undoped GaN films are 36.71° and 36.70° for 
the upper blue line and lower black line, respectively. This 
is close to the reference powder pattern of 36.73° [13]. 
With 4% Mg content, the peak position shifts to the left-
hand side (36.64° and 36.63°) indicating a larger lattice pa-
rameter. The substitution of larger Mg2+ ions [r (Mg2+) = 
0.72 Å] for smaller Ga3+ ions [r (Ga3+) = 0.62 Å] in GaN 
may cause this lattice expansion, and result in peak 
shifts [14]. In addition to the peak shift, the decrease of the 
(0002) peak is also obvious, indicating that the texture of 
GaN film has changed. The crystallite size of all tested 
samples is around 25 nm, which is calculated by the Scher-
rer equation (K = 0.94). 

Figure 3 shows the initial in-situ QE test results of a GaN 
sample with a Mg content of 0.5 at.%. The blue curve is the 
power of the monochromatic light source measured by a 
photodiode. The experiment was carried out with a Xenon 
light source, which results in a very low power output of 

light with short wavelength under 400 nm. The red curve 
represents the measured photocurrent. The QE curve in-
creases rapidly around 300 nm (4.1 eV) and reaches its 
peak at 230 nm (5.4 eV). 

In Fig. 4 the QE measurement result of a sample with 
3.5 at.% Mg content measured at HZDR is shown. The 
maximum photocurrent measured at 310 nm ultraviolet 
light with 300 V bias voltage in 8×10-10 mbar is about 
14 nA, and the calculated QE is 0.043 %. 

 
Figure 2: XRD pattern of GaN films deposited on differ-
ently prepared copper substrates. 

 
Figure 3: The QE curves of GaN photocathode film with 
0.5 at.% Mg. 
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Figure 4: The photocurrent and pressure curves of GaN 
photocathode film with 3.5 at.% Mg, measured in HZDR.  

CONCLUSIONS 
Mg doped GaN films are grown on polycrystalline cop-

per substrates by rf magnetron sputtering. The grain size of 
the GaN films is around 25 nm, with no particular texture. 
On copper substrate pretreated by hydrogen plasma clean-
ing the GaN films grow with different texture on different 
oriented copper grains. A possible heteroepitaxial growth 
mode found on certain Cu grain orientations will be inves-
tigated in the coming experiments. The fact that elec-
tropolished or ion-gun pretreated Cu samples exhibit a ran-
domly oriented crystal structure of the film helps in under-
standing the possible impact of a certain crystallinity on the 
quantum efficiency. As the Mg content increases, the lattice 
parameters become larger and the texture changes. Finding 
the optimum Mg doping level is key for the coming inves-
tigations and improvements of the films’ QE.  

Besides the above mentioned planned investigations, the 
next step we will be an optimization of the in-situ QE 
measurement system and equip it with a deuterium light 
source to provide higher light power in the 200-400 nm 
range. A series of experiments will be conducted using the 
in-situ QE system to optimize the parameters of magnetron 
sputtering. Samples with higher QE will be sent to HZDR 
for further study. 

ACKNOWLEDGEMENTS 
This research is funded by the Federal Ministry of Edu-

cation and Research of Germany in the framework of 
BETH (project number 05K19PSB). 

Part of this work was performed at the Micro- and Nano-
analytics Facility (MNaF) of the University of Siegen. 

REFERENCES 
[1] N. Tripathi, L. Bell, S. Nikzad, and F. Shahedipour-

Sandvik, "Effect of n+GaN cap polarization field on Cs-free 
GaN photocathode characteristics", Appl. Phys. Lett., vol. 
97, no. 5, p. 052107, 2010. doi:10.1063/1.3476341 

[2] I. Bazarov et al., "Thermal emittance and response time 
measurements of a GaN photocathode", J. Appl. Phys, 
vol. 105, no. 8, p. 083715, 2009. 
doi:10.1063/1.3110075  

[3] W. Lim et al., "Temperature dependence of current-voltage 
characteristics of Ni–AlGaN/GaN Schottky diodes", Appl. 
Phys. Lett., vol. 97, no. 24, p. 242103, 2010. 
doi:10.1063/1.3525931 

[4] X. Wang, B. Chang, Y. Du and Q. JIanliang, "Quantum ef-
ficiency of GaN photocathode under different illumination", 
Appl. Phys. Lett., vol. 99, no. 04, p. 042102, 2011. 
doi:10.1063/1.3614555 

[5] S. Uchiyama, Y. Takagi, M. Niigaki, H. Kan and H. Kon-
doh, "GaN-based photocathodes with extremely high quan-
tum efficiency", Appl. Phys. Lett., vol. 86, no. 10, p. 103511, 
2005. doi:10.1063/1.1883707 

[6] M. Reshchikov, P. Ghimire, and D. Demchenko, "Magne-
sium acceptor in gallium nitride. I. Photoluminescence from 
Mg-doped GaN", Phys. Rev. B, vol. 97, no. 20, p. 205204, 
2018. doi:10.1103/physrevb.97.205204 

[7] M. Monish, S. Mohan, D. Sutar, and S. Major, "Gallium ni-
tride films of high n-type conductivity grown by reactive 
sputtering", Semicond. Sci. Technol, vol. 35, no. 4, p. 
045011, 2020. doi:10.1088/1361-6641/ab73ec 

[8] K. Kubota, Y. Kobayashi, and K. Fujimoto, "Preparation 
and properties of III-V nitride thin films", J. Appl. Phys, vol. 
66, p. 2984, 1989. doi:10.1063/1.344181 

[9] C. Li and D. Kuo, "Material and technology developments 
of the totally sputtering-made p/n GaN diodes for cost-ef-
fective power electronics", J. Mater. Sci.: Mater. Electron, 
vol. 25, no. 4, pp. 1942-1948, 2014. 
doi:10.1007/s10854-014-1826-1 

[10] M. Reshchikov, P. Ghimire, and D. Demchenko, "Magne-
sium acceptor in gallium nitride. I. Photoluminescence from 
Mg-doped GaN", Phys. Rev. B, vol. 97, no. 20, p. 205204, 
2018. doi:10.1103/PhysRevB.97.205204 

[11] C. Pira et al., “Impact of the Cu Substrate Surface Prepara-
tion on the Morphological, Superconductive and RF Prop-
erties of the Nb Superconductive Coatings”, in Proc. 19th 
Int. Conf. RF Superconductivity (SRF'19), Dresden, Ger-
many, Jun.-Jul. 2019, pp. 935-940. 
doi:10.18429/JACoW-SRF2019-THP041 

[12] M. Vogel, X. Jiang, and M. Schumacher, “GaN Thin Film 
Photocathodes for High Brightness Electron Beams”, in 
Proc. 9th Int. Particle Accelerator Conf. (IPAC'18), Vancou-
ver, Canada, Apr.-May 2018, pp. 4594-4597. 
doi:10.18429/JACoW-IPAC2018-THPMK118 

[13] M. Kaminski et al., "Growth and structural properties of 
thick GaN layers obtained by sublimation sandwich 
method", J. Cryst. Growth, vol. 303, no. 2, pp. 395-399, 
2007. doi:10.1016/j.jcrysgro.2006.11.338 

[14] L. Gang, B. Wang, and YW. Ge, "Effects of Mg-doping con-
centration on the characteristics of InGaN based solar cells", 
J. Electron. Mater, vol. 44, no. 1, pp. 210-216, 2015. 
 doi:10.1007/s11801-015-5100-4 

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-WEPAB109

WEPAB109C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

2852

MC2: Photon Sources and Electron Accelerators

T02 Electron Sources


